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Abstract

Background: 6-Mercaptopurine (6-MP) is a purine nucleobase analog used for the
treatment of acute lymphoblastic leukemia (ALL), inflammatory bowel disease, and other
disorders. 6-MP is primarily used in ALL, the most common childhood cancer. Enzymes involved
in 6-MP metabolism have been shown to cause variability in 6-MP efficacy and toxicity in ALL
patients. However, they only partially explain some of the variability seen. A major understudied
factor was that the transport pathway for 6-MP into cells remained unknown, a requirement for 6-
MPs mechanism of action. In 2015, it was discovered that the SLC4343 gene encoded for the
Equilibrative Nucleobase Transporter 1 (ENBT1). ENBTI1 exists as two separate isoforms,
differing by 13 amino acids in the first extracellular loop. Notably, it was determined to be
potentially responsible for the uptake of nucleobase analogs, like 6-MP, into cells. If ENBTI is
responsible for the uptake of 6-MP into leukemic cells, then it could potentially modify its toxicity

and overall efficacy, providing a biomarker for the success of 6-MP therapy in patients.

Hypothesis: It is hypothesized that ENBT1 is responsible for the transport of 6-MP into
leukemia cells and that the variability of the cellular toxicity of 6-MP is due to variation in the

expression of ENBTI1 in leukemia cells.

Methods: ENBT1 will be characterized in HEK293 cells, which are innately deficient in
ENBTI, with recombinantly expressed ENBT1. Endogenously expressed ENBT1 will also be
investigated, specifically in leukemia cells. Furthermore, the induction of oxidative stress and

activation of protein kinase C (PKC) will be assessed in leukemia cells, and the impact of this on

the ENBT1-mediated 6-MP uptake.
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Results: HEK293 cells were stably transfected with both isoforms of recombinant
SLC43A43 and characterized. SLC4343-encoded ENBT1 was confirmed to be a purine-selective
nucleobase transporter that mediated the bidirectional transport of 6-MP. Notably, SLC43A43-
transfected HEK293 cells exhibited 10-fold greater sensitivity to 6-MP than empty-vector
transfected cells, showing that ENBT1 is critical for 6-MP activity. In a panel of leukemia cells,
endogenous SLC43A43 expression varies and is correlated to the overall uptake of 6-MP into the
cells. However, SLC4343 expression did not correlate to the efficacy of 6-MP across the panel of
cells. However, knockdown of SLC4343 in RS4;11 leukemia cells showed a reduction in the
uptake of 6-MP and a decreased sensitivity to 6-MP, showing that the endogenous regulation and
plasma membrane expression of ENBTI1 is important to 6-MP activity. When looking at the
regulation of ENBT1, ENBT1-mediated uptake of 6-MP is decreased following induction of
oxidative stress by menadione, which can be reversed by the antioxidant TEMPOL. Finally,
activation of PKC by the phorbol ester, phorbol 12-myristate 13-acetate, decreases ENBT1-
mediated 6-MP uptake via the phosphorylation of threonine 231 on the largest predicted

intracellular loop of ENBTT.

Conclusion: SLC4343-encoded ENBTT is integral to the cellular transport of 6-MP and
significant changes in expression can significantly impact the efficacy of 6-MP in leukemia cells.
Induction of oxidative stress and activation of PKC decreases ENBT1 functional uptake of 6-MP,
providing a potential therapeutic target for 6-MP in ALL patients. Taken together,
SLC4343/ENBTI is a significant determinant in 6-MP efficacy and sensitivity in leukemia cells

and should be investigated further in patients to serve as a potential biomarker for 6-MP therapy.

Words: 532
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Chapter 1: Introduction



1.1) Acute lymphoblastic leukemia

1.1.1) Demographics and subtype classification

Acute lymphoblastic leukemia (ALL) is a disease arising from the bone marrow, with a
peak incidence of 0 - 4 years of age (Katz et al. 2015). In Canada, leukemia is the most common
cancer in children aged 0 — 14, representing 35% of all cancers in that age group. More specifically,
ALL accounts for ~80% of all leukemias in children ('Release notice - Canadian Cancer Statistics
2023' 2024; Snodgrass et al. 2018). In adults, leukemia is rare and represents ~2% of all cancers
in adults ('Release notice - Canadian Cancer Statistics 2023' 2024). ALL is characterized by the
overproduction of immature lymphoblast cells. Figure 1 shows the development of blood cells
from their stem cell origin, with ALL development occurring in the lymphoblast cell prior to
becoming a fully matured lymphocyte (Sawyers, Denny, and Witte 1991). ALL is classified under
specific immunophenotypes based on the cellular surface expression of specific biomarkers
(DiGiuseppe and Cardinali 2019). The most common are B and T-cell, with ~80-85% of cases
having B-cell surface markers, ~15% having T-cell surface markers, and a small proportion of

<5% displaying an ambiguous/mixed surface markers (Hrusak et al. 2018).



Figure 1: Development of blood cells

Blood cell development from stem cells leads to the formation of various blood cells in humans,
including red blood cells, platelets, granulocytes, monocytes, and lymphocytes. In the
development of ALL, the immature blast cell (highlighted in the red box), rapidly divides, leading

to leukemia. Image taken from the Canadian Cancer Society website: https://cancer.ca/en/cancer-

information/cancer-types/leukemia/what-is-leukemia



https://cancer.ca/en/cancer-information/cancer-types/leukemia/what-is-leukemia
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1.1.2) Genetics

ALL is further characterized by notable genetic mutations in patients that lead to the
abnormal development of these lymphoblast cells. Extensive research has elucidated various
genetic mutations strongly associated with ALL pathogenesis, shedding light on the molecular
mechanisms underlying the disease and providing potential targets for therapy.

One of the most common genetic alterations observed in ALL is the presence of
chromosomal translocations involving genes crucial for lymphoid development. For instance, the
translocation event t(12;21)(p13;q22) leading to the formation of the ETV6-RUNXI fusion gene
occurs in approximately 25% of pediatric ALL cases, leading to the formation of the ETV6-RUNX1
fusion protein (Sun, Chang, and Zhu 2017; Kuiper et al. 2007). This fusion protein disrupts normal
hematopoiesis by interfering with crucial regulatory pathways, contributing to leukemogenesis.
Another significant genetic aberration in ALL involves the translocation of t(9;22)(q34;ql1),
called the Philadelphia (Ph) chromosome, leading to the breakpoint cluster region-Abelson 1
(BCR-ABL1) fusion gene. This translocation leads to the formation of the BCR-ABLI that
encodes a constitutively active tyrosine kinase that drives aberrant proliferation and survival of
leukemic cells. The presence of the Ph chromosome is associated with a poorer prognosis and
occurs in approximately 5% of pediatric ALL cases (Foa and Chiaretti 2022).

Additionally, alterations in genes involved in the regulation of cell cycle progression and
cell proliferation/survival are frequently observed in ALL. For instance, mutations in the
CDKNZ2A4, CDKNIB and RBI that regulate cell cycle progression through the G1/S phase have
been observed in ALL and lead to aberrant lymphocyte development (Kuiper et al. 2007).
Furthermore, dysregulation of cytokine signalling pathways, such as the Janus kinase/signal

transducers and activators of transcription pathway, is due to mutations in genes encoding Janus



kinase family kinases or cytokine receptors. These mutations contribute to enhanced cell
proliferation and survival. Alterations in these genes occur in ~5% of pediatric ALL cases (Inaba
and Mullighan 2020; Downes et al. 2022).

ALL pathogenesis and genetic alterations are even more numerous than described above
and heavily influence its pathogenesis, disease progression, and treatment response.
Understanding this genetic landscape in ALL through the identification of these genetic alterations
has led to the development of targeted therapies aimed at disrupting specific oncogenic pathways,

thereby improving patient outcomes.

1.1.3) Treatment

Current treatment of ALL involves four stages of chemotherapy that are informed through
a risk stratification that considers the patient's age, overall health, ALL subtype, and the presence
of other factors that could increase their risk (like genetic aberrations) (DelRocco et al. 2024). The
four stages of ALL treatment consist of induction, consolidation/intensification, central nervous
system-directed therapy, and continuation/maintenance. In Edmonton, the current treatment
protocol used for pediatric ALL is based on the Dana-Farber Cancer Institute protocol, as shown

in Figure 2.



Figure 2: ALL treatment protocol in Alberta

ALL treatment protocols for pediatric patients using the Dana-Farber Cancer Institute protocol in
Alberta. Treatment includes 4 phases: induction, central nervous system-directed therapy,
consolidation/intensification, and continuation/maintenance. A variety of drugs are used in these
treatment phases and vary depending on whether the patient is high or low risk. Image taken from

Alberta Health Services website: https://www.albertahealthservices.ca/info/cancerguidelines.aspx

Abbreviations: HR: high risk; SR: standard risk; IV: intravenous; PO: per os (by mouth); IM:
intramuscular; IT: intrathecal; CNS: central nervous system; XRT: radiotherapy; Gy: gray; PEG:

polyethylene glycol


https://www.albertahealthservices.ca/info/cancerguidelines.aspx
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Phase of Therapy Time Period

Induction 28 Days

Chemotherapy

Vincristine 1.5 mg/m2/dose IV, maximum

2 mg, days 3, 10, 17, 24; prednisone 40

mg/m2/d IV/PO for 28 days; doxorubicin 30 g/m2/dose IV, days
Tand2

methotrexate 4 g/m2 1V for one dose on day 3

IT cytarabine, dosed by age, one dose on day 0

IT cytarabine, dosed by age, one dose on day 17

CNS Therapy 3 Weeks

SR girls: IT methotrexate/cytarabine for 4 doses during 2
weeks, then every 18 weeks

SR boys and all HR patients: cranial XRT 18 Gy, randomly
assigned to hyperfractionated (0.9 Gy bid) or

conventional (1.8 Gy daily) with IT
methotrexate/cytarabine for 4 doses during 2 weeks

Intensification Every 3 weeks for

30 weeks

SR: vincristine (2 mg/m2 IV every 3 weeks, maximum 2 mg);
dexamethasone 6 mg/m2/d PO for 5 days; methotrexate 30
mg/mz2 IV or IM every week; mercaptopurine randomly
assigned to high-dose 1,000

mg/m2 IV for 20 hours, weeks 1 and 2) or

conventional 50 mg/m2/d PO for 14 days

Asparaginase, randomly assigned to PEG 2,500 IU/m2 IM
every 2 weeks for 15 doses or E. coli 25,000 IU/m2 IM every
week for 30 doses

HR: same as SR patients except dexamethasone 18 mg/m2/d
PO for 5 days; no methotrexate; doxorubicin 30 mg/m2 IV
every 3 weeks, to total cumulative dose 360 mg/m2, randomly
assigned to continuous infusion during 48 hours versus IV
bolus

Continuation Every 3 weeks until 2
years of continuous

complete remission

SR: vincristine 2 mg/m2 IV every 3 weeks, maximum 2 mg;
dexamethasone 6 mg/ m2/d PO for 5 days; methotrexate 30
mg/ m2 IV or IM every week; mercaptopurine 50 mg/m2/d PO
for 14 days

HR: same as SR patients except dexamethasone 18 mg/m2/d
PO for 5 days




1.1.4) Relapse and 6-MP adherence

Survival rates of ALL have significantly improved over the past few decades, presently at
about 90-95% in children (Inaba and Mullighan 2020). Sadly, in adults, survival is much lower at
~30% (Kantarjian et al. 2004; Katz et al. 2015). Another prominent issue is that approximately 10-
15% of patients will relapse and require further treatment (Jeha et al. 2019; Larsen et al. 2016;
Maloney et al. 2020; Moricke et al. 2016; Pieters et al. 2016; Place et al. 2015; Toft et al. 2018;
Vora et al. 2014; Winter et al. 2018; Inaba and Mullighan 2020). Patients who relapse have lower
overall survival than patients who don’t (Inaba and Mullighan 2020). Although relapsed ALL is
associated with poor prognosis, there have been extremely promising clinical trials that have
shown an improvement in relapsed patients. One of the most notable drugs is blinatumomab, which
is a bispecific T-cell engager. Initial trials showed it was safe and highly effective in treating
relapsed ALL (Topp et al. 2011; Topp et al. 2014; Topp, Gockbuget, and Stein 2015; Apel et al.
2020). Further clinical trials have also shown it to be better than standard chemotherapy alone and
additive when used with chemotherapy in relapsed ALL (Kantarjian et al. 2017; van der Sluis et
al. 2023). Another promising therapeutic avenue that is being actively investigated is chimeric
antigen receptor T-cells. Clinical trials have shown it to be highly effective in treating
hematological malignancies, like ALL and chronic myelogenous leukemia (CML) (Du, Zhang, et

al. 2023; Maude et al. 2014; Park et al. 2018; Porter et al. 2015).

The potential reasons for relapse are multifactorial. However, a well-known risk factor
associated with relapse is adherence to chemotherapy regimens, specifically during maintenance
therapy when taking 6-mercaptopurine (6-MP). Toxic side effects while taking 6-MP are a major
cause of adherence issues. Changes in some of the metabolic enzymes for 6-MP have already been

linked to the clinical variability of 6-MP toxicity and efficacy due to alterations in the intracellular



active metabolites that will be described below. The enzymes thiopurine methyltransferase
(TPMT) and nudix hydrolase 15 (NUDT15) have been linked to changes in 6-MP therapeutic
efficacy and the incidence of toxic side effects (Hartford et al. 2007; Karas-Kuzelicki and Mlinaric-
Rascan 2009; Chouchana et al. 2014; Chrzanowska et al. 2012; Coulthard et al. 2002; Dervieux et
al. 2001; Ebbesen et al. 2013; Gerbek et al. 2018; Karim et al. 2013; Lennard et al. 2015; Liu et
al. 2017; Relling et al. 2019; Saiz-Rodriguez et al. 2019; Schmiegelow et al. 2009; Zgheib et al.
2017; Du, Huang, et al. 2023; Kodidela et al. 2020; Moriyama et al. 2016; Tanaka 2017; Yang et
al. 2014). TPMTs mechanism of action is the methylation of 6-MP and its various metabolites,
while NUDTI1S5 is a hydrolase enzyme that converts nucleoside diphosphates to nucleoside
monophosphates. The two enzymes and their respective mutations alter the levels of active
metabolites of 6-MP, which can reduce 6-MP efficacy or increase the incidence of toxic side
effects. These two enzymes have been extensively studied and are generally assessed in patients
prior to initiation of 6-MP therapy. Other known potential variations have also been associated
with the genes NT5C2, NTSE, MSH6, mTORC1, and PRPS]I but are not clinically utilized prior to
the initiation of drug therapy (Dieck et al. 2018; Evensen et al. 2018; Li et al. 2015; Li et al. 2010;

Pieters et al. 1992; Tzoneva et al. 2013; Vo et al. 2017).

Furthermore, 6-MP is primarily taken daily in the outpatient setting, which solely relies on
the patient's discretion in taking it. Increased toxic side effects lead to patients not taking 6-MP,
thus decreasing their adherence rate. Reductions in adherence to 6-MP below 90% are associated
with a 2 — 5 fold increase in the risk of relapse, which gets progressively higher depending on how
low the patient’s adherence rate is (Alsous et al. 2017; Bhatia et al. 2012; Bhatia et al. 2014; Bhatia
et al. 2015; Wu et al. 2018; Wadhwa et al. 2023; Kahn et al. 2023). This problem is further

complicated by the fact that there is a large interindividual variability among plasma

10



concentrations (~11-fold; 0.12 — 1.38 micromolar (uM)) of 6-MP when given a standardized dose
(Lonnerholm et al. 1986; Larsen et al. 2020). This variability in plasma levels leads to toxic side
effects of 6-MP and problems associated with medication adherence among patients that increases
the risk of relapse and associated outcomes.

6-MP is essential in ALL chemotherapy to ensure patients remain in remission. The
variability in its plasma concentrations can lead to deleterious side effects that impact adherence
and associated relapse risk. Factors like TPMT and NUDT15 are clinically utilized and important
but have not explained all the variability associated with 6-MP, especially the variations in plasma

concentrations. Several other factors likely remain undiscovered to address this variability.

1.2) 6-Mercaptopurine
1.2.1) Mechanism of action

6-MP is a thiopurine nucleobase analogue antimetabolite, resembling endogenous purine
nucleobases like adenine, guanine, and hypoxanthine. Figure 3 shows the structure of the
endogenous nucleobases as well as 6-MP and 6-thioguanine (6-TG). 6-TG 1is also a purine
nucleobase analog that is structurally similar to 6-MP. 6-MP is a prodrug and must be converted
intracellularly by a variety of metabolic enzymes to its active forms to exert its mechanism of
action (Salser and Balis 1965). The main metabolites implicated in 6-MP cytotoxicity are 6-
thioguanine nucleotides (6-TGNs), 6-methylthioinosine monophosphate (6-MetIMP), and 6-
thioguanosine triphosphate (6-tGTP). 6-TGNs are the primary active metabolites that can be
incorporated into DNA and RNA as false-nucleotides, leading to DNA damage that eventually
causes cell cycle arrest in S-phase and apoptosis (Nelson et al. 1975; Fernandez-Ramos et al.

2017). 6-MetIMP inhibits phosphoribosyl pyrophosphate (PRPP) amidotransferase, which is the
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rate-limiting step of de novo purine synthesis, leading to a decrease in nucleotides for DNA
replication (Tay et al. 1969; Fernandez-Ramos et al. 2017). Inhibition of de novo purine synthesis
further exacerbates the effects of 6-TGNs since there will be less competition for incorporation
into DNA and RNA. Finally, 6-tGTP inhibits the GTPase Racl, which activates pro-survival
pathways in ALL (Troeger et al. 2010; Freret et al. 2011; Marinkovic et al. 2014). Together, these
distinct compounds impair the growth and proliferation of cells, with the most pronounced effects

on rapidly dividing cells, like gastrointestinal cells, immune cells, and cancer cells.
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Figure 3: Endogenous nucleobases and nucleobase analogs

Purine and pyrimidine nucleobases and the nucleobase analogs 6-mercaptopurine and 6-
thioguanine. All molecular structures were taken from PubChem: ("Compound Summary for CID
190, Adenine" 2004; "Compound Summary for CID 597, Cytosine" 2004; "Compound Summary
for CID 135398634, Guanine" 2004; "Compound Summary for CID 1135, Thymine" 2004;
"Compound Summary for CID 1174, Uracil" 2004; "Compound Summary for CID 667490,

Mercaptopurine" 2004; "Compound Summary for CID 2723601, Thioguanine" 2004)
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1.2.2) Intracellular metabolism
Figure 4 shows the metabolic pathway for 6-MP, which can be separated into three distinct
pathways. (1) the hypoxanthine-guanine phosphoribosyl transferase (HPRT) pathway, (2) the

xanthine dehydrogenase/oxidase (XDH/XO) pathway, and (3) the TPMT pathway.

(1): The HPRT pathway is the primary pathway for 6-MP activation. 6-MP is initially
converted to 6-thioinosine monophosphate (6-tIMP) by HPRT. At this point, 6-tIMP can either be
converted by TPMT or continue through the HPRT pathway. Assuming 6-tIMP remains in the
HPRT pathway, inosine monophosphate dehydrogenase 1 (IMPDHI1), which is the rate-limiting
step of this pathway (Stet et al. 1991), followed by guanosine monophosphate synthetase (GMPS),
converts 6-tIMP into 6-TGNs. 6-TGNs can be incorporated into DNA as a false nucleotide during
DNA synthesis that eventually leads to apoptosis (Fernandez-Ramos et al. 2017; Nelson et al.
1975). 6-TG is another structurally similar purine nucleobase analog to 6-MP, but it has a more
direct activation to active metabolites via conversion through HPRT to 6-TGNs. Although 6-TG
has been noted to have slightly higher efficacy than 6-MP, it is not commonly used due to higher
incidences of side effects (Escherich et al. 2011; Tu et al. 2022; Stork et al. 2010). However, a
current clinical trial is currently investigating the use of low-dose 6-TG in combination with the

regular maintenance therapy treatment of 6-MP and methotrexate (MTX) (Toksvang et al. 2022).

(2): The XDH/XO pathway is primarily an excretion pathway that converts 6-MP or its
various metabolites to inactive forms for removal. XDH/XO converts 6-MP to 6-thiouric acid,
which is excreted via the urine (Jackson 1983). Conversion of 6-MP to 6-thiouric acid primarily
happens in the liver and gastrointestinal tract, where XDH/XO expression is the highest (Uhlen et

al. 2015). This pathway is generally not considered important in lymphocytes/lymphoblasts, the
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cancer cell associated with ALL, as XDH/XO is not expressed in lymphocytes/lymphoblasts

(Uhlen et al. 2015).

(3): The TPMT pathway methylates 6-MP and various metabolites that have both active
and inactive metabolites. 6-MP is methylated to 6-methylmercaptopurine (6-MeMP), a
therapeutically inactive metabolite. 6-tIMP is also methylated to 6-MetIMP, a therapeutically
active metabolite that has been shown to be responsible for the inhibition of de novo purine
synthesis (Tay et al. 1969; Coulthard et al. 2002; Bokkerink et al. 1993) that can be further
converted to 6-methylmercaptourine ribonucleotide. It has been well characterized that the
methylated metabolites of 6-MP mentioned previously have been linked to hepatotoxicity in
patients owing to the importance of the TPMT pathway in 6-MP toxicity (Choi et al. 2019;
Dubinsky et al. 2000; Moon et al. 2019; Nygaard, Toft, and Schmiegelow 2004; Shaye et al. 2007;

van Asseldonk et al. 2012).

The metabolism of 6-MP has been known for several decades, and various enzymes have
been associated with toxic side effects. However, the transport of 6-MP into cells remained elusive
and is critical for its mechanism of action. Being a nucleobase analog, 6-MP would be transported

by nucleobase transporters, which were first investigated in the 1980s.

16



Figure 4: 6-MP metabolism

Diagram of 6-MPs metabolic pathway.

Abbreviations: ENBT1: equilibrative nucleobase transporter 1; 6-MP: 6-mercaptopurine; 6-
MeMP: 6-methylmercaptopurine; TPMT: thiopurine methyltransferase; 6-TU: 6-thiouric acid;
XDH/XO: xanthine dehydrogenase/oxidase; 6-tIMP: 6-thioinosine monophosphate; HPRT:
hypoxanthine  guanine  phosphoribosyl transferase; 6-MetIMP:  6-methylthioinosine
monophosphate; IMPDH: inosine monophosphate dehydrogenase; GMPS: guanosine

monophosphate synthetase; 6-TGN: 6-thioguanine nucleotides; 6-TG: 6-thioguanine
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1.3) Nucleobase Transporters

As noted previously, nucleobase analogs, like 6-MP, have been utilized for their therapeutic
benefits for decades, but the transporters that carry them across cell membranes were not known.
In the late 1980s, the initial characterization of nucleobase transport systems began. The first
functional characterizations of nucleobase transport came from mutant T-lymphoblast cells and
mouse S49 lymphoblast cells, in which a novel purine nucleobase transport system was described
to mediate the uptake of adenine, hypoxanthine, and guanine (Aronow et al. 1986; Beck and
Ullman 1987). Following up on these findings, the same group further characterized this system
as being bidirectional in its method of transport and distinct from nucleoside transporters, which
were investigated around the same time (Beck and Ullman 1987). Another purine-like transporter
was also characterized with remarkable similarities to the one seen in S49 cells in human
erythrocytes. It showed a remarkable affinity for purine nucleobases that was not inhibited by
nucleosides (Domin, Mahony, and Zimmerman 1988). Further evidence supporting this same type
of transporter came in the early 1990s when it was shown that the toxicity of 6-thiopurines, like 6-
MP, could be prevented by purine nucleobases adenine and hypoxanthine (Hashimoto et al. 1990).
Furthermore, this transporter was inhibited by purine nucleobase derivatives and not classical
nucleoside transport inhibitors, like nitrobenzylthioinosine (NBMPR), dipyridamole (DY) or
dilazep (Kraupp et al. 1994; Kraupp and Marz 1995). This evidence pointed to a selective purine

nucleobase transporter system distinct from any other transporter being characterized at the time.

However, even at the passing of the century in 2000, there were still no known genes that
were attributed to nucleobase transport, which essentially halted much of the work and interest in
the systems that were described above. That being said, over the years, a few transporters of

interest were characterized as being able to transport nucleobases. The sodium-dependent
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nucleobase transporter 1 was characterized in Lilly Laboratories culture-porcine kidney 1 (LLC-
PK1) and showed an affinity for various nucleobases in the low uM range (Griffith and Jarvis
1993). However, it was found to be a defective pseudogene in humans (SLC2344P) (Yamamoto
et al. 2010). Two of the organic anion transporters (OAT), OAT1 and OATS3, encoded by the
SLC22A46 and SLC22A48 genes, respectively, were also found to transport nucleobases with low
puM affinity in rats and mice. However, their affinity in humans is understudied but suggests a
lower affinity (mid to high uM) (Mori et al. 2004; Ohtsuki et al. 2002; Kobayashi et al. 2004; El-
Sheikh et al. 2013). Furthermore, OATs have very limited or absent expression in many body
systems, including lymphoblasts, the cancer cells associated with ALL (Burckhardt 2012; Thul et
al. 2017). OAT transporters may be relevant for other parts of the body that have more robust
expression, such as the kidney. Finally, members of the equilibrative nucleoside transporter (ENT)
family, specifically ENT1 and ENT2, encoded by the SLC2941 and SLC29A42 gene, respectively,
were shown to transport nucleobases, but the affinity of nucleobases for these transporters was into

the millimolar (mM) range (Yao et al. 2011).

Several efflux pumps have been investigated and studied throughout the years in terms of
their interaction with nucleoside and nucleobase analogs (Fukuda and Schuetz 2012). There has
been a focus on the multidrug resistance protein (MRP) 4 and MRPS5, encoded by the adenosine
triphosphate-binding cassette (ABC) C4 and ABCCS5 genes, respectively. MRP4 and MRP5
physiological functions may include the transport of cyclic guanosine monophosphate and cyclic
adenosine monophosphate (CAMP), which activate a variety of intracellular pathways (Chen, Lee,
and Kruh 2001). MRP4 and MRPS5 are also proposed to be involved in the sensitivity and transport
of 6-MP, 6-TG, and MTX. Several studies have shown that overexpression of either MRP4 or

MRPS5 in different cell lines leads to decreased efficacy (shift in half maximal effective
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concentration (ECso)) of 6-MP in these cells (Chen, Lee, and Kruh 2001; Peng et al. 2008; Schuetz
et al. 1999; Wijnholds et al. 2000). This supports the role of MRP4/5 in the efflux of nucleobase

analogs from cells and resistance, but they are not relevant to the uptake into cells.

A large question still loomed over nucleobase uptake into cells. Is there a transporter that
mediates the influx of nucleobases and their analogs at high affinity that is ubiquitously expressed
throughout the body? All the above-mentioned transporters either lack the affinity for nucleobases
and their analogs or are not expressed widely throughout the body. This made it hard to
characterize nucleobase analogs in chemotherapy, like 6-MP and 6-TG, in terms of their efficacy
and bio-distribution in patients, which can impact the therapeutic outcome for patients and the

prevalence of toxic side effects.

1.4) Equilibrative Nucleobase Transporter 1
1.4.1) Discovery

In 2015, it was discovered that the gene SLC4343 encoded for a transporter capable of
transporting nucleobases like hypoxanthine, adenine, and guanine (Furukawa et al. 2015). In this
study, they showed that the transport of adenine by the SLC43A43-encoded transporter was
inhibited by nucleobases. Specifically, the nucleobase analog 6-MP was also shown to inhibit.
Prior to this discovery, the SLC4343 was an orphan transporter of the SLC434 family. The other
members are SLC4341 and SLC4342, which encode large neutral amino acid transporters 3 and
4, respectively, which transport amino acids (Bodoy et al. 2013). SLC4343 was found not to
transport amino acids and thus was not investigated further by those in the amino acid transporter

community. This led to it remaining obscure for many years. Interestingly, a study conducted in
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2007, prior to the 2015 discovery, looked at a purine-selective nucleobase transporter. The authors
named it equilibrative nucleobase transporter 1 (ENBTI1). In the study, human microvascular
endothelial cells (MVEC) displayed similar characteristics to the SLC4343-encoded ENBT1 from
the study in 2015 and were likely the same transporter being characterized (Bone and Hammond
2007). It is also likely that the transporter that was being characterized in the late 1980s, as covered
in section 1.3, was also likely to be ENBT1 since it was a high-affinity purine-selective transporter
with similar characteristics (Aronow et al. 1986). Furthermore, SLC43A43 is known to express two
different isoforms, assessed in Chapter 4 of this thesis, and are different by the absence (referred
to herein as SLC43A43 1 (gene); ENBT1.1 (protein) or presence (SLC4343 2 (gene); ENBT1.2

(protein)) of 13 amino acids in the predicted first extracellular loop of the protein (Figure 5).
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Figure 5: Predicted topology of ENBT1

Predicted topology of ENBT1 using Protter prediction open-source software (Omasits et al. 2014).
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Figure 5

Isoform 2

13 aa insert after A61
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1.4.2) Expression and current studies

Based on publicly available data from the Human Protein Atlas (proteinatlas.org), the
expression of SLC43A43 is ubiquitous in humans, with the highest expression in the liver, thyroid,
adipose, and bone marrow (Uhlen et al. 2015). Since 2015, SLC4343 has already been investigated
for interactions with other cytotoxic drugs and has been implicated in the cytotoxicity of 6-thio-2'-
deoxyguanosine and ganciclovir (Furukawa et al. 2017; Mender et al. 2020). Interestingly, it has
also been shown to be a factor in the transport of 6-MP in brain MVECs, further supporting that it
does potentially interact with 6-MP (Kurosawa et al. 2021). Outside of drug interactions, SLC4343
has been shown to be involved in regulating fatty acid uptake, is a novel fusion gene in
angiosarcoma, and is a potential prognostic signature in glioblastoma (Hasbargen et al. 2020;
Shimozono et al. 2015; Larionova and Tashireva 2023; Zhang et al. 2024). Finally,
SLC4343/ENBTI1 has been suggested to be regulated by oxidative stress and protein kinase
modulation. However, these findings were prior to the 2015 discovery and have not been fully
investigated (Bone et al. 2014; Griffith and Jarvis 1996). Understanding its expression patterns,
structure, drug-drug interactions, regulation, and mechanism of substrate translocation opens the

opportunity for clinical applications of this transporter in the future.

1.4.3) Predicted 3D structure

Structurally, ENBT1 does not have a solved crystal structure nor do the other members of
the SLC43 family on the Protein Data Bank (Berman et al. 2000). This means we must rely on a
broad characterization of its predicted 3D structure. The SLC43 family belongs to the major
facilitator superfamily (MFS) of transporters, meaning we can look at this family’s predicted

structural classifications for ENBT1. Proteins in the MFS typically consist of 12 transmembrane
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(TM) domains, which is also what ENBT1 is predicted to have (Figure 5). These 12 TMs are
organized into two six-helix bundles, formed into the N (TM 1 — 6) and C (TM 7 — 12) terminal
domains. These N and C-terminal domains can be further divided into two separate domains (N-
terminal: TM 1 — 3 and TM 4 — 6; C-terminal: TM 7 — 9 and TM 10 — 12) that share a
pseudosymmetry that is represented by a 180° rotation of TM 4 — 6 relative to TM 1 — 3 in the N-
terminal and TM 10-12 relative to TM 7 — 9 in the C-terminal. This particular orientation in MFS
proteins is called the “MFS fold” (Yan 2013). Furthermore, specific transmembrane domains are
typically referred to in certain locations relative to other transmembrane domains that predict their
overall conformation and substrate binding importance. TMs 1, 4, 7, and 10 are in the centre of
the transporter and are essential for substrate recognition. TMs 2, 5, 8, and 11 are on the sides of
the protein and form interdomain contacts. TMs 3, 6, 9, and 12 are just outside of the central TMs
and help with the structural integrity of the protein (Yan 2013). A 3D predicted structure of ENBT1
is shown in Figure 6 using Alpha Fold (Jumper et al. 2021). Generally speaking, the predicted 3D
structure is consistent with the above characterization of predicted MFS transporter folding and
organization. Although predictive, it could provide insights into the potential targeting of certain
residues within ENBT1 to investigate substrate recognition motifs and potential drug-drug

interactions.
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Figure 6: Predicted 3D structure of ENBT1 using Alpha Fold

A) 3D predicted structure of ENBT1 from Alpha Fold (Jumper et al. 2021). Red lines indicate the
approximate location of the cellular membrane with the intracellular, transmembrane, and
extracellular domains labelled. The colour coding on the 3D structure is the estimated confidence
of each residue on a scale of 1 - 100. Dark blue indicates a high confidence of > 90. Light blue
indicates a moderate confidence of 70 — 90. Yellow indicates a low confidence of 50 — 70. Orange
indicates a very low confidence of < 50. B) 3D predicted structure of ENBT1 from Alpha Fold
using the same orientation as Panel A but with the N and C-terminal TM domains highlighted.
The N-terminal is highlighted in red and yellow. The C-terminal is highlighted in purple and pink.
White indicates every other residue that is not associated with a TM domain. C) 3D predicted
structure of ENBT1 from Alpha Fold using a top-down point of view. Red indicates TMs 1, 4, 7,

and 10. Yellow indicates TMs 2, 5, 8, and 11. Orange indicates TMs 3, 6, 9, and 12.
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Figure 6
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1.4.4) Predicted translocation mechanism

As mentioned above for the predicted structure, ENBT1 is novel, and no studies have
investigated its translocation mechanism. Therefore, we look again at the MFS family for the
predicted mechanism. Regarding substrate translocation, MFS transporters undergo a series of
conformational changes within the transporter protein, alternating between three distinct transition
states: outward open, occluded, and inward open, to facilitate substrate translocation. The outward
open state allows substrate binding in the central cavity of the protein and is the first step in the
translocation of the substrate. At this point, the conformation of the protein will change into the
occluded state, wherein the protein is neither open to the inside nor outside of the cell, essentially
shielding the substrate. After further conformational changes, the protein then goes into the inward
open conformation, allowing the release of the substrate into the cell. This process will then be
repeated for further substrates of the transporter protein; this process is called the “alternating
access cycle.” This model was first proposed in 1966 by Oleg Jardetzky and has been fundamental
to understanding substrate translocation (uptake and export) by transporters at the plasma
membrane and cell organelles (Yan 2013; Jardetzky 1966). The “alternating access cycle” has
three proposed models for its movement: the rocking bundle model, the elevator model, and the
rocker switch model. The rocking bundle model proposes that one protein domain (N or C-
terminal) rocks back and forth to facilitate substrate translocation while the other domain is
stationary. The elevator model proposes that one protein domain (N or C-terminal) actively moves
from one side of the membrane to the other to facilitate substrate translocation while the other
domain remains stationary. The rocker switch model proposes that both domains (N and C-
terminal) of the protein rock back and forth to facilitate substrate translocation. Of these models,

the rocker switch model has been the most popular model of substrate translocation by the MFS
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proteins (Sauve et al. 2023). ENBT1 does not necessarily have to conform to these structural
standards and translocation mechanisms. These broad characterizations serve as a starting point
for further in-depth investigation of its overall structure and interactions. One such important

interaction is its interaction with intracellular processes, especially metabolic processes.

1.5) Mechanistic interactions between transporters and enzymatic systems

Transporters and enzymatic systems are crucial in drug metabolism and distribution within
the body. Transporters are membrane proteins that facilitate the movement of xenobiotics and
endogenous compounds across biological membranes, affecting their pharmacokinetic profile. The
most widely studied families of transporters that have been implicated in drug distribution are the
SLC and the ABC families. The SLC family is typically responsible for the influx of compounds
into cells, while the ABC family members mediate the efflux from cells. Both of these families
have been extensively studied, and efforts to characterize every member of each family are
ongoing (Zhou et al. 2008). For example, P-glycoprotein, a well-known ABC efflux transporter,
reduces intracellular concentration of drugs by pumping them out of cells. This efflux activity
mediated by transporters like P-glycoprotein can influence the bioavailability and efficacy of drugs

(Liu 2019).

Transporters interact closely with drug metabolizing systems involved in drug metabolism,
such as the cytochrome P450 (CYP) enzyme. CYP enzymes are major contributors to drug
metabolism in the liver and intestine (Ogu and Maxa 2000). Many drugs that interact with these
enzymes can be substrates, inhibitors, and inducers of these enzymes. Any of these interactions
can significantly alter the bioavailability of other drugs and lead to potentially deleterious drug-

drug interactions in patients (Ogu and Maxa 2000). Changes to the charge, lipophilicity, and
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molecular weight of drugs have been shown to alter the potential for drug-drug interactions with
CYP enzymes that can impact the clearance and bioavailability of drugs in patients (Steyn and
Varma 2020). Finally, these enzymes have been associated with a plethora of mutations that can

significantly alter drug metabolism and biodistribution in patients (Pandey and Sproll 2014).

The interplay between transporters and drug-metabolizing enzymes can impact drug
metabolism, kinetics, and bioavailability. For example, concurrent administration of two separate
drugs may interact with the same transporters and drug metabolizing enzymes, leading to
competition for binding sites and ultimately altering drug concentrations throughout the body.
Drugs that interact this way exhibit complicated pharmacokinetic profiles and are extremely hard
to study. This is further complicated since the overall expression distribution of transporters and
drug metabolizing enzymes in each patient can vary widely (Lin 2007). In general, when looking
at whole-body pharmacokinetics, drug metabolizing enzymes will play a more significant role in
determining drug biodistribution (with CYP enzymes playing the biggest role), while on a single-

cell level, transporters will play a more significant role (Lin 2007).

On a single-cell level, it can be simplified, since within certain cell types, it is well
characterized which transporters and enzymatic systems are expressed. For this thesis, the
transporter system on the plasma membrane is of primary interest, and to ensure accurate
characterization of the transporter, intracellular metabolism must be kept in mind. A primary
concern with enzymatic intracellular metabolism is “metabolic trapping.” Metabolic trapping was
first noted in 1978 and is the process by which there is an intracellular accumulation of metabolites
in cells via enzymatic conversion (Gallagher et al. 1978). Metabolic trapping is especially
important with equilibrative transport systems (studied in this thesis) since once the substrate has

reached equilibrium, transport is at a steady state (transport in = transport out). However,
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enzymatic conversion of the substrate is active. If transport is at equilibrium and there is enzymatic
conversion, this will drive further transport inward since equilibrium will be lost, leading to
metabolic trapping. Throughout this thesis, the timepoint used to assess transporter-mediated
radioactive substrate uptake will be a time that is under five sec (typically 2 sec). This short time
point ensures that the transporter of interest is being assessed and not any enzymatic systems. If
time points past equilibrium were to be used, metabolic trapping would be taking place and would
appear as a sustained uptake process beyond equilibrium concentrations, leading to incorrect
assumptions of the transporter-mediated process. Furthermore, if a Michaelis-Menten analysis is
done using a time point that is too long, rather than assessing the transporter's kinetics, enzyme

kinetics would be assessed.
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Chapter 2: Hypothesis and Research
Aims
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2.1) HYPOTHESIS
It is hypothesized that ENBT1 is responsible for the transport of 6-MP into leukemia cells.
Furthermore, variations in the inter-individual cellular toxicity of 6-MP are due to variations in the

expression of ENBTT in its target cells (specifically, leukemia cells).

2.2) RATIONALE

ALL is the most common cancer in childhood that affects a significant number of patients
every year. It is a multifactorial disease that has seen a huge increase in the survival of patients
over the past decades. However, approximately 10 — 15% of patients will still relapse with much
lower survival rates. A significant component leading to relapse is the inadequate efficacy of
maintenance therapy. This is likely due to variability in plasma doses of 6-MP leading to low
efficacy or high incidence of toxic side effects leading to low adherence to treatment and, thus,
high rates of relapse. A new transporter, called ENBT1, has been shown to transport 6-MP and is
a likely candidate for its entry into the cells, which influences the cytotoxicity of 6-MP.
Furthermore, the regulation of ENBT1 expression at the plasma membrane could impact the entry

of 6-MP, thus decreasing the efficacy of treatment.

2.3) RESEARCH AIMS

2.3.1) AIM 1: Characterization of recombinant ENBT1 in ENBT1-deficient human
embryonic kidney cells
To investigate ENBT1, HEK293 cells will be used, which are innately deficient in ENBT1.

Messenger RNA (mRNA) expression, protein expression, and function of ENBTI in transfected
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HEK?293 cells will be assessed. Furthermore, a panel of inhibitors that could potentially interact
with ENBT1 will be investigated. This aim will functionally characterize ENBT1 and how it

handles 6-MP and changes it cytotoxicity.

2.3.2) AIM 2: Characterization of endogenous ENBT1 in a panel of leukemia cell lines

To investigate the endogenous function of ENBT1, a panel of leukemia cell lines will be
assessed for their ENBT1 mRNA and protein level, as well as function, similar to what is done in
AIM 1. The cell lines to be investigated are ALL-1, MOLT-4, RS4;11, REH, NALM-6, SUP-B15,
and K562. Furthermore, short hairpin RNA interference (shRNAI) targeted against SLC43A43 will
be transfected to determine the impact of SLC4343-knockdown on the mRNA, protein, and

function of ENBT], as well as the 6-MP cytotoxicity.

2.3.3) AIM 3: Determine how ENBT1 is regulated by protein kinase C and oxidative stress
If variations in the plasma membrane expression of ENBTI1 affect 6-MP efficacy and
toxicity, the regulation of ENBT1 should be investigated. Previous studies have implicated that
ENBT1 may be regulated by protein kinase ¢ (PKC) and oxidative stress. Broad-spectrum PKC
activators and inhibitors will be used to investigate potential PKC-mediated regulation and
determine its impact on ENBT1-mediated uptake. Finally, site-directed mutagenesis of SLC4343
will be used to determine specific residues responsible for the potential PKC-mediated effects
seen. For oxidative stress, inducers of oxidative stress and several antioxidants will determine if
the induction of oxidative stress alters ENBT1-mediated uptake and if antioxidants can reverse

any changes seen.
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Chapter 3: Materials and Methods
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3.1) MATERIALS

[2,8-°H] adenine (20-40 Ci/mmol), [8-"*C] 6-MP (50-60 mCi/mmol), [*H] 6-MP (0.3
Ci/mmol), and [*H] water (I mCi/g) were from Moravek Biochemicals (Brea, CA). 6-TG,
hypoxanthine, 6-MeMP, 2-chloroadenosine, adenine, adenosine, 3-(4,5-dimethyl-2thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT), N-methyl-D-glucamine (NMG), dimethyl sulfoxide
(DMSO) NBMPR, DY, 6-TG, geneticin (G418), Dulbecco’s modified Eagle’s medium, fetal
bovine serum (FBS), doxycycline (Dox), menadione, tert-butyl hydroperoxide (TBHP), N-acetyl-
cysteine (NAC), 4-Hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPOL), 2-
mercaptoethanol, polybrene, puromycin, mouse monoclonal anti-myelocytomatosis oncogene
(MYC) tag antibody (Clone 4A6), rabbit polyclonal anti-SLC4343 (HPA030551), 4a-phorbol 12-
myristate 13-acetate (4a-PMA), and phorbol 12-myristate 13-acetate (PMA) were purchased from
Sigma-Aldrich (St. Louis, MO). StemSpan SFEM II, 10x CD34+ expansion supplement, UM729,
and StemRegenin 1 were obtained from Stemcell Technologies (Vancouver, Canada). All primers
were ordered through Integrated DNA Technologies (Coralville, lowa). Agarose, oligo (dT)12-18
primer, Iscove’s Modified Dulbecco’s Media, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES), sodium pyruvate (NaPyr), D-glucose solution (200 g/L), penicillin-streptomycin,
ethylenediamine tetraacetic acid (EDTA), sodium dodecyl sulfate (SDS), polyvinylidene fluoride
membranes, PowerUp SYBR Green, Total Reactive Oxygen Species (ROS) Assay Kit 520
nanometer (nm), HALT Protease Inhibitor Cocktail, Lipofectamine 3000 transfection reagent,
TRIzol Reagent, and Superscript III Reverse Transcriptase came from Thermo Fisher Scientific
(Waltham, MA). The 100 base pair DNA Ladder was supplied by Truin Science (Edmonton, AB).
Power Up SYBR Green and TRIzol Reagent were supplied by Life Technologies (Burlington,

ON). Mouse monoclonal anti-B-actin (C4) (sc-47778), donkey anti-rabbit immunoglobulin G
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(IgG)-horseradish peroxidase (HRP) (sc2313), and m-IgGk binding protein-HRP (sc-516102)
were purchased from Santa Cruz Biotechnology (Dallas, TX). Anti-rabbit I[gG-HRP-linked was
purchased from Cell Signaling Technology (Danvers, MA). Roswell Park Memorial Institute
(RPMI)-1640 medium and the enhanced chemiluminescence Prime western blotting system were
purchased from Cytiva Life Sciences (Marlborough, MA). Leu-Fect A was purchased from RJH
Biosciences (Edmonton, AB). QuikChange Lightning Site-Directed Mutagenesis Kit was
purchased from Agilent (Santa Clara, CA). SMARTvector 2.0 Inducible Lentiviral shRNAi
particles targeting SLC4343 and SMARTvector 2.0 non-targeting shRNA control particles were
from GE Healthcare Dharmacon, Inc. (Lafayette, CO). Decynium-22 (D22), ceefourin-1,
zaprinast, and G66983 were from Tocris Bioscience (Oakville, ON), and MTX was from Alfa
Aesar (Tewksbury, MA). MOLT-4, NALM-6, SUP-B15, and HEK293 were purchased from
ATCC (Manassas, VA). ALL-1, REH, and RS4;11 cells were generously provided by Dr. David
Eisenstat (University of Alberta, Edmonton). K562 cells were generously provided by Dr. Elaine

Leslie (University of Alberta, Edmonton).
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Table 1: List of pharmacological agents

All pharmacological agents along with their primary mechanism of action used in this thesis.
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Table 1

Pharmacological Agent

Primary Mechanism of Action

CDDO-Im

NRF?2 activator

Ceefourin-1

MRP4 inhibitor

CX-4945 Casein kinase II inhibitor
Cycloheximide Protein translation inhibitor
Dasatinib BCR-ABL tyrosine kinase inhibitor

Decynium-22

ENT4/PMAT/ENBT]1 inhibitor

Diamide Thiol oxidizing agent
Dipyridamole ENTI1/ENT2 inhibitor

Erlotinib EGFR tyrosine kinase inhibitor
Gefitinib EGFR tyrosine kinase inhibitor
G66983 Protein Kinase C inhibitor

H89 Protein Kinase A inhibitor

Imatinib BCR-ABL tyrosine kinase inhibitor
Menadione Reactive oxygen species inducer
Methotrexate Dihydrofolate reductase inhibitor

N-acetyl cysteine

Glutathione precursor/antioxidant

NBMPR ENT]1 inhibitor

Nilotinib BCR-ABL tyrosine kinase inhibitor
40-PMA Inactive analog of PMA

PMA PKC activator
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TEMPOL

Free radical scavenger

tert-butyl hydroperoxide

Reactive oxygen species inducer

Zaprinast

MRPS5 inhibitor
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3.2) METHODS

3.2.1) Cell culture

HEK?293 cells were cultured in Dulbecco’s modified Eagle’s medium with 10% FBS,
penicillin (100 units/mL), streptomycin (100 pg/mL), and NaPyr (1 mM). G418 was added (300
pg/ml) in the transfected SLC4343-HEK?293 cell media to maintain selection pressure on the stable
transfectants. The HEK293 cells were removed from flasks by exposure to 0.05% trypsin/EDTA
for 5 min at 37°C, and the suspended cells were washed in the appropriate buffer solution (without
G418) immediately prior to use in subsequent assays. Various modifiers were used either before

or after the washes as relevant to individual experiments.

ALL-1, MOLT-4, RS4;11, NALM-6, K562, and REH cells were cultured in RPMI-1640
medium with 10% FBS supplemented with D-glucose (4500 mg/L), NaPyr (1 mM), penicillin (100
U/mL), streptomycin (100 mg/mL), and HEPES (10 mM). SUP-B15 cells were cultured in
Iscove’s Modified Dulbecco’s Media with 20% FBS and 0.05 mM 2-mercaptoethanol. All
leukemia cell lines utilized along with their leukemia type, donor age and sex, and documented
genetic anomalies is shown in Table 2. Suspended cells were centrifuged and washed in
appropriate assay buffer solutions prior to their use in subsequent assays. Various modifiers were

used before or after the washes as relevant.

Primary ALL bone marrow aspirates were cultured in StemSpan™ II medium
supplemented with CD34+ expansion supplement, UM729 (1 uM), and StemRegenin 1 (500
nanomolar (nM)). Bone marrow aspirates were only cultured for a maximum of one day to enable

acclimatization to the medium and to ensure maximum viability prior to any experiments.
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Table 2: Leukemia cell line information

Leukemia cell lines used with information on the type of leukemia, donor age and sex, and

genetic anomalies. All data was obtained from Cellosaurus (https://www.cellosaurus.org/).
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Table 2

Cell Line | Leukemia | Donor Genetic Anomalies
Type

Sex Age

(M/F) | (Years)
MOLT-4 | T-ALL M 19 NOTCHI1, NRAS, PTEN, STK11, TP53
ALL-1 B-ALL F 7 BCR-ABLI1
RS4;11 B-ALL F 32 KMT2A-AFF1
REH B-ALL F 15 ETV6-RUNXI1, NR3Cl1, PTEN, TP53
NALM-6 | B-ALL M 19 IGH-DUX4, EGFR, NRAS, RARA
SUP-B15 | B-ALL M 9 BCR-ABLI1
K562 CML F 53 BCR-ABLI1, TP53
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3.2.2) Stable transfection of recombinant MYC-SLC43A43

Oligonucleotides corresponding to the coding region of isoform 1 (NM_001278201) or
isoform 2 (NM_001278206) of SLC4343, with an N-terminal MY C-epitope tag, were prepared in
the GeneArt Cloning pMA plasmid by Invitrogen. The MY C-SLC43A43 sequences were transferred
to the mammalian cloning vector pcDNA3.1(-) using the Xbal (5) and Kpnl (3’) restriction
enzymes. The inserts were sequenced in both directions to confirm integrity and then used to
transfect HEK293 cells using the calcium phosphate method (Kingston, Chen, and Rose 2003).
Cells expressing SLC4343 were selected based on their resistance to 600 pug/ml G418 using
standard procedures. Cells stably transfected with the ‘empty’ pcDNA3.1(-) vector were also

tested to assess the impact of the transfection procedure and G418 on the measured parameters.

3.2.3) Transient transfection

One day prior to the transfection, HEK293 cells were plated on a T175 flask to be ~80 -
90% confluent. The following day, Lipofectamine 3000 was used per the manufacturer’s protocol
to transfect plasmids of interest into HEK293 cells. Cells were incubated for 72 hours before

experiments were conducted on them.

3.2.4) Site-directed mutagenesis

Isoform 1-MYC-SLC43A43 pcDNA3.1(-) plasmid was used as a template for site-directed
mutagenesis at three different amino acid positions, threonine 231 (ACC) (a736g), serine 253
(TCA) (t802g), and serine 276 (TCT) (t871g), to convert each of the relevant residues to alanine.

The QuikChange Lightning site-directed mutagenesis kit was used from Agilent (Santa Clara,
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CA), the isoform 1-SLC43A43 pcDNA3.1(-) plasmid was mutagenized per manufacturer protocol,
and each plasmid was sequenced to confirm successful mutagenesis at each site prior to transient

transfection in HEK293 cells.

3.2.5) Nucleobase uptake

Cells were suspended in nominally sodium-free buffer (to eliminate any potential
contribution of sodium-dependent transporters) (NMG buffer: 140 mM NMG, 5 mM KCl, 4.2 mM
KHCO;3, 0.36 mM KoHPO4, 0.44 mM KH>PO4, 10 mM HEPES, 0.5 mM MgCl,, 1.3 mM CaCl,
pH 7.4) containing 500 nM, 1 uM, or 5 uM DY (to block potential ENT1/ENT2 mediated uptake)
for 15 min at room temperature prior to assay. Cellular uptake was initiated by adding 250 ul of
cell suspension to 250 pl of ['*C] or [°H] 6-MP or [°H] adenine layered over 21:4 silicone: mineral
oil (v:v) (200 pl) in 1.5 ml microcentrifuge tubes. [°’H] 6-MP was used because ['*C] 6-MP became
unavailable from the supplier. [°’H] adenine was used at times since it had a higher specific activity
than [°H] 6-MP, leading to a better signal-to-noise ratio. The uptake reaction was terminated after
specified times by centrifugation of the cells through the oil layer at ~10,000 g. The aqueous layer
was aspirated, and the tube was washed with ~1 ml of NMG buffer prior to the removal of the oil
layer. The resulting cell pellet was digested in 1 M sodium hydroxide (NaOH) overnight (~16 hr),
with aliquots of digested cells assessed for radioactive content using standard liquid scintillation
counting techniques in a Beckman Coulter LS6500 scintillation system. In the HEK293 cells, total
uptake of [°H] adenine was defined as [°H] adenine uptake in the transfected SLC4343-HEK293
cells, while non-mediated uptake of [*H] adenine was defined as uptake of [*H] adenine in
untransfected HEK293 cells. Total uptake of ['*C] 6-MP was done in transfected SLC4343-

HEK293 cells in the absence of adenine, with non-mediated uptake defined as uptake in the
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presence of 1 mM adenine. In leukemia cell models, total uptake was defined as the uptake of [*H]
or ['*C] 6-MP and [°H] adenine in the absence of adenine, while non-mediated uptake was defined
as [*H] or ["*C] 6-MP, and [*H] adenine in the presence of 5 mM adenine. Mediated uptake was
defined as the difference between the total uptake and non-mediated uptake components. Cell
volume (pl) was estimated by incubating cells with [°H] water for 3 min, centrifuging the cells
through the oil layer, sampling 100 pl of the supernatant and processing as 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 pmol of substrate accumulated per pl of cell-associated water.

3.2.6) 6-MP efflux

Cells were trypsinized from confluent T175 flasks and washed in a sodium-free buffer as
described for the nucleobase uptake assays. Viable cell numbers were determined using trypan
blue stain (Hyclone, GE Healthcare, Logan, UT) on a BioRad TC10 Automated Cell Counter prior
to loading the cells with radioactive substrate. Cells were loaded with 100 uM ['*C] 6-MP for 30
sec and then centrifuged at 1000 g for 30 sec to lightly pellet the cells. The supernatant was
removed, and cell pellets were rapidly suspended in sodium-free buffer (+ inhibitors) to initiate
efflux. Aliquots (500 pl) of this cell suspension were layered over 21:4 silicone: mineral oil (v:v)
in a 1.5 ml microcentrifuge tube and centrifuged at specified time points. The cell pellets were
then washed and incubated in 1 M NaOH overnight and processed as described for the nucleobase
uptake assays for the determination of intracellular ['*C] content. In experiments where 1 mM
adenine was used, the initial load of ['*C] 6-MP (time ‘zero’) was determined by extrapolation of

the exponential decay curve fit to the data obtained in the presence of 1 mM adenine. In
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experiments where 1 mM adenine was not used, the initial load of ['*C] 6-MP (time ‘zero’) was
determined by centrifuging an aliquot (500 ul) of the cells immediately following the loading step
and processing as described above. No difference was noted between these two methods in the

determination of the initial load for these experiments.

3.2.7) MTT cell viability

HEK?293 cells: Cells were seeded into a 24-well plate at a density of 5 x 10* cells/well in
culture media and left overnight. Culture media was removed the following day and replaced by
media containing 6-MP (75 nM - 1.28 mM) and incubated for 48 hr at 37°C in a humidified 5%
CO; atmosphere. In some cases, the ENT1/ENT2 inhibitor DY or the MRP4 and MRPS5 inhibitors
ceefourin-1 and zaprinast, respectively, were included in the media to assess the influence of these
transporters on 6-MP cytotoxicity/sensitivity. Herein, 6-MP cytotoxicity will be referred to as 6-
MP sensitivity, as it was determined by another lab member that the 48 hr incubation with 6-MP
does not cause robust cell toxicity (as determined by the lactate dehydrogenase (LDH) assay)
(Chan Kim, personal communication, June 27, 2023), but rather a decrease in MTT reduction,
likely due to the cytostatic effect of 6-MP in effecting energy metabolism in cells (Fernandez-
Ramos et al. 2017). After 48 hr the media was removed and replaced with 250 pL of Dulbecco’s
phosphate buffered saline (D-PBS) (137 mM NaCl, 2.7 mM KCI, 6.3 mM Na,HPO4, 1.5 mM
KH2POy4, 0.5 mM MgClz:6H20, 0.9 mM CaCl;-2H20, pH 7.4) containing MTT (1 mg/ml) for 90
min. Formazan crystals formed were solubilized in 450 pl of DMSO, and absorbance was

measured at 570 nm in a Spectra Max i3x plate reader (Molecular Devices, Sunnyvale, CA).
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Leukemia cells: Cells were seeded into a 24-well plate at a density of 5 x 10* cells/well in
culture medium. Following plating, a medium containing 6-MP (75 nM — 1.28 mM) was added
and incubated for 48 hr at 37°C in a humidified 5% CO; atmosphere. Cells were then transferred
to a 1.5 mL microcentrifuge tube and centrifuged at 3000 g for 10 min. Following centrifugation,
media was removed and replaced with 250 uL of D-PBS (137 mM Na(Cl, 2.7 mM KCl, 6.3 mM
Na;HPOg4, 1.5 mM KH;PO4, 0.5 mM MgCl,, 0.9 mM CaCl,, pH 7.4) containing MTT (1 mg/ml)
for 90 min. Microcentrifuge tubes were centrifuged again at 23,500 rcf for 15 min, and the D-PBS
containing MTT was removed. The resultant formazan crystals were solubilized in 450 pl of
DMSO, and absorbance was measured at 570 nm in a Spectra Max 13x plate reader (Molecular

Devices, Sunnyvale, CA).

3.2.8) Immunoblotting

Samples were prepared in radioimmunoprecipitation buffer (150 mM NaCl, 50 mM Tris,
1% NP40, 0.5% sodium deoxycholate, 1% SDS) containing EDTA and Halt™ Protease and
Phosphatase Inhibitor Cocktail (Thermo Fisher Scientific, Waltham, MA). For determination of
glycosylation, cell lysates were treated with or without 500 units of PNGase F according to the
manufacturer’s protocol prior to loading. Samples were adjusted to 2% (v/v) B-mercaptoethanol
and resolved by SDS-polyacrylamide gel electrophoresis (PAGE) on 12.5% (w/v) acrylamide gels.
Proteins were electro-transferred onto Immobilon-P polyvinylidene fluoride membranes
(Millipore Corporation, MA, USA) for 1.5 hr at a constant current of 280 mA. After transfer,
membranes were rinsed in Tris-buffered saline (TBS) (TBS — 150 mM NacCl, 50 mM Tris, pH 7.5)
and incubated with TBS-TM (TBS containing 0.1% v/v Tween-20 and 5% w/v skim milk powder)

for 1 hr at room temperature with gentle rocking to block nonspecific binding. Membranes were
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then incubated overnight at 4°C with gentle rocking in the presence of either mouse anti-MYC,
rabbit anti-SLC43A43, mouse anti-f-actin, or mouse anti-ENT1 at 1:1000, 1:250, 1:500, and 1:500
dilutions, respectively, in TBS-TM (containing 1% skim milk). After successive washes with TBS-
TM (containing 1% skim milk), the membranes were incubated with a 1:2000 or 1:3000 dilution
of goat anti-rabbit [gG-HRP or m-IgGk binding protein-HRP, respectively, in TBS-TM for 1 hr at
room temperature and further washed with TBS-T (TBS, containing 0.2% (v/v) Tween-20).
Proteins were detected using enhanced chemiluminescence western blot substrate (EMD
Millipore, Canada) and visualized using an Amersham Imager AI680 (GE Healthcare, Chicago,

USA).

3.2.9) Polymerase chain reaction

Cells from confluent 10 cm plates were suspended in 1 ml of TRIzol reagent and
homogenized for extraction of RNA according to the manufacturer’s protocol (Thermo Fisher
Scientific). Total RNA concentration and purity were determined using a Nanodrop 2000

spectrophotometer (Life Technologies Inc.).

For qualitative reverse transcriptase polymerase chain reaction (RT-PCR), 1 pg of total
RNA was reverse transcribed to complementary DNA (cDNA) using Oligo (dT)12—18 primer and
Superscript III Reverse Transcriptase and amplified using recombinant Taq DNA Polymerase. The
following conditions were used for amplification: 3 min at 95°C, followed by 40 cycles of 30 sec
at 95°C, 30 sec at 56°C, and 60 sec at 72°C, followed by extension for 10 min at 72°C in a BioRad

T-100 Thermocycler. Primer sequences are shown in Table 3.
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Semiquantitative reverse transcriptase polymerase chain reaction (RT-qPCR) was
conducted using cDNA (~100 ng/well) prepared as described above with the primer sets shown
in Table 3 using Power Up SYBR Green fluorescence on a Roche Light Cycler 480 System
(Cardiovascular Research Centre, Edmonton, Canada). Primer efficiency and melt curves were
assessed prior to their use for gene expression analysis. Semiquantitative RT-qPCR conditions
were: 2 min at 50°C (uracil-DNA glycosylase activation), 2 min at 95°C (denaturation), followed
by 50 cycles of 15 sec at 95°C, and 60 sec at 60°C for amplification, with a final melt curve
analysis. Gene expression was normalized to either glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) alone or the geographic mean of three separate reference genes, GAPDH, 18S ribosomal
N5 (RNA18SNS5), and f-actin (ACTB), and analyzed relative to expression in the untransfected

HEK293, ALL-1 cells, or a relevant control using the AAC; method.
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Table 3: PCR primer sequences

Forward and reverse primer sequences are shown for various genes, along with their expected
product size in base pairs. The table is broken up into two sections: one for qualitative RT-PCR

primers and one for semiquantitative RT-qPCR primers.

52



Table 3

Gene name Primer sequence (5’ to 3°) Expected product
(base pairs)
Qualitative RT-PCR
ABCC4 Fwd - TGCAAGGGTTCTGGGATAAAG 363
Rev — GACGAAGTGCCTTCCGATAAA
GAPDH Fwd — ACATCATCCCTGCCTCTAC 356
Rev — CCTGTTGCTGTAGCCAAAT
SLC4343 ¢ Fwd — CTGTGTGGACCAGATGC 225 -SLC4343 1
Rev - TGCAGAGGTGAAGGCTA 264 — SLC4343 2
SLC4343 2% | Fwd - GAGACCTTTTTTCTACTCC 197
Rev - TGCAGAGGTGAAGGCTA
Semiquantitative RT-qPCR
ABCBI1 Fwd - TGCAGGTACCATACAGAAACTC 105
Rev — ACCGGAAACATCCAGCATAG
ABCCH4 Fwd - GGAGAGCCAAGATACAGAGAATG | 107
Rev — GAGCACCAGCTCTGAAGTAAT
ABCCS Fwd - ACCATCCACGCCTACAATAAA 100
Rev - GCATCGCACACGTAAACAAA
ACTB Fwd - CCCTGGAGAAGAGCTACGA 95
Rev - GAAGGAAGGCTGGAAGAGTG
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GAPDH Fwd — GATTCCACCCATGGCAAATTC 87
Rev - CTGGAAGATGGTGATGGGATT

GMPS Fwd - GAAGATGCTCCCTGGTTTGA 107
Rev - TGCACAGTACCTCCAAATACC

HPRTI Fwd - TGGCGTCGTGATTAGTGATG 156
Rev — CCCATCTCCTTCATCACATCTC

IMPDH1 Fwd - GGTCTTACTGGCAGGTGTT 76
Rev - GCCGCTGATCAGGTAGTC

NQOI Fwd - GGGATGAGACACCACTGTAT 95
Rev — CTCCTCATCCTGTACCTCTTT

NUDTIS5 Fwd - TGAAAGTTGGGAGTGGGTTC 122
Rev — CCACCAGATGGTTCAGATCTTC

RNA18SNS5 Fwd - CACGGACAGGATTGACAGATT 119
Rev - GCCAGAGTCTCGTTCGTTATC

SLC2941 Fwd - GAGCAGGCAAAGAGGAATCT 106
Rev — GAGAAAGCCAGGACTGAGATATT

SLC2942 Fwd - AAGTAGCTCTGACCCTGGAT 99
Rev - GGAAGACAGTGAAGACTGAAGG

SLC2944 Fwd - CAGACTTCGTGGGCAAGAT 107

Rev - CAGGATGAAGAGGGGGATGAAG
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SLC4343“ Fwd — CTTCTGGAGCTACGCTTTCT 100
Rev - GGAGTTGAGAGTGCCAATGA

TPMT Fwd - GGAACAAGGACATCAGCTATTA 150
Rev — CTGATTTCCACACCAACTACA

TXNRD1 Fwd - GTAGTAGCTCAGTCCACCAATA 113
Rev — CCTACGGTTTCTAAGCCAATTT

XDH/XO Fwd - TTGGTGCTGTGGTTGCT 150
Rev — CTTTCTCGATCTTCAGCTCAGG

“ These primer pairs amplify the same sequence for both SLC4343 [ and SLC4343 2.

b This primer pair amplifies the sequence for SLC4343 2.
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3.2.10) Trypan blue staining

Following the treatment of cells, 0.4% trypan blue stain was combined in a 1:1 ratio with
cells and mixed. Afterwards, 10 uL was aliquoted onto counting slides in duplicate and placed in
a BioRad TCI10 Automated Cell Counter (Bio-Rad Laboratories, Hercules, USA) for

determination of total cell count, live cell count, and % live cell count.

3.2.11) Suppression of SLC4343 by shRNAi

SMARTvector 2.0 Lentiviral shRNA particles bind to cells and deliver their shRNAI to the
cytoplasm. The SMARTvector 2.0 includes a Turbo green fluorescent protein (GFP) reporter gene
to facilitate the assessment and optimization of transduction efficiencies. It also contains a

puromycin resistance gene for the selection and isolation of clonal cell populations.

HEK?293 cells: The base HEK293 cells and SLC4343-HEK?293 cells were transduced with
the SMARTvector Inducible Lentiviral shRNA vector containing SLC4343 shRNAI according to
the manufacturer’s protocol and stably selected using puromycin. To induce expression of the
shRNA, Dox was added to the cells at 400 ng/mL for 48 or 72 hr before analysis. shRNA
expression efficiency was assessed based on the reporter GFP fluorescence. SLC4343 knockdown

was confirmed by immunoblots with anti-ENBT1 antibodies.

Leukemia cells: Attempts to transduce ALL-1 and RS4;11 leukemia cells with the
SMARTvector Inducible Lentiviral sShARNA system, using the same procedure that was used for
the HEK293 cells, were unsuccessful. Therefore, transfection of RS4;11 cells with SLC4343
shRNAI1 vector lentiviral particles or non-targeting control shRNAi was done using Leu-Fect A

according to the manufacturer’s protocols. Cells were transfected and incubated at 37°C in a
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humidified 5% CO; atmosphere for 48 hr in culture media, without FBS or penicillin/streptomycin,
containing the Leu-FectA and shRNAI lentiviral particles. Following the 48 hr, culture media
containing FBS and penicillin/streptomycin was added, and cells were grown for one week.
Puromycin was then added at 2 mg/mL, and the cells were incubated until no untransfected cells
(cultured in parallel) remained. Transfected cells were allowed to continue proliferating in the
presence of 1 mg/mL puromycin to a density of approximately 1,000,000 cells/mL. Cells were
then sorted on a BD FACS Aria III BSL2 cell sorter (BD Biosciences, San Jose, CA) (University
of Alberta, Faculty of Medicine & Dentistry Flow Cytometry Facility) for GFP-positive cells and
maintained in culture media with 1 pg/mL puromycin. GFP expression was assessed on each cell
passage using a Zeiss inverted widefield epifluorescence Axio Observer Z1 microscope
(Oberkochen, Germany) at 388 nm, and cells were resorted if expression started to decrease (this

was typically done every five passages to ensure sufficient signal and knockdown of target).

3.2.12) Data analysis and statistics

Data are expressed as mean plus or minus standard deviation (SD) from independent
experiments done in technical duplicate or triplicate. Nonlinear curves are fitted to the transport,
and MTT data and statistical analyses were performed using GraphPad Prism 10.1.1 software. In
all cases, if the P value determined from a statistical test was less than 0.05, the difference was
considered significant, and the null hypothesis (no difference between data sets) was rejected.
MTT curves were statistically determined to fit either a one-phase or biphasic curve fit using an
extra sum of squares F-test. Correlation data were fit using linear regression and statistically tested
using the Spearman rank correlation coefficient. Influx data were fit using a one-phase association

for time course data, and Michaelis-Menten curves were fit to the concentration-dependent uptake
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data for determination of the Michaelis constant (K,) and maximum rate of velocity (Vmax) values.
Statistical differences between Ky and Vmax values were determined using the extra sum-of-
squares F test. Significant differences between multiple groups were assessed using a one-way or

two-way ANOVA, corrected for multiple comparisons with the Holm-Sidak method.
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Chapter 4: Characterization of
recombinant ENBT1 in HEK?293 cells
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4.1) INTRODUCTION

Nucleobase analogue drugs are used as antiviral and anticancer agents, with one of the most
established being 6-MP, used in the maintenance phase of therapy for ALL. These compounds are
generally pro-drugs in that they need to be metabolized by intracellular enzymes to their active
phosphorylated derivatives. The first step in this activation process is the transport of the
nucleobase analogues into the target cells. A number of different mechanisms have been proposed
for the cellular entry of nucleobase analogues. Early studies suggested that a sodium-dependent
nucleobase transporter identified in porcine LLC-PK1 cells was the 6-MP transporter (Griffith and
Jarvis 1993). However, this was found to be a defective pseudogene in humans (Yamamoto et al.
2010) and is thus not relevant to the clinical actions of these agents. OAT1 and OAT3 have also
been shown to mediate the transport of nucleobase drugs such as 6-MP (Mori et al. 2004), but
these transporters are limited in their expression profile and are notably absent in leukemia cells
(Burckhardt 2012). The nucleoside transporters hENT1 and hENT2 can also transport nucleobases,
including 6-MP, but with low affinity (Km values greater than 1 mM; 1000-fold higher than
therapeutic levels of 6-MP) (Yao et al. 2011). An earlier study using mouse ENT2 overexpressing
Cos-7 cells reported that 6-MP had a 14 pM K, for ENT2 (Nagai et al. 2007), suggesting that

there may be species differences in ENT2 affinity for 6-MP.

In 2007, a novel nucleobase transport system was characterized in human MVECs and
given the designation ENBT1 (Bone and Hammond 2007). Using transporter-selective inhibitors,
it was determined that ENBT1 was distinct from any of the aforementioned putative nucleobase
transporters and was blocked by nucleobase analogues such as 6-MP and 6-TG at concentrations
in the low uM range. ENBT1 activity was also described in a variety of other cell lines, including

human osteosarcoma cells (U20S), rat osteosarcoma cells (UMR), Madin-Darby canine kidney
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(MDCK) cells, PK15-nucleoside transporter deficient cells, and rat MVEC, but it was notably
absent in HEK293 cells (Bone and Hammond 2007). However, the gene encoding ENBT1 was
not known at that time, and other than a study that showed that ENBT1 could be modulated by
oxidative stress in an ischemia-reperfusion injury model (Bone et al. 2014), no further analysis

was done.

In late 2015, SLC43A43, an orphan member of the amino acid transporter gene family
(Bodoy et al. 2013), was shown to encode a protein that led to the cellular uptake of the nucleobases
adenine and hypoxanthine when expressed in MDCKII cells (Furukawa et al. 2015), with
characteristics almost identical to those described previously for ENBT1 (Bone and Hammond
2007). Those investigators also found that the SLC4343-encoded transporter could be inhibited by
6-MP. SLC43A43 is expressed at low to moderate levels in most tissues, including bone marrow,
and has been identified in myeloid and lymphoid cell lines (Human Protein Atlas) (Thul et al.
2017; Uhlen et al. 2015). None of the aforementioned studies, however, considered the fact that
SLC43A43 exists as multiple splice variants. Many of the variants differ in the 5’-UTR, but two
encode full-length proteins that differ in the absence (SLC4343 1) or presence (SLC4343 2) of a
13 amino acid insert in the first predicted extracellular loop (Figure 5). The study examining
recombinant SLC43A43 expression in MDCKII cells used the isoform one variant (Furukawa et al.
2015). No studies have been done on the functional characteristics of the protein encoded by
SLC43A43 2, nor has 6-MP actually been shown to be a substrate for either of these transporter
variants. If the two SLC4343 isoforms differ in function or substrate selectivity, their differential
expression in cells may impact the effectiveness of nucleobase analogue drug substrates. This
chapter will define the characteristics of adenine and 6-MP transport by the ENBT1 variants

encoded by SLC4343 1 and SLC43A43 2 expressed in HEK293 cells.
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4.2) RESULTS
4.2.1) Transfection of HEK293 cells with SLC43A43

To ensure that the stable cell transfection protocol was successful, qualitative PCR was
conducted using cDNA prepared from untransfected HEK293 and SL(C4343-transfected HEK293
cells (Figure 7A). The untransfected and vector-only transfected HEK293 cells expressed minimal
levels of SLC43A43 isoform 1, and there was no detectable isoform 2 transcript, supporting prior
data that these cells do not have measurable ENBT1-mediated nucleobase flux capacity (Bone and
Hammond 2007). In contrast, the SLC43A43-transfected cell lines expressed high levels of the
respective SLC43A43 transcript (Figure 7A). Both SLC4343 isoform-encoded proteins were also
detected by immunoblotting using either anti-ENBT1 (Figure 7B) or anti-MYC (Figure 7C)
antibodies, with about 6-fold more isoform 1 detected than isoform 2 (relative to B-actin).
Henceforth, the encoded protein will be referred to as ENBT1.1 (isoform 1) and ENBT1.2 (isoform
2). It was also noted that the size of the band (~62 kDa) was much larger than the expected native
ENBT]1 based on its amino acid sequence (estimated to be ~55 kDa). It was hypothesized that it
may be a result of glycosylation. Therefore, SLC4343 I-transfected HEK293 cell protein lysates
were extracted and treated with or without PNGase F for 1 hr at 37°C. Incubation with PNGase F
showed a decrease in size relative to the untreated group that was near the estimated weight of the

native ENBT1 (~55 kDa).
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Figure 7: Stable transfection of HEK293 cells with SLC43A43 1 and SLC43A43 2

A) Transfection of HEK293 cells with SLC4343 was confirmed using PCR with the RT-PCR
primers specific for SLC43A43 (top) and GAPDH (bottom) shown in Table 3. cDNA was prepared
from Total RNA isolated from untransfected HEK293 cells or HEK293 cells stably transfected
with SLC4343 1 or SLC4343 2. B) Membranes were prepared from HEK293 cells and cells
transfected with SLC4343 1 (ENBT1.1) and SLC4343 2 (ENBT1.2). Samples were resolved on
SDS-PAGE gels, transferred to polyvinyl membranes and probed with anti-ENBT1 and anti-3-
actin antibodies. C) Parallel immunoblot analyses were performed as described above but using
anti-MYC and anti-B-actin antibodies. D) The same immunoblot (Anti-MYC) from Panel C was
conducted, but prior to loading, cell lysates from SLC4343 1 (ENBT1.1) transfected cells were

treated with or without PNGase F for 1 hr at 37°C.
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Figure 7
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4.2.2) Gene expression analysis

The more sensitive RT-qPCR analyses indicated that HEK293 cells did express low levels
of SLC43A43, but the SLC4343 I transfected and SLC4343 2 transfected cells had more than
3240-fold and 840-fold higher levels of the respective transcript than untransfected HEK293 cells
(Figure 8A). Interestingly, cells stably transfected with the empty vector, pcDNA3.1(-), showed a
10-fold decrease in endogenous SLC43A43 expression (Figure 8A). To determine if transfection of
HEK?293 cells with SLC4343, or the vector alone, led to compensatory changes in other relevant
genes, the level of expression was examined for nucleoside transporters SLC2941 (ENT1),
SLC29A42 (ENT2), and SLC29A44 (ENT4), the efflux pumps ABCC4 (MRP4) and ABCC5 (MRPS5),
and the intracellular enzymes involved in 6-MP metabolism, TPMT and HPRT. ABCC5 was
downregulated, and TPMT and HPRT were upregulated in the vector-transfected cells (Figure
8B). In contrast, in cells transfected with SLC4343, the transcripts for SLC2942, ABCC4, and
ABCCS5 were found to be downregulated in both the SLC4343 I-transfected (Figure 8C) and
SLC4343 2-transfected (Figure 8D) cells relative to control HEK293 cells. In addition, the
SLC4343 2 transfected cells displayed a significant decrease in the SLC2944 transcript (Figure

8D). No changes were noted for the other transcripts measured.
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Figure 8: Compensatory changes in gene expression upon transfection of HEK293 cells with

SLC43A43

Gene expression, assessed by RT-qPCR, is shown relative to the amount detected in untransfected
HEK293 cells. Expression was normalized to GAPDH transcript levels in each individual
experiment. Panel A shows the relative expression of SLC4343 in HEK293 cells stably transfected
with the respective SLC4343 1, SLC4343 2, or empty vector (pcDNA3.1(-)) construct (n=5).
Panels B-D shows the relative expression of ENT1 (SLC2941), ENT2 (SLC2942), ENT4
(SLC29A44), MRP4 (ABCC4), MRPS5 (ABCC5) and the enzymes TPMT and HPRT in HEK293
cells transfected with either ‘empty’ pcDNA3.1(-) (B), SLC4343 1 (C) or SLC4343 2 (D). Bars
represent the mean + SD of 5 independent samples. * Significant difference in expression between
untransfected HEK293 cells and transfected HEK293 cells (Student’s t-test, P<0.05, corrected for

multiple comparisons with the Holm-Sidak method).
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Figure 8
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4.2.3) [’*H] Adenine influx

Untransfected HEK293 cells, or cells transfected with empty vector, exhibited minimal
time-dependent uptake of [°’H] adenine (Figure 9A&B). In contrast, [°’H] adenine influx by cells
transfected with SLC4343 1 was time-dependent with steady-state accumulation of 100 uM [*H]
adenine (67 = 11 pmol/ul) achieved within 10 sec (Figure 9A) reflecting the high level of
expression of ENBTI1.1 in these cells (see Figure 7). When the background (untransfected
HEK?293 cell-associated [°H] adenine) was subtracted, an initial rate of ENBT1.1-mediated
transport of 18 £ 9 pmol/ul/sec (for 100 uM [*H] adenine) was estimated by extrapolation of the
uptake profile to 0.5 sec. The transport efficiency of this system made it necessary to conduct full-
time courses at each substrate concentration to allow the determination of transporter kinetics
based on initial rates (estimated from uptake at 0.5 sec derived from curves fitted to each
independent experiment). In contrast, ENBT1.2-mediated [*H] adenine influx in the SLC4343 2
transfected cells was slower with an initial rate for 100 uM [*H] adenine influx of 6 + 2 pmol/ul/sec
(Figure 9B) reflecting the relatively lower level of ENBT1.2 protein in the transfected HEK293
cells (Figure 7B). Thus, initial rates for ENBT1.2-mediated influx were estimated from the
experimentally determined 2 sec uptake time point. The results of these kinetic experiments are
shown in Figure 9C. [*H] Adenine transport by ENBT1.1 had a Km of 37 + 26 uM and a Vimax of
34 £ 6 pmol/ul/sec. ENBT1.2 had a K, for adenine (40 = 26 M) similar to that of ENBT1.1 and

a Vmax 0f 7.9 £ 1.6 pmol/ul/s.

68



Figure 9: [*'H|] Adenine transport by SLC4343-encoded ENBT1

HEK293 cells and cells transfected with SLC4343 1 (A), SLC4343 2 or the empty pcDNA3.1(-)
vector (B) were incubated with 100 uM [*H] adenine at room temperature for the specified times
and then centrifuged through oil. Cell pellets were digested overnight in 1 M NaOH and assessed
for [°H] content using standard liquid scintillation counting techniques to define pmol adenine
accumulated per pl cell pellet. ENBT1-mediated uptake was defined as the difference in cellular
accumulation by the SLC4343-transfected cells (SLC4343-HEK293) and that observed in the
untransfected HEK293 cells assessed in parallel. Data points represent the mean + SD of 6 (Panel
A) or 5 (Panel B) experiments done in duplicate. C) The kinetics of ENBT1.1 (SLC4343 1)- and
ENBT1.2 (SLC4343_2)-mediated uptake of [’H] adenine were determined by assessing the uptake
of a range of concentrations of [°H] adenine as described for Panels A and B. Initial rates of influx
were estimated as the transporter-mediated uptake at 0.5 sec extrapolated from time course profiles
as shown in Panel A (ENBT1.1) or directly from the 2 sec uptake time point (Panel B; ENBT1.2).

Data shown are the mean + SD of n=5 experiments.
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Figure 9
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4.2.4) Inhibition of ENBT1-mediated adenine uptake by tyrosine kinase inhibitors

A previous study has demonstrated that various tyrosine kinase inhibitors may inhibit
ENBT1 (Damaraju et al. 2015). Furthermore, the study noted that imatinib and dasatinib, which
are used to treat Ph-positive ALL, may inhibit ENBT1. Adenine uptake was assessed in
SLC43A43 2-HEK293 cells in the presence of 10 uM tyrosine kinase inhibitors (TKI) (imatinib,
dasatinib, erlotinib, nilotinib, and gefitinib) or the absence of inhibitors. All TKIs assessed showed
significant inhibition of ENBT1 (Figure 10A). Gefitinib was the most effective, with ENBT1
uptake dropping to 31 £ 6% of control. Concentration-response curves were conducted in
SLC4343 2-HEK293 cells (Figure 10B). Gefitinib displayed a concentration-dependent
inhibition of ENBT1 with an ICso value of 5.4 £ 0.5 uM in the SLC4343 2-HEK?293 cells. The K;
value was calculated using the Cheng-Prusoff equation (Cheng and Prusoff 1973) and was

determined to be 2.7 pM.
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Figure 10: Tyrosine kinase inhibitors inhibit ENBT1-mediated adenine uptake

A) The uptake of [*’H] adenine in SLC4343 2-HEK293 cells was assessed using a 2 sec time point
in the presence and absence of 10 uM TKIs gefitinib, imatinib, nilotinib, erlotinib, and dasatinib.
Data were normalized as percent of control uptake where 100% was defined as the uptake [°H]
adenine in the absence of inhibitor (no inhibitor) and 0% was defined as the uptake in untransfected
HEK?293 cells. Each bar represents the mean + SD of 6 experiments done in duplicate. * Indicates
a significant difference from no inhibitor (One-way ANOVA with the post hoc Holm-Sidak test,
P<0.05). B) A range of concentrations (30 nM — 100 uM) of gefitinib was assessed for their ability
to inhibit the 2 sec uptake of 30 uM [*H] adenine in SLC4343 2-HEK293 cells. Data was
normalized as percent of control uptake with 100% defined as the uptake of adenine in the absence
of inhibitor and 0% defined as the uptake in untransfected HEK293 cells. Sigmoid curves were
fitted to these data for the determination of ICso values, which were used to calculate the inhibitor
K values shown in the text. Each point represents the mean + SD of n=5 experiments done in

duplicate.
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4.2.5) ENBT1-mediated ['*C] 6-MP influx

Similar studies were then conducted using ['*C] 6-MP as the substrate. As seen for the [°H]
adenine uptake assays, the ‘background’ uptake of ['*C] 6-MP in the untransfected HEK293 cells
was higher than expected for this assay protocol. However, this background was not affected by
the addition of the ENT1/ENT2 inhibitor DY (1 uM) (Ward et al. 2000), the pan-nucleoside
transporter substrate uridine (1 mM) (Young et al. 2013), nor the nucleobase adenine (1 mM),
indicating it was not due to the operation of other nucleoside/nucleobase transporters such as
ENT1, ENT2, or concentrative nucleoside transporter (CNT) 3 that others have suggested to
mediate 6-MP uptake (Yao et al. 2011; Nagai et al. 2007). Nor did the OAT inhibitor novobiocin
(300 uM) (Duan and You 2009; Burckhardt 2012; Mori et al. 2004) have an effect on the residual
accumulation of 100 uM 6-MP (17.8 + 1.8 pmol/ul/2sec and 17.2 £ 1.8 pmol/ul/2sec) in the
absence and presence of novobiocin, respectively, n=5). Nor was the background reduced by
additional washing steps, suggesting that this remaining ['*C] was likely cell membrane-associated
['*C] 6-MP or nonspecific binding of ['*C] 6-MP to the polypropylene centrifuge tubes. HEK293
cells expressing ENBT1.1 accumulated 100 uM 6-MP in a time-dependent manner, and this uptake
could be inhibited completely by 1 mM adenine (Figure 11A). Figure 11B shows a similar time
course profile for 30 uM 6-MP uptake by untransfected and pcDNA3.1(-)-transfected HEK293
cells and ENBT1.2-expressing HEK293 cells in the presence and absence of 1 mM adenine. As
for the ENBT1.1 expressing cells (Figure 11A), the uptake of 6-MP by ENBT1.2 was inhibited
completely by 1 mM adenine, with uptake in the presence of adenine not significantly different
from 6-MP uptake by the untransfected HEK293 cells or by the vector-only transfected cells
(Figure 11B). Therefore, 6-MP uptake in the presence of 1 mM adenine was defined as a non-

transporter-mediated background in subsequent experiments. Time courses of uptake by ENBT1.1
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were constructed for a range of ['*C] 6-MP concentrations (I — 300 uM), with initial rates
represented by the rate of influx at 0.5 sec extrapolated from individual time course curves.
ENBT1.1-mediated ['*C]6-MP accumulation was saturable with a K of 163 = 126 uM and a Vmax
of 82 + 30 pmol/pl/sec (Figure 11C). ENBT1.2-expressing cells accumulated ['*C] 6-MP at less
than half the rate of ENBT1.1-transfected cells (Vmax = 32 + 8 pmol/ul/sec), again reflecting the
lower expression level of ENBT1.2, relative to ENBT1.1. However, the Km of ['*C] 6-MP for
ENBT1.2 mediated transport (188 + 68 uM) was not significantly different from that determined

for ENBT1.1.
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Figure 11: ['*C] 6-MP transport by SLC43A43-encoded ENBT1

HEK293 cells and cells transfected with SLC4343 1 (A), SLC43A43 2 or empty pcDNA3.1(-) (B)
were incubated with 100 pM (A) or 30 uM (B) ['*C] 6-MP at room temperature, in the presence
and absence of 1 mM adenine, for the specified times and then centrifuged through oil. Cell pellets
were digested overnight in 1 M NaOH and assessed for ['“C] content using standard liquid
scintillation counting techniques to define pmol 6-MP accumulated per pl cell pellet. Data points
represent the mean = SD of 7 (Panel A) or 5 (Panel B) experiments done in duplicate. C) The
kinetics of ENBT1.1 (SLC4343_I)- and ENBT1.2 (SLC4343 2)-mediated ['*C] 6-MP uptake
were determined by assessing the uptake of a range of concentrations of ['*C] 6-MP as described
for Panels A and B. Initial rates of influx were estimated as the transporter-mediated uptake
(calculated as the difference in cellular uptake + adenine) at 0.5 sec interpolated from time course
profiles as shown in Panel A (ENBT1.1), or directly from the 2 sec uptake time point (ENBT1.2).

Data shown are the mean + SD of n=5 experiments.
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4.2.6) Inhibition of ENBT1-mediated 6-MP uptake

Several compounds were screened initially at a single concentration for their ability to
inhibit the 2 sec influx of ['*C] 6-MP in the ENBT1.1 (Figure 12A) and ENBT1.2 (Figure 12B)
expressing HEK293 cells. All inhibitors tested affected ENBT1.1 and ENBT1.2 mediated 6-MP
uptake similarly. The nucleoside adenosine (1 mM) did not affect 6-MP uptake. Nor did MTX, a
folate analogue that is used concurrently with 6-MP in the treatment of ALL. However, the
adenosine analogue 2-chloroadenosine (2-ClAdo) did produce a significant inhibition of 6-MP
uptake (58 = 6% inhibition of ENBT1.1 at 1 mM). NBMPR, the selective ENT1 nucleoside
transport inhibitor, inhibited ENBT1.1-mediated 6-MP uptake by 41% at 100 uM. As has been
shown previously (Furukawa et al. 2015), D22, an ENT4 inhibitor, was a relatively effective
inhibitor of ENBT1, achieving 71 + 6% inhibition of ENBT1.1 at 10 uM. The nucleobases 6-TG
and hypoxanthine, at 1 mM, inhibited 100 uM ['“C] 6-MP uptake by ENBT1.1 by 86 + 14% and
61 + 6%, respectively. The 6-MP metabolite 6-MeMP also inhibited ENBT1.1-mediated 6-MP
uptake by 91 + 6% at 1 mM. 6-TG is a nucleobase analogue similar in structure to 6-MP. Therefore,
it is anticipated that 6-TG may also be a substrate for ENBT1 and, as such, should act as a
competitive inhibitor of 6-MP for the substrate recognition site. To test this, uptake was examined
over a range of concentrations of [*H] adenine by ENBTI.1 in the presence of 750 uM 6-TG
(Figure 12). [°H] Adenine uptake in the presence of 6-TG had a significantly higher apparent K
with no significant difference in Vmax relative to data obtained in the absence of 6-TG (see Figure
9C), indicative of competitive inhibition kinetics. Full concentration-inhibition profiles were then
constructed for 6-TG, 6-MeMP, and D22 (Figure 12D), allowing the calculation of the inhibitory
constant (Kj) values of 67 + 30, 73 + 20, and 1.0 + 0.4 uM, respectively, for their inhibition of 6-

MP uptake by ENBT1.1.
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Figure 12: Inhibition of ['*C] 6-MP transport in SLC43A43-transfected HEK293 cells

The uptake of ['*C] 6-MP by ENBT1.1 (100 uM; Panel A) and ENBT1.2 (30 uM; Panel B) was
assessed using a 2 sec time point in the presence and absence of the indicated concentration of
MTX, 6-TG, 6-MeMP, 2Cl-Ado, adenosine, 2-deoxyadenosine (Deoxy-Adenosine),
hypoxanthine, uridine, NBMPR, D22. Data were normalized as percent of control uptake where
100% was defined as the uptake ['*C] 6-MP in the absence of inhibitor and 0% was defined as the
uptake in the presence of 1 mM adenine. Each bar represents the mean = SD of 5 experiments done
in duplicate. *Significantly different from 100% control (Student’s t-test, P<0.05, corrected for
multiple comparisons with the Holm-Sidak method). C) Time courses were constructed at various
concentrations of [°H] adenine, as described in Figure 9C, in the presence of 750 uM 6-TG. Initial
rates of transport were derived from the rate of uptake at 0.5 sec as extrapolated from the time
course profiles. The dashed line indicates the analogous data obtained in the absence of 6-TG
(from Figure 9C). Data points represent the mean = SD of 5 experiments done in duplicate. D)
A range of concentrations of 6-TG, 6-MeMP, and D22 were assessed for their ability to inhibit the
2 sec uptake of 100 uM ['*C] 6-MP by the ENBT1.1. Data was normalized as percent of control
uptake with 100% defined as the uptake of 100 uM ['*C] 6-MP in the absence of inhibitor and 0%
defined as that in the presence of 1 mM adenine. Sigmoid curves were fitted to these data for the
determination of ICso values, which were used to calculate the inhibitor K; values shown in the

text. Each point represents the mean + SD of n=5 experiments done in duplicate.
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Figure 12
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4.2.7) ENBT1-mediated 6-MP efflux

To determine whether ENBT1 was bidirectional with respect to the transport of 6-MP,
SLC43A43 I-transfected HEK293 cells were loaded with 100 uM ["*C] 6-MP for 30 sec and
assessed for the rate of release of ['*C] upon resuspension of cells in substrate-free media. The
change in intracellular 6-MP was measured with time after resuspension (Figure 13). Due to the
handling time required for this experimental procedure, the minimum efflux time that could be
attained reliably was 10 sec. From the data shown in Figure 13, it is apparent that, in the absence
of any competing compound, a new steady-state was achieved prior to the first recordable time
point of 10 sec (estimated rate constant of at least 0.35 sec™). This rapid rate of efflux was not
unexpected, given the rapid rate of 6-MP influx by ENBT1.1 in this recombinant transfection
model (see Figure 11A). The presence of extracellular adenine decreased the rate of 6-MP efflux
significantly. The efflux time course in the presence of 1 mM adenine fits best to a one-phase
decay profile, allowing the calculation of an efflux rate constant of 0.020 + 0.004 sec’!. Efflux in
the presence of 100 uM adenine fits best to a two-phase decay profile, with the first phase having
a rate constant of 0.15 + 0.10 sec! and the second phase having a rate constant of 0.014 + 0.016
sec’!, which is not significantly different from the rate of efflux in the presence of 1 mM adenine.
When the same type of analysis was done using untransfected HEK293 cells, it was necessary to
use a 10 min loading time for ['*C] 6-MP to achieve comparable intracellular concentrations to
those seen using the 30 sec loading time in the SLC4343-transfected cells. The efflux of 6-MP
from the HEK293 cells was dramatically slower than that observed in the SL(C43A43-transfected
cells, with over 70% of the initial load still retained within the cell after 3 min. Adenine (1 mM)

had a slight but significant inhibitory effect on ['*C] 6-MP efflux from the untransfected HEK293
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cells (rate constants of 0.14 £ 0.08 sec’! and 0.07 + 0.04 sec’! in the absence and presence of

adenine, respectively) suggesting that it was mediated by endogenous nucleobase transporters.
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Figure 13: 6-MP efflux by ENBT1.1
Cells were loaded with 100 pM ["*C] 6-MP for 30 sec (SLC4343 1 transfected) or 10 min

(untransfected HEK293), pelleted and then, to initiate efflux, suspended in either NMG buffer
(Control) or buffer containing either 1 mM or 100 uM adenine. Aliquots of cell suspension were
centrifuged through an oil layer at the specified times and processed to assess intracellular ['*C]
content. Data are expressed as % of initial ['*C] 6-MP load with 100% defined as ['*C] 6-MP
content at zero time extrapolated from curves fit (one phase exponential decay) to the 1 mM
adenine data. One-phase or two-phase decay profiles were fitted to the data depending on which
fit was determined to be statistically superior (P<0.05; extra sum of squares F-test). Each point

represents the mean = SD of 5 (Control and 100 uM adenine) or 10 (1 mM adenine) experiments.
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4.2.8) Contribution of ENT2 and MRP4/5 on 6-MP efflux

Given the two-phase decay profile observed in the presence of 100 uM adenine and the
finding that ABCC4, ABCCS5, and SLC29A42 expression all declined concomitantly with the
increased expression of SLC4343 1 by the HEK293 cells (Figure 8C), the effect of the MRP4
inhibitor ceefourin-1, the MRP5 inhibitor zaprinast, and the ENT2 inhibitor DY were assessed on
the efflux of 6-MP from the SLC4343 I transfected cells (Figure 14). Ceefourin-1 had no
significant effect on the initial rate of 6-MP efflux in the absence of adenine (0.29 + 0.16 sec™' and
0.38 + 0.86 sec!, in the absence and presence of ceefourin-1, respectively) (Figure 14A).
However, ceefourin-1 did reveal a second slower phase of efflux with a rate constant of 0.02 +
0.04 sec’!. The rapidity of the efflux in the absence of adenine made these data difficult to interpret
due to the large errors in the calculated parameters. Therefore, the effect of ceefourin-1 was also
assessed in combination with 100 uM adenine. Efflux in the presence of 100 pM adenine was
monophasic in this case with a rate constant of 0.16 = 0.04 sec™!, similar to the first phase of efflux
in the presence of 100 uM adenine seen previously, as reported in Figure 13. The addition of
ceefourin-1 led to a biphasic efflux profile with the initial fast component having a rate constant
0f 0.26 + 0.24 sec™! (which is not significantly different from that seen in the absence of ceefourin-
1) and a significantly larger slower component with a rate constant of 0.014 + 0.014 sec’. In the
absence of ceefourin-1, 75 + 2% of the efflux occurred at the faster rate in the presence of 100 uM
adenine. However, in the presence of ceefourin-1, this initial fast component represented only 42
+ 18 % of the total efflux. In contrast, the MRPS5 inhibitor zaprinast had no significant effect on
6-MP efflux in either the presence or absence of 100 uM adenine (Figure 14B). Likewise, the

combination of ceefourin-1 and zaprinast (Figure 14C) affected 6-MP efflux in a manner similar
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to that seen using ceefourin-1 alone. The SLC29A42 inhibitor DY also had no effect on the efflux

of 6-MP (Figure 14D).
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Figure 14: Effect of ceefourin-1, zaprinast, and DY on 6-MP efflux
SLC43A43 1 transfected HEK293 cells were loaded with 100 uM ["*C] 6-MP for 30 sec pelleted

and then, to initiate efflux, suspended in either NMG buffer (Control) or buffer containing either
I mM or 100 uM adenine, as indicated, in the presence and absence of the MRP4 inhibitor
ceefourin-1 (50 uM; A), the MRP5 inhibitor zaprinast (100 uM; B), a combination of 50 uM
ceefourin-1 and 100 uM zaprinast (C), or the ENT2 inhibitor DY (1 uM; D). Aliquots of cell
suspension were centrifuged through an oil layer at the specified times and processed to assess
intracellular ['*C] content. Data are expressed as % of initial ['*C] 6-MP load, and either a one-
phase or two-phase decay profile was fitted to the data based on which fit was determined to be
statistically superior (P<0.05; extra sum of squares F-test). Each point represents the mean = SD

of 5 experiments.

87



Figure 14

>

100

80

Control

100 uM Adenine
Ceefourin-1
Adenine/Ceefourin-1

°
o
|
o

% of initial ['*C]6-MP load

(]

100

80

Om O e

% of initial ['*C]6-MP load

60 90 120 150 180
Time (sec)

Control

100 uM Adenine
Ceefourin-1/Zaprinast
Adenine/Ceefourin-1/Zaprinast

60 90 120 150 180
Time (sec)

100

80

60

% of initial ['*C]6-MP load

Control
100 uM Adenine
Zaprinast

Oom oOe

Adenine/Zaprinast

)

100

80

% of initial ['*C]6-MP load

30 60 90 120 150 180

Time (sec)

1 mM Adenine

1 mM Adenine + DY
100 uM Adenine

100 uM Adenine +DY

O moe

I I I 1
30 60 20 120 150 180

Time (sec)

88



4.2.9) SLC43A43 expression and cell viability

If ENBT1 is critical to the cellular accumulation of 6-MP, and hence its sensitivity, then
one might predict that the SLC4343-transfected HEK293 cells would be more sensitive to the toxic
effects of 6-MP than untransfected HEK293 cells. In untransfected HEK293 cells, 6-MP had a
biphasic effect on cell viability with 51 £ 16% of the cells impacted by 6-MP with an ECso of 5.6
pM (logECso = -5.25 £ 0.16), while the remaining cells were relatively resistant to 6-MP with 35
+ 8% remaining even after 48 hr exposure to 1 mM 6-MP (Figure 15A). Cells transfected with
the ‘empty’ pcDNA3.1(-) plasmid had a similar biphasic profile with an ECso of 13.2 uM (LogECso
=-4.878 £ 0.064) for 6-MP mediated sensitivity, which is slightly, but significantly higher (Extra
sum-of-squares F test, P<0.05), higher than that seen for the untransfected HEK293 cells (Figure
15A). Cells transfected with SLC4343 1 and SLC43A43 2 also had biphasic responses to 6-MP.
However, in both cases, there was a significantly lower proportion of 6-MP resistant cells after
transfection with SLC4343 (50 + 26% and 23 = 8% for untransfected and SLC4343 [ transfected
cells, and 44 + 14% and 28 + 6% for untransfected and SLC4343 2 transfected HEK293 cells,
respectively). Transfection of HEK293 cells with SLC4343 also enhanced the sensitivity of the
cells to the toxic effects of 6-MP by 7-fold (Figure 15A) and 15-fold (Figure 15B) for the
SLC43A43 1 and SLC43A43 2 transfected cells, respectively. LogECso values for 6-MP-mediated
sensitivity of -6.05 + 0.22 and -6.29 + 0.06 were calculated from these data for the SLC4343 1
and SLC4343 2 transfected cells, respectively. To assess the contribution of the
nucleoside/nucleobase transporters ENT1 and ENT2 to the actions of 6-MP, similar analyses were
conducted in the presence and absence of DY (Figure 15C). DY, at concentrations sufficient to
completely block ENT1 and ENT2 (1 uM), did not change the sensitivity profile of 6-MP in either

the untransfected or SLC4343 [-transfected HEK293 cells. In addition, the inclusion of G418 in
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the media during the 48 hr MTT assay did not affect the sensitivity of either the SLC4343 1 or the

SLC43A43 2-transfected cells to 6-MP (Figure 15D).
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Figure 15: SLC43A43 transfection of HEK293 cells significantly enhances the sensitivity of 6-

MP

HEK?293 cells and cells transfected with ‘empty’ pcDNA3.1(-) plasmid or SLC4343 1 (A) or
SLC43A43 2 (B) were plated at a density of 5 x 10* cells/well in 24-well plates and incubated with
a range of concentrations of 6-MP for 48 hr at 37°C in a humidified incubator (5% C0O2/95% air).
Cell viability was assessed using the MTT assay and expressed as a percent of the cell viability
measured at 48 hr in the absence of 6-MP (% of control). Biphasic dose-response curves were
fitted to these data, and each point represent the mean + SD of 5 experiments. *Significant
difference between HEK293 cells and SLC43A43-transfected cells (Student’s t-test, P<0.05,
corrected for multiple comparisons with the Holm-Sidak method). C) Effect of DY on the
sensitivity to 6-MP. HEK293 cells and cells transfected with SLC4343 1 were incubated with a
range of concentrations 6-MP in the absence and presence of the ENT1/ENT2 blocker DY (1 uM).
Cell viability was assessed, and data was presented as described for Panels A & B (n=5). D)
Effect of G418 on the sensitivity to 6-MP in SLC4343 1- and SLC4343 2-transfected HEK293
cells. Cell viability was assessed upon incubation with the indicated concentrations of 6-MP for

48 hr, as described for Panels A & B, in the presence and absence of G418 (n=5).
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Figure 15
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4.2.10) Contribution of MRP4/5 on 6-MP sensitivity

To confirm that the increased sensitivity to 6-MP was due to the SLC4343 transfection and
not the concomitant decrease in ABCC4 (MRP4) and ABCC5 (MRPS5) expression observed in the
SLC43A43 isoform 1 transfected HEK293 cells (see Figure 8), the sensitivity to 6-MP were
repeated in the presence of the MRP4 and MRP5 inhibitors ceefourin-1 and zaprinast. These
inhibitors, alone or in combination, had no significant effect on the ECso of 6-MP in untransfected
HEK293 cells (Figure 16A) or cells transfected with SLC4343 1 (Figure 16B). However,
ceefourin-1 alone or in combination with zaprinast did cause a significant increase in the relative
proportion of 6-MP-resistant cells in the untransfected HEK293 cells (Figure 16A) (29 + 2% and
40 + 2% of the cells were resistant to 6-MP in the absence and presence of ceefourin/zaprinast,
respectively). For the SLC4343 1 transfected cells, a similarly significant shift in the resistant
cell population upon treatment with the combination of ceefourin-1 and zaprinast was observed
(38 + 2% and 49 + 2% resistant cells in the absence and presence of the inhibitors, respectively)
(Figure 16B). Suppression of ABCC4 expression (by ~60%; Figure 16D) by stable transfection
of cells with ABCC4-targeted short interfering RNA (siRNA) also led to a significant enhancement
in the proportion of SLC4343 1 transfected HEK293 cells resistant to 6-MP (26 + 8% and 37 +
6% without and with siRNA, respectively) (Figure 16C), but had no effect on the cytotoxic ECso
of 6-MP. However, siRNA suppression of ABCC4 in the untransfected HEK293 cells led to a
significant decrease in the proportion of cells resistant to 6-MP (44 + 2% and 34 + 2% without and
with siRNA, respectively). There was also a significant enhancement in the sensitivity to 20 uM
and 30 uM 6-MP in the siRNA transfected cells. However, there was no change in the overall ECso
of 6-MP for the sensitive population of cells (due to the increase in the relative percentage of 6-

MP sensitive cells after siRNA transfection).
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Figure 16: Effect of MRP4 and MRPS inhibition on the sensitivity to 6-MP
HEK293 cells (A) and cells transfected with SLC4343 1 (B) were exposed to a range of

concentrations of 6-MP for 48 hr in the absence (control) and presence of ceefourin-1 (50 uM),
zaprinast (100 uM), or a combination of both, and then assessed for cell viability as described for
Figure 9. * Significant difference between control and ceefourin-1 + zaprinast. # Significant
difference between control and ceefourin-1 alone (Student’s t-test, P<(.05, corrected for multiple
comparisons with the Holm-Sidak method, n=6). C) HEK293 cells and cells transfected with
SLC4343 1 were stably transfected with ABCC4 (MRP4)-targeted siRNA. The sensitivity to a
range of concentrations of 6-MP was then assessed in these cell lines, as described in Figure 15.
* Significant effect of siRNA in SLC4343 I transfected HEK293 cells. # Significant effect of
siRNA in untransfected HEK293 cells (Student’s t-test, P<0.05, corrected for multiple
comparisons with the Holm-Sidak method, n=5). D) ABCC4 transcript levels (= siRNA
transfection) in the untransfected and SLC4343 I-transfected HEK293 cells used for the
experiments shown in Panel C. GAPDH transcript levels were determined in parallel for each cell
line to correct for loading differences. Densitometry analysis indicates that ABCC4 transcript was

suppressed by ~60% in the siRNA-transfected cells.
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Figure 16
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4.3) DISCUSSION

Both isoforms of SLC4343 encode proteins (ENBT1.1 and ENBT1.2) that mediate the
uptake of the endogenous nucleobase adenine and the nucleobase analogue 6-MP with comparable
Kn values (Figure 9C and Figure 11C). Therefore, the 13 amino acid insert in the first
extracellular loop of ENBT1.2 does not directly affect substrate affinity or transporter function.
The K for adenine determined herein was similar to that reported for the SLC4343 I-encoded
ENBTI expressed in MDCKII cells (Furukawa et al. 2015) and is also similar to that which was
reported for an ENBT1-like transporter in human MVECs (Bone and Hammond 2007). ENBT1 is
predicted to contain an N-linked glycosylation site within the first extracellular loop of the protein
(Hornbeck et al. 2015). A large shift in band size on the western blot was noted using PNGase F,
an endoglycosidase that cleaves N-linked oligosaccharide bonds, thus confirming that ENBT]1 is
glycosylated (Figure 7D). It is unclear if glycosylation is required for ENBT1 function or
translocation to the plasma membrane and would be of interest to study in the future. Transfection
of HEK293 cells with SLC43A43 (either isoform) resulted in a dramatic enhancement in the ability
of 6-MP to decrease cell viability (Figure 15). This indicates that ENBT1 activity has a direct
impact on the decrease in cell viability caused by 6-MP and that variations in SLC4343 expression
may modify the therapeutic effectiveness of 6-MP. It is notable, however, that cells transfected
with SLC4343 2 had a similar shift in cell viability caused by 6-MP as cells transfected with
SLC4343 1, even though the level of transfection with SLC4343 I was 6-fold higher than that
seen for SLC43A43 2 (Figure 7), and the SLC4343 1 cells had an ~2.5-fold higher rate of uptake
of 6-MP than the SLC43A43 2 cells (Figure 11C). This may indicate that ENBT1-mediated 6-MP
transport is rate limiting for 6-MP sensitivity only up to a certain point, after which the intracellular

metabolic pathways are saturated, and the rate of intracellular 6-MP metabolism becomes limiting.
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Stable transfection of HEK293 cells with SLC4343 (either isoform) decreased the
expression of SLC2942 (ENT2), ABCC4 (MRP4) and ABCC5 (MRPS) (Figure 8C and D).
Transfection with SLC4343 2 also caused a downregulation of SLC2944 (ENT4). The
downregulation of ABCC5 may be due to the transfection or the influence of chronic exposure to
G418, as a similar downregulation was seen in vector-only transfected cells (Figure 8B). The
vector controls did not exhibit downregulation of the other genes assessed in the SLC43A43-
transfected cells. The downregulation of ENT2 and MRP4 may reflect compensation by the cells
to the enhanced availability of nucleobases via ENBT1 to support intracellular metabolism
(Senyavina and Tonevitskaya 2015). Both of these transporters are proposed to mediate the flux
of 6-MP (Yao et al. 2011; Ansari et al. 2009; Peng et al. 2008; Janke et al. 2008; Tanaka et al.
2015). However, in terms of 6-MP sensitivity, a decrease in ENT2 activity would actually lead to
reduced cellular uptake of 6-MP and, consequently, decreased sensitivity — opposite to that
observed in the present study. hENT2 has a very low affinity for 6-MP (> 1 mM Ku) relative to
ENBTI1 (Yao et al. 2011), making it unlikely to contribute to 6-MP uptake at clinically relevant
concentrations. Furthermore, the ENT1/ENT2 inhibitor DY impacted neither the uptake nor the
efflux of 6-MP, nor did it affect the 6-MP sensitivity curve. The reason for the downregulation of
ENT4 in the SLC4343 2 transfected cells is obscure. ENT4 is predominantly a monoamine
transporter at neutral pH and transports adenosine under acidic pH conditions (Zhou et al. 2010;
Zhou et al. 2007), and nucleobases are not substrates for ENT4 (Engel, Zhou, and Wang 2004).
On the other hand, the efflux pumps MRP4 and MRP5 are proposed to be associated with 6-MP
resistance (Chen, Lee, and Kruh 2001; Fukuda and Schuetz 2012; Reid et al. 2003), and their

decreased expression was thus considered a potential factor in the increased 6-MP sensitivity
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observed. The MRP5 inhibitor zaprinast had no effect on 6-MP uptake, efflux, or sensitivity,
suggesting that MRP5 does not contribute to the 6-MP activity in this model. The MRP4 inhibitor
ceefourin-1, however, significantly decreased the rate of efflux of 6-MP from SLC4343-
transfected HEK293 cells (Figure 14A), suggesting that MRP4 does contribute to 6-MP efflux in
this model. This conjecture is supported by the finding that transfection of the HEK293 cells with
siRNA for ABCC4 led to an increase in their sensitivity to 6-MP at higher concentrations (Figure
16C). However, MRP4-mediated efflux of 6-MP is slower than that mediated by ENBT1 and only
has an impact at lower levels of ENBT1 activity (such as when ENBTT is partially inhibited with
100 uM adenine). The dominance of ENBT1 in this model is also apparent from the finding that
ceefourin-1 had no effect on the sensitivity to 6-MP in SLC4343-transfected cells (Figure 16).
These data indicate that the compensatory downregulation of ABCC4 in the SLC43A43-transfected
cells is not contributing to the enhanced sensitivity of the SLC4343-transfected cells to 6-MP.
Interestingly, incubation of the untransfected HEK293 cells with MRP4 inhibitors resulted in a
significant increase in the relative proportion of 6-MP resistant cells (Figure 16A). A similar trend
was seen for the SLC4343 1 transfected cells. One could speculate that MRP4 inhibition may lead
to increased intracellular cAMP (an endogenous substrate for MRP4), causing cell cycle arrest in
the HEK293 cells, as has been reported in other cell lines (Copsel et al. 2011; Zhao et al. 2014),

such that more of the cells enter a quiescent phase where they are not affected by 6-MP.

The significant contribution of ENBTT to the cellular accumulation of 6-MP suggests that
changes in the expression of this transporter may impact the therapeutic effectiveness of 6-MP.
Little is known about the regulation of SLC4343 expression. However, the striking downregulation

(10-fold) of SLC43A43 expression in cells transfected with pcDNA3.1(-) only (vector control;
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Figure 8A) suggests that it is transcriptionally regulated. This decrease in expression also impacts
the cellular sensitivity to 6-MP, as evidenced by a decrease in 6-MP ECso (2-fold) in the vector-
transfected cells (Figure 15A). It is possible that metabolic stress associated with the expression
of aminoglycoside phosphotransferase (mediating the G418 resistance) in the transfected cells
(Yallop and Svendsen 2001; Veraitch and Al-Rubeai 2005) and/or chronic exposure to G418, may
be responsible for this downregulation. A previous study has shown that the uptake of
hypoxanthine by ENBT1 in human MVECs is decreased by oxidative stress associated with
hypoxia (Bone et al. 2014). This may have ramifications for the use of nucleobase analogues in

cancer therapy, as there is a strong association between oxidative stress and cancer progression

(Sosa et al. 2013).

Given the importance of ENBT]1 to the cellular uptake of 6-MP, this system may be a target
for drug-drug interactions which impact 6-MP therapeutic activity. Both isoforms (ENBT1.1 and
ENBT1.2) had comparable sensitivities to the inhibitors tested (Figure 12). Figure 12 confirmed
that MTX and adenosine do not have an affinity for ENBT1. MTX, as a folate analogue, would
not be expected to inhibit ENBTI, but the confirmation of no direct drug-drug interactions via
ENBTI1 is important, given that MTX is used in conjunction with 6-MP for chemotherapy.
Likewise, the ENT1 blocker NBMPR was relatively ineffective against 6-MP uptake by ENBT]1.
The finding that adenosine and uridine had no inhibitory activity also confirms that ENT1, ENT2,
CNT1, CNT2 and CNT3 are not involved in 6-MP uptake in our model. However, 2-ClAdo did
significantly inhibit 6-MP uptake. This adenosine analog can induce apoptosis in B-cells and is
resistant to metabolism by adenosine deaminase (Bastin-Coyette et al. 2008), making it more

metabolically stable than adenosine. 2-ClAdo has also been reported to inhibit an ENBT1-like
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transporter in PK15-NTD (nucleoside transport deficient) cells (Hoque et al. 2008). It is possible
that the addition of the halogen group leads to enhanced recognition by nucleobase transporters.
In this regard, 2-ClAdo has a higher affinity for the nucleoside transporter ENT2 than it does for
ENT1 (Hammond 1991), and ENT2 has a higher affinity for nucleobases than ENT1 (Yao et al.
2011). This chemical characteristic may be something to consider in the search for selective
inhibitors of ENBT1. Also of interest is the finding that the 6-MP metabolite generated through
the methylation of 6-MP by TPMT, 6-MeMP, inhibits ENBT1. ENBT1.1 is bidirectional in that it
can also mediate the efflux of 6-MP from cells. Therefore, it is possible that the removal of 6-
MeMP from cells via ENBT1 may contribute to cellular resistance to 6-MP, depending on the
relative affinity of 6-MeMP for the transporter compared with subsequent intracellular enzymatic
processes. It may be of value in future studies to determine how intracellular 6-MeMP affects the
rate of uptake of 6-MP. A complex interplay between these two systems may explain some of the
variability seen in the assessment of TPMT-mediated metabolism of 6-MP (Karas-Kuzelicki and
Mlinaric-Rascan 2009; Chouchana et al. 2014). It was also determined that 6-TG inhibits 6-MP
uptake and is itself a likely substrate for ENBT1. 6-TG is not as commonly used in the therapy of
ALL due to the greater toxicity associated with its use (Vora et al. 2006; Stork et al. 2010), but it
is used for the treatment of inflammatory bowel diseases such as Crohn’s disease (Bar, Sina, and
Fellermann 2013). Finally, TKIs were found to inhibit ENBTI1, with gefitinib being the most
effective, with a Ki value of 2.7 uM (Figure 10). This supports a previous study that showed
inhibition of an ENBT1-like transporter in human renal proximal tubule epithelial cells (Damaraju
et al. 2015). Gefitinib is an epidermal growth factor receptor (EGFR) TKI utilized in the treatment
of non-small cell lung cancer (Maemondo et al. 2010; Lynch et al. 2004; Shepherd et al. 2005).

Notably, 6-MP is not utilized in non-small cell lung cancer, nor is gefitinib used in leukemia, and
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thus would not lead to drug-drug interactions. However, the TKIs, imatinib and dasatinib, are used
in conjunction with 6-MP in ALL patients who possess the Ph chromosome (BCR-ABLI)
(Ottmann 2012). Imatinib is a first-generation BCR-ABL1 TKI typically used for first-line
treatment of Ph-positive ALL, while dasatinib is a second-generation BCR-ABL1 TKI used when
patients become resistant to imatinib due to mutations in the BCR-ABL1 (Kantarjian et al. 2010;
Talpaz et al. 2006; Weisberg et al. 2007). This is because dasatinib can bind to both the active and
inactive forms of BCR-ABL1, increasing its affinity relative to imatinib (Bradeen et al. 2006; Shah
et al. 2004). However, dasatinib is less selective than imatinib and has been shown to interact with
other receptor tyrosine kinases (Lombardo et al. 2004). Co-treatment with imatinib or dasatinib
and 6-MP could result in an interaction and the inhibition of ENBT1 uptake of 6-MP, which could

negatively impact the efficacy of treatment.

4.4) CONCLUSIONS

In summary, both variants of ENBT1 can mediate the transport of 6-MP and increased
SLC43A43 expression enhances the ability of 6-MP to induce a loss of cell viability. There are no
apparent differences in the ENBT1 variants in terms of their affinity for adenine or 6-MP. Further
studies examining whether differences in SLC4343 expression contribute to the variability in 6-
MP effectiveness when used in the treatment of leukemia and inflammatory bowel disorders are

clearly warranted.
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4.5) LIMITATIONS

4.5.1) Recombinant expression model

Data from this study suggest an important role for ENBT1 in 6-MP transport and sensitivity
in HEK293 cells. However, the above results were obtained using a recombinantly expressed
model system, which is not necessarily representative of ENBT1 under endogenous regulation. It
is well known that overexpression model systems lead to vast overexpression and thus lack clinical
relevance. Furthermore, overexpression can lead to a depletion of cellular resources required for
normal cell function, which leads to imbalances in protein levels across the board and, thus, an
exaggeration of cellular effects (Moriya 2015). This burden on the cells can negatively impact

protein translation, post-translational modifications, protein folding, trafficking, and degradation.

To address this, the endogenous function and regulation of ENBT1 in leukemia cells is
assessed in Chapters 5, 6, and 7. Leukemia cells express high levels of ENBT1 and are under

endogenous cellular regulation.

4.5.2) 6-MP efflux

The data above shows that ENBT1 can mediate the bidirectional transport of 6-MP in
transfected HEK293 cells with potential contributions from MRP4. It was determined in Figure
14 that ceefourin-1, an inhibitor of MRP4, altered the cellular efflux of 6-MP in the transfected
cell line. Due to the dominant nature of ENBT1 in the efflux process, it is challenging to ascertain
the true contribution MRP4 played in 6-MP efflux in the experiments. A follow-up experiment
examining the efflux of other MRP4 substrates, like cAMP, cyclic guanosine monophosphate, or

estradiol 17 beta-D-glucuronide, could clarify this issue (Chen, Lee, and Kruh 2001).
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4.5.3) 6-MP cell viability

As noted above in 3.2.7, the MTT assay was used to determine the sensitivity of cells to 6-
MP. However, the reliance on the MTT assay throughout is a potential limitation, and another
similar method should have been used to confirm the results of the MTT assay. Assays like the
MTS, XTT, and WST-1, which have mechanisms similar to MTT by assessing the cells metabolic
activity, could have been used for confirmation (Riss et al. 2004). Although 6-MP does have
cytostatic effects that would be more sensitive in the MTT assay, 6-MP is also well known to
induce cell death via the induction of apoptosis (Salser and Balis 1965). To determine this, the
LDH assay would be useful for determining the proportion of cellular toxicity following treatment
with 6-MP in the transfected HEK293 cells (Kumar, Nagarajan, and Uchil 2018). A preliminary
study by another member of the Hammond Lab showed that using the LDH assay following
treatment with 6-MP did cause cell toxicity (~20% total cellular toxicity after 48 hr with 100 uM
6-MP) (Chan Kim, personal communication, April 9, 2023). This is in stark contrast to the MTT
assay, which had an ~80% loss in cell viability after 48 hr with 100 pM 6-MP (Figure 15). This
limitation is recognized for all future chapters in this thesis, which rely heavily on the MTT assay
to determine 6-MP sensitivity, which measures the mitochondrial reduction of MTT to assess the

cell’s metabolic activity and, by extension, cell viability.

4.5.4) Mechanism of various inhibitors

The data above supports that several compounds interact with ENBT1 and can inhibit
adenine and 6-MP uptake into cells. However, the mechanism of inhibition is unclear and rather
than being just an inhibitor, it could also be a substrate for ENBT1. To confirm this, studies on the

[*H] or ['*C] uptake of the various compounds would be required to determine if they are truly a
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substrate for ENBT 1. This is important since several of the compounds are therapeutically active,

like the TKIs, meaning that ENBT1 may also be a factor in their efficacy.

If they are not substrates of ENBT1, the mechanism of their inhibition would also be
helpful to determine. By determining if they interact directly with the active site of ENBT1 or an
allosteric site, we can further our understanding of ENBT1 structural recognition motifs to develop

selectively targeted compounds against ENBT1.
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Chapter 5: Characterization of
endogenous ENBT1 in leukemia cells
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5.1) INTRODUCTION

The nucleobase analog 6-MP, in combination with other drugs such as MTX, is a mainstay
of maintenance protocols for the treatment of ALL (Pui et al. 2015; Toft et al. 2018), the most
common malignancy in children and adolescents. Although the survival rate of pediatric patients
with ALL has increased in recent decades, there are still about 15% of patients who do not respond
adequately to treatment and experience relapses with far lower survival rates (Chouchana et al.
2015). A complicating factor in the use of 6-MP to treat ALL is the wide variability in its plasma
concentration (Lonnerholm et al. 1986; Larsen et al. 2020), as well as in the levels of active
intracellular thionucleotide metabolites, achieved with a standard dose (Lennard 1992; Estlin
2001; Schmiegelow et al. 2014). This suggests extensive inter-individual variability in factors that
influence 6-MP metabolism and biodistribution. 6-MP must be metabolized by intracellular
enzymes to its phosphorylated derivatives in the target cells to exert its cytotoxic effects. Changes
in the activity of intracellular enzymes such as TPMT contribute to clinical variability in
thioguanine nucleotide levels (Lennard et al. 2015; Abaji and Krajinovic 2017).
However, TPMT polymorphisms do not explain all of the therapeutic variability observed, and
particularly not the variable plasma concentrations (Chouchana et al. 2015; Patel and Papachristos
2015), nor do changes in other genes/proteins that have been linked with variations in 6-MP
activity, such as PRPSI, NUDTI15, mTORCI, MSH6, and NT5C2 (Tzoneva et al. 2013; Li et al.
2015; Liu et al. 2017; Tanaka et al. 2015; Vo et al. 2017; Zgheib et al. 2017; Dieck et al. 2018;
Evensen et al. 2018). Further understanding of factors that influence 6-MP activity is still required

to optimize treatment protocols.

Hydrophilic drugs such as 6-MP require specific transporter proteins to enter and exit cells.

Variations in transporter expression/activity are well known to impact both the clinical
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effectiveness of drugs and their off-target toxicities (Nakanishi 2007; Colas, Ung, and Schlessinger
2016; Wu and Li 2018). Since 6-MP produces its therapeutic effects via interference with
intracellular processes, the very first step in 6-MP action, prior to conversion to its therapeutic
cytotoxic form, is its transfer into leukemic cells across the plasma membrane. The ABC
transporters MRP4 (4BCC4) and MRP5 (ABCCY) are proposed to mediate the efflux of 6-MP and
metabolites from cells (Wijnholds et al. 2000; Wielinga et al. 2002; Janke et al. 2008; Tanaka et
al. 2015; Liu et al. 2017). However, the mechanism by which 6-MP gets into cells, especially
lymphoblasts (the target in ALL treatment), remained elusive until the recent identification of
ENBT1 encoded by the gene SLC4343. There are two alternative splice variants of SLC4343 that
have been shown in Chapter 4 to encode transport proteins that are functionally similar with
respect to their ability to transport 6-MP and adenine (Ruel et al. 2019). Furthermore, Chapter 4
established that ENBTI, heterologously expressed in HEK293 cells, can transport 6-MP at
concentrations within the therapeutic range and that changes in ENBT1 activity directly impact
the ability of 6-MP to reduce cell viability. Given these findings, it is hypothesized that endogenous
ENBTI1 expression may be an important variable in 6-MP accumulation by ALL cells, and
variations in ENBT1 activity may modify the therapeutic effectiveness of 6-MP. In the present
chapter, for the first time, it is shown that ALL cells express SLC43A43 and exhibit robust ENBT1-
mediated 6-MP transport activity. Furthermore, the rate of 6-MP accumulation by these cell lines

correlates directly with the level of expression of SLC43A43.
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5.2) RESULTS
5.2.1) SLC43A43 expression

All of the cell lines tested expressed both isoforms of SLC4343, with isoform 1 being
dominant in all cases (Figure 17A & B). Immunoreactivity using an ENBT1-selective antibody
was also detected at the molecular mass expected for both the native (~ 55 kDa) and glycosylated
version (~62 kDa) of the ENBT1 protein in all cell lines (Figure 17C). Most of the cell lines had
similar levels of expression of SLC43A43 transcript and ENBT1 protein (Table 4), with the
exception of NALM-6, SUP-B15, and MOLT-4, which had about a 2-fold lower expression

relative to the other cell lines tested.
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Figure 17: SLC43A3 isoform expression and ENBT1 protein levels
cDNA was prepared from mRNA isolated from ALL-1, MOLT-4, REH, RS4;11, NALM-6, SUP-

B15, and K562 human leukemia cell lines. Qualitative RT-PCR was used to screen for the two
known isoforms of SLC43A43 (SLC43A43 1 and SLC43A43 2) using primers that flanked the region
that differs between the two isoforms (to amplify both isoforms; Panel A) and a primer set where
the forward primer was designed against the region that is unique to SLC4343 2 (to specifically
amplify isoform 2; Panel B) (See Table 3 for primer sequences). Panel C shows a representative
immunoblot for ENBT1 in these cell lines. Samples were resolved on SDS-PAGE gels,
transferred to polyvinyl membranes and probed with anti-ENTBI1 (upper) and anti-B-actin (lower)
antibodies. ‘Ladder’ indicates the respective DNA (Panel A and B) and protein (Panel C)

molecular size ladders.
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Figure 17
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5.2.2) Expression of other transporters/enzymes

The expression of transcripts encoding enzymes involved in 6-MP metabolism (HPRT,
TPMT) and other transporters (i.e., ABCC4, ABCCS5, SLC29A41, SLC29A42, SLC29A4) that have
been implicated in nucleoside/nucleobase flux are shown in Figure 18. Of all the genes tested,
only SLC2944, which encodes for ENT4, varied significantly among the cell lines with the SUP-
B15 cells having zero expression. Furthermore, NALM-6 cells have ~50-fold lower expression

than the ALL-1 cells.
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Figure 18: Transcript levels of various enzymes and transporters potentially associated with

6-MP metabolism

Gene expression was assessed by semi-quantitative PCR and is shown relative to the ALL-1 cell
line. Expression was normalized to 3 separate reference genes (GAPDH, RNA18SN5, and ACTB)
and quantified using the AACt method. (A-H) Relative expression of SLC43A43, TPMT, SLC29A1,
SLC2942, SLC2944, HPRTI, ABCC4, and ABCCS5 as compared to ALL-1 cell line. Lines

represent the mean £+ SD of 7 independent samples done in triplicate.
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Figure 18
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5.2.3) 6-MP uptake

Initial studies were done to assess the rate of uptake of 6-MP by the ALL-1 and SUP-B15
cell lines using either 1 uM (which reflects its therapeutic plasma concentration (Lonnerholm et
al. 1986)) or 100 uM 6-MP. ['*C] 6-MP uptake was very rapid with a t;» of ENBT1-mediated
uptake (adenine inhibitable) of ~4.0 sec and ~2.3 sec at 1 uM and 100 uM, respectively for the
ALL-1 cells, and ~1.6 sec and ~3.5 sec, respectively, for the SUP-B15 cells (Figure 19). Based
on these time-course profiles, a 2 sec time point was chosen to estimate the initial rate of influx;
this is the shortest incubation time that can be practically achieved using this method. When initial
rates were derived in this manner over a range of ['“C]6-MP concentrations, a classic Michaelis-
Menten relationship was observed with a Vinax of 69 = 10 pmol/ul/s and a Ky, of 141 + 40 uM for
ALL-1 cells. In the SUP-B1S5 cells, a significantly lower Vmax was observed for ENBT1-mediated
6-MP uptake of 22 + 5 pmol/pl/s and a Ki of 133 £ 53 pM (Figure 19E). These K values for 6-
MP transport by ENBT1 are similar to those determined previously for SLC4343-transfected
HEK293 cells (Km = 163 + 26 uM; Figure 11), providing strong evidence that we are assessing
the same transporter (Ruel et al. 2019). Several other leukemia cell lines (RS4;11, REH, NALM-
6, MOLT-4, K562) were also examined for their adenine-inhibitable (ENBT1-mediated) uptake
of ['*C] 6-MP, revealing a similar affinity across cell lines. They did, however, vary significantly

in the Vmax of 6-MP transport; these data are summarized in Table 4.
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Figure 19: ['*C] 6-MP transport by ENBT1

ALL-1 and SUP-B15 cells were incubated at room temperature with 1 uM (A, B) and 100 uM (C,
D) ['*C] 6-MP for the indicated times in the absence (Total uptake) and presence (Non-mediated
uptake) of 1 mM adenine. Transport was terminated by centrifugation of the cells through an oil
layer. Cell pellets were digested overnight in 1 M NaOH, and their ['*C] content was assessed via
liquid scintillation counting. ENBT 1-mediated uptake is defined as the difference between the total
uptake and the non-mediated uptake. Data are represented as the mean = SD of 5 experiments done
in duplicate. E) The kinetics of ENBT1-mediated transport of 6-MP in ALL-1 and SUP-B15 cells
were determined by incubating the cells in a range of concentrations of ['*C] 6-MP for 2 sec (ALL-
1) or 3 sec (SUP-B15) in the presence and absence of 1 mM adenine with ENBT1-mediated
transport calculated as the adenine sensitive transport component. Data are shown as the pmol of
6-MP accumulated by the cells/ul of cell volume/sec. Data points are the mean + SD of 5

experiments done in duplicate.
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Figure 19
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5.2.4) Inhibition of 6-MP uptake by gefitinib

In 4.2.4, Figure 10 demonstrates that gefitinib potently inhibits ENBT1 in a concentration-
dependent manner in transfected SLC4343 2-HEK293 cells. However, this was done in a
recombinantly expressed ENBT1 cell model. To determine if this interaction is also present in a
cell model that endogenously expresses ENBT1, K562 cells were used since they have the highest
expression of ENBT1. Similar to the recombinant model, gefitinib displayed a concentration-
dependent inhibition of ENBT1 with an ICso value of 3.4 £ 0.6 uM in the K562 cells (Figure 20).
The K; value was calculated using the Cheng-Prusoff equation (Cheng and Prusoff 1973) and was

determined to be 2.8 uM. This is identical to that determined in the recombinant model.
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Figure 20: Gefitinib inhibits ENBT1-mediated 6-MP uptake in K562 cells

A range of concentrations (30 nM — 100 uM) of gefitinib was assessed for their ability to inhibit
the 2 sec uptake of 30 uM [*C] 6-MP in K562 cells. Data was normalized as percent of control
uptake, with 100% defined as the uptake of 6-MP in the absence of gefitinib and 0% defined as
the uptake in the presence of 5 mM adenine. Sigmoid curves were fitted to these data for the
determination of ICs¢ values, which were used to calculate the inhibitor K; values shown in the
text. The dashed line indicates the analogous data obtained in the recombinant model (from Figure

10B). Each point represents the mean + SD of n=6 experiments done in duplicate.

118



Figure 20
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5.2.5) 6-MP sensitivity

Each of the cell lines tested displayed a biphasic sensitivity to 6-MP, with ~45% of the
cells sensitive to 6-MP with an ECso of ~1 uM (sensitive cell component) and the remainder
requiring concentrations greater than 500 uM to affect cell viability (resistant cell component)
(Figure 21). Given that the therapeutic concentrations of 6-MP are in the range of 1 uM, cell lines
were compared with respect to the ECso of 6-MP for the sensitive component. MOLT-4 cells were
the most sensitive to 6-MP (ECso = 0.56 + 0.28 uM) and the SUP-B15 cells were the least sensitive

(ECs0 =2.06 = 0.49 uM). Sensitivity data for all cell lines is compiled in Table 4.
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Figure 21: Sensitivity to 6-MP

The leukemia cell lines indicated in Panels A-G were plated at a density of 5x10* cells/well in 24-
well plates and incubated with a range of concentrations of 6-MP for 48 hr at 37°C in a humidified
incubator (5% CO2/95% air). Cell viability was assessed using the MTT assay and expressed as a
percentage of the cell viability measured at 48 hr in the absence of 6-MP. Data were fitted with a
biphasic concentration-response curve, and each point represents the mean + SD from the number

of experiments (n) indicated on each panel.
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Figure 21
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5.2.6) Correlation of 6-MP uptake, sensitivity, and gene expression

All of the independent measures made in this study were compared to reveal any significant
correlations. This analysis led to only one significant correlation. The rate of 6-MP uptake (Vmax)
positively correlated with SLC4343 mRNA expression (Spearman r = 0.85) (Figure 22).
However, there was no significant correlation between 6-MP uptake (Vmax) and the sensitivity to
6-MP in the ‘sensitive’ cell populations (1% phase of the sensitivity profiles) (Spearman r = -0.32)
when comparing the full panel of cell lines. No other parameters had any other significant

correlations to any other parameter investigated.
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Table 4: Summary of experimental parameters measured

Data collected from the panel of leukemia cells was compiled and put into a table. The table
displays data on the cell line, SLC43A43 transcript, ENBT1 protein expression, ENBT1-mediated

transport, and 6-MP sensitivity.
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Table 4

Cell Line SLC4343 ENBTI ENBTI- 6-MP sensitivity 9
transcript protein © mediated
transport
Vmax % ECSO_I EC50_2
(pmol/uL/sec) | Sensitive (uLM) (mM)
K562 1.09+0.13 | 0.84+0.38 | 66+9 (6) 49+46 |0.74+0.38 |0.11+£0.12
M* (13) () (©) )
ALL-1 1.01+£0.13 |0.74+0.38 | 69+10(5) 44+£10 |0.66+0.23 | 1.71£1.55
(7 (13) (14) (14) (14)
RS4;11 1.01£0.09 |091+042 |52+8(5) 39+8 0.96+0.39 |3.73+£2.21
(7 (13) (6) (6) (6)
REH 0.86+0.09 |1.19+0.78 | 65+2(5) 28+£12 | 1.21+£0.42 |0.72+0.93
(7 (13) (6) (6) (6)
MOLT-4 |0.64+0.08 |0.83+£0.34 |30=x10(5) 38+27 |0.56+0.28 |0.16+0.21
(7 (13) ) ) )
NALM-6 |0.59+0.07 |0.48+0.24 |15+2(5) 37+7 092+042 |0.49+0.46
(7 (6) 9) 9 (©)]
SUP-BI5 | 0.52+£0.11 |0.65+0.37 |[22+5(5) 44+£12 |2.06+049 |0.25+0.21
) (12) 4 ®) ()

# Mean £ SD from the number of independent experiments shown in parentheses.

b Expression relative to ALL-1 (see Figure 18)

¢ Expression relative to B-actin (see Figure 17C for representative immunoblot), both the

glycosylated and the non-glycosylated bands were combined for ENBT1 protein expression

4 Data derived from the biphasic 6-MP sensitivity profiles shown in Figure 21. % Sensitive refers

to the proportion of cells that were sensitive to low uM concentrations of 6-MP. EC50 1 and

ECS50_2 refer to the concentrations of 6-MP that reduced the viability of the 6-MP sensitive and

resistant cell populations, respectively.
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Figure 22: SLC43A43 expression correlates to ENBT1-mediated 6-MP uptake

Correlation of the various independent variables measured in this study revealed one significant
(P<0.05) correlation among the cell lines between SLC43A43 expression and the rate (Vmax) of
ENBT1-mediated 6-MP uptake. No other correlations appeared between any of the other observed
data sets. Data points represent the mean = SD for each independent measure. Data was analyzed
using simple linear regression, and correlations were assessed using the Spearman rank-order

correlation method. * Indicates significance at P<0.05 using a Spearman rank-order correlation.
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Figure 22
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5.2.7) 6-MP resistant cells

To further examine the 6-MP-resistant cell population that was apparent from the
sensitivity profiles shown in Figure 21, ALL-1 cells were grown in the presence of 640 uM 6-MP
for 48 hr (concentration selected to ensure complete elimination of the 6-MP-sensitive cell
population; see Figure 21A) and then sub-cultured for at least 10 passages. These cells retained
their relative insensitivity to 6-MP. The resistant ALL-1 cells (ALL-1R) still showed a biphasic
sensitivity profile to 6-MP (Figure 23A), but with only ~20% of the cell population being
relatively sensitive to 6-MP induced cell death (ECso = 1.41 + 0.63 uM; not significantly different
than that obtained for the parent ALL-1 cell line). However, these ALL-1R cells had a reduced
rate of uptake of 6-MP (determined using the ~K, concentration of 100 uM) relative to the parent
cell line (Figure 23B). In terms of gene expression, the ALL-1R cells had reduced expression of
TPMT and SLC43A43 and an increased expression of SLC2944 and ABCC5 (Figure 23C).
Immunoblotting confirmed a decrease in ENBT1 protein expression in ALL-1R cells when

normalized to B-actin levels (Figure 23D).
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Figure 23: ALL-1 cells resistant to 6-MP have decreased SLC43A43 expression

6-MP resistant ALL-1 cells (ALL-1R) were derived by incubating the cells with 640 uM 6-MP for
48 hr and sub-culturing the surviving cells for 10 passages. (A) Cells were assessed for their
viability via the MTT assay after exposure to a range of concentrations of 6-MP, as described in
Figure 21. Data points are expressed as the mean = SD of 6 (ALL-1) and 5 (ALL-1R) experiments
and fitted to a biphasic concentration-response relationship. * Indicates a significant difference
between the ALL-1R and ALL-1 cells using a 2-way ANOVA with a Holm-Sidak post hoc test
(P<0.0001 for all points). (B) The rate of 6-MP accumulation by the ALL-1 and ALL-1R cells was
determined as described in Figure 19. Bars represent the mean = SD of 8 experiments. * Indicates
a significant difference in the rate of influx (Student’s t-test, P=0.049) (C) Transcripts levels were
determined as described in Figure 18 with the exception that GAPDH alone was used as the
reference gene. Bars represent the mean + SD of 5 - 7 independent samples done in triplicate. *
Indicates a significant difference in gene expression between the ALL-1 and ALL-1R cells based
on an unpaired t-test (P=0.032, 0.019, <0.0001, 0.0037 for TPMT, SLC43A43, SLC29A44, and
ABCCS, respectively). (D) ENBT1 protein levels in ALL-1 and ALL-1R cell lines. Samples were
resolved on SDS-PAGE gels, transferred to polyvinyl membranes and probed with anti-ENBT1

(upper) and anti-B-actin (lower) antibodies.
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Figure 23
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5.2.8) shRNAI suppression of SLC43A43 in transfected HEK293 cells

The initial sShRNA1 suppression studies were done using the SLC4343-HEK?293 cells that
were created and reported on previously in Chapter 4 (Ruel et al. 2019). SLC4343-HEK?293 cells
were stably transduced with a lentiviral vector containing SL(C43A43-targeting shRNAi under the
control of a Dox-sensitive promoter (Figure 24A). Immunoblotting and PCR indicated that
SLC43A3 transcript was suppressed upon incubation of these cells with Dox for 72 hr (Figure 24B
and C), with a ~5-fold reduction in expression observed. This is corroborated by the uptake data,
which showed a 5-fold reduction in the rate of 6-MP uptake upon treatment with Dox to induce
the shRNAi expression (K: -Dox: 0.77 £ 0.08 sec’!; +Dox: 0.14 £ 0.02 sec’ (Figure 24D).
Furthermore, upon activation of the shRNAi expression, the SLC4343-HEK293 cells were
significantly less sensitive to 6-MP (ECso: -Dox: 0.54 + 0.05 uM; +Dox: 1.58 + 0.07 uM) (Figure
24E). Interestingly, exposure of the untransfected HEK293 cells to Dox for 72 hr actually
enhanced their sensitivity to 6-MP (Figure 24E). This finding indicates that the decrease in 6-MP
sensitivity upon activation of the SLC4343-shRNA1 expression was due to the knockdown of

SLC43A43 and not a non-specific effect of the Dox exposure.

131



Figure 24: shRNAi suppression of SLC4343 decreases uptake and sensitivity to 6-MP in

SLC43A43-transfected HEK293 cells

MY C-tagged-SLC4343-HEK293 cells stably transfected with an inducible shRNAi vector
targeting SLC43A43 were treated with or without 400 ng/uL. Dox for 48 or 72 hr to induce shRNAi
expression (with concomitant GFP). (A) Expression of the GFP indicator without and with 72 hr
exposure to Dox. Scale bars represent 100 microns. (B) MYC-ENBT]1 levels before and after
exposure to Dox for 72 hr. Samples were resolved on SDS-PAGE gels, transferred to polyvinyl
membranes and probed with anti-MYC (upper) and anti-B-actin (lower) antibodies. (C) SLC4343
transcript levels were quantified by semi-quantitative PCR using GAPDH as the reference gene in
shRNAi-transfected SLC4343-HEK293 cells following incubation with and without Dox for 48
and 72 hr. Expression levels in SLC4343-HEK293 cells (no shRNAi/no Dox) are shown for
comparison. Bars represent the mean = SD of 4 - 6 independent samples done in triplicate. *
Indicates a significant difference using a 1-way ANOVA with a Holm-Sidak post hoc test
(P=0.0027). (D) Time course of the cellular uptake of 30 uM ['*C] 6-MP by SLC43A43-targeting
shRNAI1 transfected SLC43A43-HEK?293 cells with and without exposure to Dox for 72 hr. Data are
expressed as the mean £+ SD of 5 experiments done in duplicate. * Indicates a significant difference
+ Dox (multiple t-tests with a Holm-Sidak post hoc test, P=0.00016, 0.00011, <0.0001, <0.0001
for 2, 4, 6, and 8 sec timepoints, respectively). (E) Effect of 6-MP on cell viability for HEK293
cells, HEK293 cells stably transfected with SLC4343 (SLC43A43-HEK293) and SLC43A3-
HEK?293 cells stably transfected with SLC43A43-targeting shRNAi, with and without incubation of
cells with Dox for 72 hr. Points represent the mean = SD of 5 — 7 independent experiments. *
Indicates a significant different £ Dox (2-way ANOVA with a Holm-Sidak post hoc test,

P=<0.0001, <0.0001, 0.0005, 0.0281 for -5.9, -6.2, -6.5, and -6.8 (log molar 6-MP), respectively).
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Figure 24
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5.2.9) shRNAI suppression of SLC43A43 in RS4;11 cells

For reasons that remain obscure, this same stable inducible knockdown approach that was
successful for the HEK293 cells was not successful in the leukemia cell lines. Therefore, the
RS4;11 cell line was transiently transfected with the shRNAi containing vectors (SLC4343
targeting and control) as described in 3.2.11. This resulted in robust expression of the shRNA,
based on GFP reporter levels, as well as a significant reduction in ENBT1 immunoreactivity
(Figure 25A). Cells transfected with the SLC4343-shRNAi containing vector displayed a 35%
reduction in ENBT1-mediated 6-MP uptake (Vmax: RS4;11 - 40 + 4 pmol/ul/s; RS4;11 shRNAI -
26 £ 3 pmol/ul/s) (Figure 25B). The SLC43A43-shRNAi expressing cells were also significantly
less sensitive to the cytotoxic effects of 6-MP (ECso: RS4;11 - 0.58 = 0.05 pM; RS4;11 shRNAI -
1.44 + 0.59 uM) (Figure 25C). Gene expression analysis showed a significant paradoxical (in
spite of the decrease in ENBT1 protein and function) 2-fold increase in SLC43A43 transcript and

also a 4-fold increase in SLC29A42 (ENT2) transcript (Figure 25D).
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Figure 25: shRNAi knockdown of SLC43A43 in RS4;11 leukemia cells decreases both ENBT1-

mediated uptake of 6-MP and 6-MP sensitivity

(A) ENBTI1 protein expression in non-targeting shRNAi transfected (control) and SLC43A43-
targeting ShRNAi (SLC4343-shRNAI) transfected RS4;11 cells. Cell membrane samples from two
independent experiments were resolved on SDS-PAGE gels, transferred to polyvinyl membranes
and probed with anti-ENBT1 (upper) and anti-B-actin (lower) antibodies. (B) Kinetic analysis of
['*C] 6-MP uptake by RS4;11 cells transfected with non-targeting shRNAi (control) or with
SLC43A43-targeted shRNA1 was conducted as described in Figure 19. Points represent the mean +
SD of 6 - 10 experiments done in duplicate. * Indicates a significant effect + shRNAi (2-way
Anova with a Holm-Sidak post hoc test, P=0.021, 0.021, 0.0003, <0.0001, <0.0001, 0.0174 for 60,
100, 120, 180, 240, and 300 uM 6-MP, respectively). (C) Sensitivity to 6-MP in RS4;11 cells
transfected with non-targeting shRNAi (Control) or SLC43A43-targeting shRNAi. Assays were
conducted as described in Figure 21. Points represent the mean + SD of 6 — 9 experiments. *
Indicates a significant effect of SLC4343 knockdown (2-way Anova with a Holm-Sidak post hoc
test, P=0.039, 0.028, <0.0001 for -5.3, -5.6, and -5.9 (log molar 6-MP), respectively). (D) Gene
expression profiles of enzymes and transporters associated with 6-MP metabolism in RS4;11 cells
transfected with non-targeting shRNAi (Control) or with SLC43A43-targeted shRNAi. Bars
represent the mean £ SD of 5 — 6 independent samples done in triplicate. * Indicates a significant

effect of shRNAi suppression of SLC43A43 (unpaired t-Test, P<0.05).
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Figure 25
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5.3) DISCUSSION

This study clearly shows that SLC43A43 is expressed in acute lymphoblastic leukemia cell
lines and mediates the uptake of 6-MP by these cells. This is consistent with the relatively high
expression of SLC43A43 in bone marrow and lymphoid tissues, as reported by the Human Protein
Atlas (proteinatlas.org) (Uhlen et al. 2015). There is a strong correlation between the expression
of SLC43A43 and the rate of 6-MP uptake among these cell lines (Figure 22). This suggests that
the protein encoded by SLC4343 is a major player in the cellular accumulation of 6-MP by
leukemic lymphoblasts. While 6-MP uptake correlated with the expression of SLC43A43, this did
not translate to a correlation with 6-MP-mediated sensitivity in the cell panel studied. This suggests
that relatively small changes (~2-fold in this case) in SLC4343/ENBTI activity may not be
sufficient to be a factor in 6-MP sensitivity. The difference in 6-MP sensitivity among cell lines
was likely more dependent on differences in the activity of intracellular metabolic enzymes such
as HPRT or TPMT. Nevertheless, larger changes in SLC4343 expression may be clinically
relevant. Over 1600 coding sequence variants (non-synonymous SNPs) and 26 splice variants have
been identified to date for SLC4343 (Cunningham et al. 2022). Many of these are predicted to
affect protein function (Poly-Phen score >0.9) (Adzhubei et al. 2010). However, none have been

characterized, and there is limited information on allele frequency in human populations.

Chapter 4 demonstrated that there was a significant enhancement of 6-MP sensitivity
when SLC43A43 was recombinantly expressed in a HEK293 cell model (Figure 15), which
normally has low endogenous levels of SLC4343 (Ruel et al. 2019). Furthermore, in the results
above, the knockdown of SLC43A43 via transfection of these SLC4343-HEK293 cells with shRNAi
targeting SLC4343 led to a dramatic reduction in 6-MP uptake and sensitivity (Figure 24). A

similar result was obtained when RS4;11 leukemia cells were transfected with this same SLC43A43
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shRNAIi expression vector. The SLC4343 shRNA1 transfected RS4;11 cells showed a dramatic
decrease in the rate of ENBT1-mediated 6-MP uptake, the amount of ENBT1 protein, as well as a
significant decrease in their sensitivity to the cytotoxic activity of 6-MP, relative to cells
transfected with the non-targeting control shRNAi (Figure 25). However, in the RS4;11 cells, the
shRNAi was expressed, based on the GFP reporter, even in the absence of Dox. This may reflect
the higher level of the construct internalized in the RS4;11 cells (likely due to the inclusion of Leu-
Fect-A in the transfection media). Therefore, SLC4343-encoded ENBTI is clearly a major
contributor to the sensitivity and uptake of 6-MP in the RS4;11 cell line. The paradoxical increase
in SLC43A3 expression levels observed in the SLC4343 shRNA transfected RS4;11 cells may be
due to an effect of the high level of expression of the shRNAI in this model, which can result in a
compensatory increase in the target mRNA with the shRNAi suppressing mRNA translation
(Neumeier and Meister 2020). There was also a significant increase in the expression of SLC29A42.
This gene encodes for ENT2, which can transport nucleobases with low affinity. So, this may be
a compensatory response in these cells to the loss of the primary purine nucleobase transporter

ENBTI.

To examine the potential contribution of SLC4343 downregulation to the development of
cellular resistance to 6-MP, a 6-MP resistant subclone was selected (ALL-1R) from the ALL-1
cells by incubation with 640 uM 6-MP for 48 hr. The resistant cell line showed a modest reduction
in the expression of SLC43A43 as well as a reduced rate of uptake of 6-MP (Figure 23). However,
the ALL-1R cells also had a reduced expression of TPMT, which would contribute to a reduced
cellular accumulation of 6-MP metabolites and an upregulation of the efflux pump ABCCS
(MRP5). These combined changes, and likely further metabolic alterations not assessed in this

study, led to the observed profound level of resistance of the ALL-1R cells to 6-MP. The 6-MP
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resistant cells also had a dramatic upregulation of SLC2944 (Figure 23C). SLC29A44 encodes for
ENT4, an acidic pH-activated adenosine and monoamine transporter (Barnes et al. 2006; Tandio,
Vilas, and Hammond 2019). ENT4 does not transport nucleobases, and the role of ENT4 in
lymphoblasts has not been investigated. While there is no known direct link between 6-MP and
ENTH4, it has been noted in the literature that 5-HT2A receptor stimulation and/or serotonin uptake
have been attributed to the activation of Racl in certain conditions (Saponara et al. 2018; Dai et
al. 2008). Racl is known to be inhibited by 6-MP. Therefore, one may speculate that SLC2944

upregulation could be a novel resistance mechanism, and further investigation is clearly warranted.

5.4) CONCLUSION

In summary, this study shows that SLC4343-encoded ENBT1 is highly expressed in acute
lymphoblastic leukemia cells and is the predominant mechanism for 6-MP accumulation by these
cells. While minor differences in SLC4343/ENBT1 expression do not appear to affect 6-MP
sensitivity, major changes in the expression of SLC4343 due to, for example, down regulation of
ENBTI from long term use of 6-MP or gain/loss of function polymorphisms, may significantly

impact 6-MP therapeutic efficacy in ALL and other clinical indications.

5.5) LIMITATIONS

5.5.1) Cell lines
The data above shows that SLC4343/ENBT1 plays an important role in mediating 6-MP
uptake and sensitivity in a panel of leukemia cells. However, it is of note that all the cell lines

tested are cancer cell lines and are not representative of normal cells. It is well known that cancer
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cell lines, including the ones looked at above, can have many aberrations related to cell cycle, cell

proliferation, and cell metabolism (Suski et al. 2021).

Furthermore, one of the cell lines tested, K562, is not an ALL-cell model but is instead a
model of CML. This limits the applicability of the study to ALL but is still valuable for the overall

screen of ENBT1 activity relative to the loss of cell viability to 6-MP in cells.

5.5.2) Western blots

Notably, the mRNA expression correlated to the uptake of 6-MP (Figure 22). However,
the protein expression, as determined by western blotting, did not display any correlation to the
uptake of 6-MP or mRNA expression. This was unexpected, as the ENBT1 protein itself is
responsible for mediating 6-MP uptake, as opposed to the mRNA. As shown in Figure 17C, the
western blot of the leukemia cells has multiple bands when probing with the ENBT1 antibody.
The most noteworthy bands are at ~55 kDa and ~62 kDa, representative of the non-glycosylated
and glycosylated versions of ENBTI, respectively. These bands were combined to quantify the
western blots since these bands were shown to correspond to ENBTI1 in the recombinant model
(Figure 7). An in-depth analysis of potential post-translational modifications (PTMs), like
glycosylation, that could impact the trafficking or function of ENBT1 at the plasma membrane has
not been conducted, and it could impact the densitometry analysis of the western blots. It is well
known that PTMs can significantly alter how proteins run on a western blot (Mishra, Tiwari, and
Gomes 2017). Finally, when running ENBT1 on the western blot, whole cell lysates are utilized.
This means that all the ENBT1 protein is being captured from the entirety of the cell and not just

the plasma membrane component of ENBT1, which would be more relevant to its function. In the
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future, determining the membrane content of ENBT1 through cell surface biotinylating assays

would be a more suitable approach (Huang 2012).

These factors could explain why the western blot data does not correlate to the measured
parameters and would require a deeper dive into potential PTMs of ENBTI that impact the

measurement of protein expression in these cell lines.

5.5.3) Correlation analysis

After conducting all the analyses on the cell lines tested, looking at expression, 6-MP
sensitivity, and function of ENBT1, only one correlation was found (between mRNA and uptake
(Vmax)). Of note is that nothing correlated to the ECso value of 6-MP in the cell lines tested. It is
well documented in the literature that many factors influence the sensitivity to 6-MP, including
TPMT, NUDT15, MRP4, MRP5, and XDH/XO (Chouchana et al. 2014; Du, Huang, et al. 2023;
Ansari et al. 2009; Sampath et al. 2002; de Lemos et al. 2007). However, none of these correlated
to 6-MP sensitivity. A significant limitation of these correlations is that they use mRNA expression
for the correlations, and it is well known that mRNA expression does not always translate to
protein expression (Guo et al. 2008). Conducting correlations with protein levels would have been

more appropriate to accurately assess any interactions.

Alternatively, given that none of these factors influence 6-MP sensitivity across the cell
lines, it is likely that given the heterogeneous mixture of cell lines tested, not just one factor is
impacting 6-MP sensitivity. Rather, it could be a multifactorial effect within each cell line that will

alter 6-MP sensitivity individually in each cell line. Furthermore, the differences between the cell
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lines tested were relatively small; extending our analysis to include a broader range of expression

in more cell lines would enhance the potential correlations found.
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Chapter 6: Regulation of ENBT1 by
oxidative stress
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6.1) INTRODUCTION

Two previous studies have examined how oxidative stress impacts ENBT1 function. Both
studies looked at human MVECs and found that induction of oxidative stress, either by simulated
ischemia and reperfusion or via the compound menadione, decreased ENBT1-mediated activity
(Bone et al. 2014; Bone et al. 2015). This is important because if oxidative stress in leukemia cells
decreases ENBT1-mediated 6-MP uptake, it could lead to a decrease in the efficacy of 6-MP and
thus lead to resistance to therapy. Another study examined large-scale proteomic changes
following treatment with 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid (CDDO)-Me, an
activator of the nuclear factor erythroid 2-related factor 2 (Nrf2). Nrf2 is a transcription factor and
master regulator of oxidative stress pathways. In the study, K562 cells showed a modest decrease
in SLC4343 expression (Wang, Zhang, et al. 2017). This suggests that Nrf2 may regulate
SLC43A4A3/ENBT]1 levels. This is further supported by the Gene Cards database, which suggests a

potential transcription factor binding site for Nrf2 (Fishilevich et al. 2017).

Oxidative stress is characterized by an imbalance between free radical production and
cellular antioxidant defence mechanisms in cells but is a fundamental physiological process with
implications across various cellular functions (Pizzino et al. 2017). Free radicals are comprised of
two separate categories: ROS, including superoxide radical (O2¢"), the hydroxyl radical (OH¢), and
hydrogen peroxide (H20>), and reactive nitrogen species (RNS), which include nitric oxide (NO¢)
and peroxynitrite (ONOO-). Free radicals are natural byproducts of cellular metabolism that are
primarily generated in mitochondria and peroxisomes (Valko et al. 2007). A prime example of a
fundamental physiological process involving ROS is the oxidative burst, which is a component of
our immune defence mechanism, wherein neutrophils and macrophages generate controlled

amounts of ROS and RNS to kill pathogens (Chen and Junger 2012; Slauch 2011). Free radicals
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are also produced in the electron transport chain in the mitochondria. Electrons can react with
oxygen in Complexes I and III, leading to the generation of superoxide radicals (Cadenas et al.
1977, Hirst, King, and Pryde 2008). Furthermore, free radicals are produced within our body by
several enzymes as well as environmental stimuli such as ultraviolet radiation, pollutants, and
pesticides (Lakey et al. 2016). Two notable enzymes in our body are the nicotinamide adenine
dinucleotide phosphate hydrogen (NADPH) oxidase and XDH/XO. NADPH oxidase uses
NADPH to convert oxygen into superoxide (Babior 2004). XDH/XO can produce multiple free
radicals from the purine analog hypoxanthine, ranging from superoxide, H>O2, and peroxynitrite
when in the presence of nitric oxide (Granger 1988; Houston et al. 1998; Millar et al. 2002).
Although free radicals are integral to regular cell function, excessive ROS accumulation can lead
to oxidative damage of lipids, proteins, and nucleic acids, thereby disrupting cellular homeostasis
(Stadtman and Levine 2003; Sallmyr, Fan, and Rassool 2008). For this reason, excessive oxidative
stress has been implicated in many diseases such as cancer, diabetes, Parkinson’s, and many more
(Abou-Seif, Rabia, and Nasr 2000; Chugh et al. 1999; Huang, Sheu, and Lin 1999; Medeiros et al.

2016; Suzuki et al. 1999).

To counteract ROS-induced damage, cells use antioxidant defence mechanisms to limit the
effects of free radicals by enzymatic conversion to harmless byproducts. The main enzymes
involved in antioxidant defence are superoxide dismutase (SOD), catalase, and glutathione
peroxidase (Trachootham, Alexandre, and Huang 2009). SOD converts superoxide radicals into
the less reactive H,O» and oxygen (McCord and Fridovich 1969). Catalase functions to convert
H>0O; into water and oxygen (Aebi 1984). Finally, glutathione peroxidase uses the antioxidant
glutathione (GSH) to reduce H>O» into water (Flohe, Gunzler, and Schock 1973). These enzymes

limit the damaging effects of excessive ROS and RNS and protect cells from oxidative stress.
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In leukemia, a heterogeneous hematologic malignancy, oxidative stress-mediated DNA
damage and impaired antioxidant defence mechanisms have been implicated in leukemogenesis,
promoting genomic instability, and aberrant cell proliferation (Sallmyr, Fan, and Rassool 2008;
Storz 2005). In multiple studies, leukemia cells have been observed to have significantly increased
levels of free radicals in acute and chronic leukemia patients compared to controls (Devi et al.
2000; Battisti et al. 2008; Oltra et al. 2001; Al-Tonbary et al. 2011; Al-Gayyar et al. 2007,
Chaudhary et al. 2023). Increased ROS production and altered redox balance can contribute to
leukemic cell survival and drug resistance (Szatrowski and Nathan 1991). However, the picture is
not too clear when it comes to the levels of antioxidants in leukemia cells. Antioxidants have been
seen to both be increased (Devi et al. 2000; Al-Gayyar et al. 2007; Maung et al. 1994; Yamanaka,
Nishida, and Ota 1979) and decreased (Battisti et al. 2008; Oltra et al. 2001; Al-Tonbary et al.
2011; Chaudhary et al. 2023), relative to controls. However, there is agreement that chemotherapy
treatment leads to a decrease in antioxidants and an overall increase in ROS levels (Kennedy et al.
2005; Battisti et al. 2008; Chaudhary et al. 2023). This duality of ROS and antioxidants displays
the fine line that is at play in the development and progression of leukemia, as well as the benefits

it has on treatment outcomes and the destruction of cancer cells (Udensi and Tchounwou 2014).

Another central defence mechanism against oxidative stress is Nrf2, a transcription factor
that orchestrates the expression of antioxidant and detoxifying enzymes (Moi et al. 1994). Nrf2
operates through a complex mechanism of action primarily centred on its regulation by Kelch-like
ECH-associated protein 1 (KEAP1) and its subsequent translocation into the nucleus (Itoh et al.
1999). Under basal conditions, KEAP1 is bound to Nrf2 in the cytoplasm, facilitating its
ubiquitination and proteasomal degradation. However, in response to oxidative stress, cysteine

residues within KEAP1 undergo modification, leading to the dissociation of Nrf2 from KEAPI
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and its subsequent stabilization and translocation to the nucleus. In the nucleus, Nrf2 dimerizes
with small musculoaponeurotic fibrosarcoma proteins and binds to antioxidant response elements
in the promoter regions of target genes (Igarashi et al. 1994; Motohashi et al. 2004). A myriad of
genes have been shown to be targets of Nrf2 with the most studied being heme oxygenase 1,
NADPH quinone oxidoreductase 1 (NQOI), glutamate cysteine ligase, glutathione s-transferases,
and thioredoxin reductase 1 (TXNRDI) (He, Ru, and Wen 2020; Inamdar, Ahn, and Alam 1996).
These enzymes are responsible for the detoxification and defence against various insults the cell

will encounter.

Nrf2 dysregulation has been implicated in various pathological conditions, including
cancer and, specific to this thesis, leukemia. In leukemia, Nrf2 displays primarily oncogenic
properties. Higher expression of Nrf2 in leukemia has been shown to be associated with poorer
prognosis for patients and decreased overall survival (Villa-Morales et al. 2023). Nrf2
overexpression has also been associated with chemoresistance for various drugs used in leukemia
treatment (Wang et al. 2022; Wang, Li, et al. 2017; Ma et al. 2015; Xu et al. 2019). Furthermore,
several variants have been noted within the Nrf2 pathway, mainly for the KEAPI and small
musculoaponeurotic fibrosarcoma (MAFF, MAFG, MAFK) genes, that have been associated with
the development of leukemia (Martinez-Hernandez et al. 2014; Akin-Bali et al. 2020). The
aberrant activation of Nrf2 in leukemia leads to the uncontrolled proliferation of leukemia cells

and the ability to withstand toxic insults due to the detoxification enzymes upregulated by Nrf2.

This chapter will explore the role of oxidative stress and how it impacts the functional
uptake of 6-MP via ENBT1. The oxidants used will be TBHP, menadione, and diamide, and the
antioxidants used will be NAC and TEMPOL. K562 cells will be the primary cell line used for the

experiments in this chapter as they display the highest expression of SLC4343/ENBT1 (Table 4).

147



6.2) RESULTS

6.2.1) Effect on cell viability with the oxidants menadione, TBHP, and diamide

Using the MTT assay, the effect on cell viability of each oxidant was assessed to determine
a concentration that could be used that would not adversely impact the cell’s viability and thus
complicate subsequent interactions. Menadione and TBHP were assessed at 15 min (Figure 26A),
30 min (Figure 26B), and 24 hr (Figure 26C). Fifteen- and 30-min incubations displayed minimal
loss of cell viability except at the two highest concentrations. 24 hr incubation with either
compound yielded a much more robust loss of cell viability. TBHP displayed a monophasic
relationship with an ECso of 73 + 5 uM. Menadione displayed a biphasic relationship with first
phase ECso of 1.3 = 0.8 uM (Figure 26C). Menadione was further assessed at 48 hr; it displayed
a monophasic relationship with an ECso of 13 + 1 uM, while the control treatment displayed no
loss of cell viability (Figure 26D). The loss of cell viability due to diamide was determined in
K562 (Figure 26E), MOLT-4 (Figure 26F), and SUP-B15 cells (Figure 26G) following a 1 hr
treatment. Diamide had a monophasic profile with an ECspof 2.1 + 0.4, 2.5 £ 0.3, and 1.2 +£ 0.1
mM for K562, MOLT-4, and SUP-B15 cells, respectively. From these data, treatment with 100
uM TBHP and menadione for 30 min was deemed suitable for further study. For diamide, the
concentrations used for the 1 hr treatment in each cell was 150 pM. These concentrations and time

points display minimal loss of cell viability.
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Figure 26: The oxidative stress inducers menadione, TBHP, and diamide decrease cell

viability in K562, MOLT-4, and SUP-B1S5 cells

K562 cells were plated at a density of 5 x 10* cells/well in 24-well plates and incubated with a
range of menadione or TBHP concentrations (195 nM — 400 uM) for 15 min (A), 30 min (B), or
24 hr (C), at 37°C in a humidified incubator (5% CO2/95% air). Cell viability was assessed using
the MTT assay and expressed as a percent of the cell viability measured at each time point in the
absence of menadione or TBHP (% of control). Sigmoidal concentration-response curves were fit
to the data except in the 24 hr menadione data, which was fit using a biphasic concentration-
response curve. Each point represents the mean + SD of 5 (A) or 4 (B, C) experiments. D) K562
cells were plated at a density of 5 x 10* cells/well in 24-well plates and incubated with a range of
menadione concentrations (586 nM — 200 uM) for 48 hr at 37°C in a humidified incubator (5%
C0O2/95% air). Cell viability was assessed in the same as way as in Panel A. Each point represents
the mean + SD of 5 experiments. K562 (E), MOLT-4 (F), and SUP-B15 (G) cells were plated at
a density of 5 x 10* cells/well in 24-well plates and incubated with a range of diamide
concentrations (E, F: 305 nM — 5 mM; G: 39 uM — 5 mM) for 1 hr at 37°C in a humidified
incubator (5% C02/95% air). Cell viability was assessed in the same as way as in Panel A. Each

point represents the mean = SD of 5 (E, G) or 6 (F) experiments.
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6.2.2) Effect of diamide on ENBT1-mediated 6-MP uptake

As determined above for diamide, the concentration of 150 uM for a 1 hr treatment does
not significantly alter the cell viability of the cell lines. K562, MOLT-4, and SUP-B15 cells were
treated with 150 uM diamide for 1 hr and then assessed their ENBT1 function by looking at the 2
sec uptake of [°’H] 6-MP at 1 uM (Figure 27A, C, E) and 150 uM (Figure 27B, D, F) in each cell
line. There was no significant change in ENBT1 function in either of the concentrations or cell

lines tested.
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Figure 27: Diamide does not affect ENBT1-mediated 6-MP uptake in K562, MOLT-4, and

SUP-B1S cells

K562 (A, B), MOLT-4 (C, D), and SUP-B15 (E, F) cells were incubated at 37°C with either
control (D-PBS) or 150 uM diamide for 1 hr. Cells were then washed twice in NMG buffer before
determining their uptake of [°’H] 6-MP at 1 uM (A, C, E) and 150 uM (B, D, F) at room
temperature for 2 sec. Transport was terminated by centrifugation of the cells through an oil layer.
Cell pellets were digested overnight in 1 M NaOH, and their [*H] content was assessed via liquid
scintillation counting. Bars represent the ENBT1-mediated uptake, defined as the difference
between the total uptake (absence of 5 mM adenine) and the non-mediated uptake (presence of 5
mM adenine). Data are shown as the pmols of 6-MP accumulated by the cells/ul of cell
volume/sec. Data are represented as the mean = SD of 5 (A, B) or 4 (C - F) experiments done in

duplicate.
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6.2.3) Effect of menadione and TBHP on ENBT1-mediated 6-MP uptake

Similar to diamide, menadione and TBHP were determined to cause minimal loss of cell
viability when treated with 100 uM for 30 min in K562 cells. This is also the same concentration
and time that was used in the previous study in human MVECs (Bone et al. 2014). Treatment with
TBHP showed no significant change in the Vmax value for ENBT1 (Vmax: Control - 83 + 18
pmol/uL/sec; TBHP — 135 + 43 pmol/uL/sec) (Figure 28A). Treatment with menadione also had
no significant decrease in Vmax (Vmax: Control - 98 + 16 pmol/uL/sec; Menadione — 74 + 11
pmol/uL/sec) (Figure 28C). However, it was noted that there was a trend to a decrease in Vmax,
and four data points were significantly lower for the menadione group as compared to the control

group (2-way ANOVA with a post-hoc Holm-Sidak, P<0.05).

Total ROS levels were also detected using flow cytometry to determine the degree to which
the TBHP and menadione increased ROS levels in the cells. TBHP significantly increased the total
ROS levels by ~19-fold over the control (Figure 28B). Menadione also significantly increased

total ROS levels by around ~1.3-fold over the control (Figure 28D).
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Figure 28: Menadione decreases ENBT1-mediated 6-MP uptake in K562 cells
K562 cells were incubated with 100 uM of menadione (A) or TBHP (C) for 30 min at 37°C. Cells

were then washed twice in NMG buffer before determining the uptake kinetics of ['*C] 6-MP at
room temperature. The kinetics of ENBT1-mediated ['*C] 6-MP uptake were determined by
assessing the uptake of a range of concentrations of ['*C] 6-MP (1 — 300 uM) estimated by the
transporter-mediated uptake at 2 sec (calculated as the difference in cellular uptake + 5 mM
adenine). Cells were then centrifuged through oil, and the cell pellets were digested overnight in 1
M NaOH and assessed for ['*C] content using standard liquid scintillation counting techniques to
define pmol 6-MP accumulated per pl/second in the cell pellet. Data points represent the mean +
SD of 7 (A) or 14 (C) experiments done in duplicate. * Represents a significant difference between
control and menadione using a 2-way ANOVA with a post-hoc Holm-Sidak test. B, D) K562 cells
were loaded with a fluorescent dye before being treated with control or 100 uM of either TBHP
(B) and menadione (D) for 30 min. Afterwards, fluorescent intensity was measured using an
Attune NxT flow cytometer (Flow Cytometry Facility, University of Alberta) to determine total
ROS in the cells. 10,000 events were captured and graphed as the median fluorescent intensity for
each individual experiment. Data are represented as the mean + SD of 6 experiments done in
duplicate. * Represents a significant difference from D-PBS (B) or DMSO (D) using a student’s

T-test, P<0.05.
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6.2.4) Effect of the antioxidants NAC and TEMPOL on ENBT1-mediated uptake after
menadione treatment

As shown above, menadione treatment at 100 uM for 30 min in K562 cells appears to cause
a decrease in ENBT]1 function. To attenuate the effect seen, the antioxidants NAC and TEMPOL
were investigated. In Figure 29B, the antioxidant NAC was tested, and none of the treatments
were different from the control (Vmax: Control - 73 £ 10 pmol/pL/sec; NAC — 82 + 13 pmol/uL/sec;
Menadione — 89 + 11 pmol/uL/sec; Menadione + NAC — 83 + 8 pmol/uL/sec). With TEMPOL,
the kinetics of [’H] adenine were determined instead of 6-MP. TEMPOL alone did not have a
significantly different Vmax from control. Treatment with menadione alone was significantly
different from control (extra sum of squares F-test, P<(.05), while the combination of TEMPOL
and menadione was not significantly different from control (Vmax: Control - 22 + 4 pmol/puL/sec;
TEMPOL — 16 + 1 pmol/uL/sec; Menadione — 12 + 1 pmol/pL/sec; Menadione + TEMPOL — 17

+ 2 pmol/uL/sec) (Figure 29C).

TEMPOL reversed the decrease in Vmax caused by menadione treatment in K562 cells.
Similar to what was done above for the determination of total ROS in Figure 28, ROS levels were
determined using the treatment protocol for TEMPOL. TEMPOL alone and the combination of
menadione and TEMPOL had a significant increase in the total ROS levels in the cells, ~3.5-fold
and ~9.5-fold for TEMPOL alone and menadione + TEMPOL, respectively (1-way ANOVA with
a post-hoc Holm-Sidak test, P<0.05). Although menadione did not have a significant increase in
ROS in this analysis, it showed a similar ~1.4-fold increase in total ROS levels, which matches

what was seen in Figure 28.
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Figure 29: Pre-incubation with TEMPOL reverses the decrease in ENBT1-mediated

uptake following menadione treatment

A) K562 cells were pre-incubated with 5 mM NAC (NAC and Menadione + NAC) for 48 hr before
adding either DMSO (Control and NAC) or 100 uM menadione (Menadione and Menadione +
NAC) for an additional 30 min at 37°C. Cells were then washed twice in NMG buffer before
determining the uptake kinetics of ['*C] 6-MP at room temperature. The kinetics of ENBTI-
mediated ['*C] 6-MP uptake were determined by assessing the uptake of a range of concentrations
of [*C] 6-MP (1 — 300 uM) estimated by the transporter-mediated uptake at 2 sec (calculated as
the difference in cellular uptake + 5 mM adenine). Cells were then centrifuged through oil and the
cell pellets were digested overnight in 1 M NaOH and assessed for ['*C] content using standard
liquid scintillation counting techniques to define pmol 6-MP accumulated per ul/second in the cell
pellet. Data points represent the mean = SD of 4 experiments done in duplicate. B) K562 cells
were pre-incubated with 5 mM TEMPOL (TEMPOL and Menadione + TEMPOL) for 15 min
before adding either DMSO (Control and TEMPOL) or 100 pM menadione (Menadione and
Menadione + TEMPOL) for an additional 30 min at 37°C. The kinetics of ENBT1-mediated [*H]
adenine uptake were determined by assessing the uptake of a range of concentrations of [°H]
adenine (1 — 150 uM) estimated by the transporter-mediated uptake at 2 sec (calculated as the
difference in cellular uptake = 5 mM adenine). Cells were then centrifuged through oil, and cell
pellets were digested overnight in 1 M NaOH and assessed for [*H] content using standard liquid
scintillation counting techniques to define pmol adenine accumulated per pl/second in the cell
pellet. Data points represent the mean £ SD of 5 experiments done in duplicate. C) K562 cells
were loaded with a fluorescent dye before being treated with D-PBS (Control and Menadione) or

5 mM TEMPOL (TEMPOL and TEMPOL + Menadione) for 15 min. Afterwards, cells were
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treated with either DMSO (Control and TEMPOL) or 100 uM menadione (Menadione and
Menadione + TEMPOL) for 30 min. Fluorescent intensity was measured using an Attune NxT
flow cytometer (Flow Cytometry Facility, University of Alberta) for the determination of total
ROS in the cells. 10,000 events were captured and graphed as the median fluorescent intensity for
each individual experiment. Data are represented as the mean + SD of 6 experiments. * Represents
a significant difference from control using a 1-way ANOVA with a post-hoc Holm-Sidak test,

P<0.05.
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Figure 29
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6.2.5) Effect of the Nrf2 activator CDDO-Im in MOLT-4 and SUP-B15 cells

Nrf2 activation was studied via the activator CDDO-Im. 100 nM of CDDO-Im was
incubated with MOLT-4 (Figure 30) and SUP-B15 (Figure 31) cells for 24 hr prior to RNA
extraction, cDNA synthesis and subsequent qPCR analysis. Both cell lines displayed similar
changes relative to the control treatment, with some exceptions. Both cell lines had significant
increases in the positive controls 7XNRDI and NQOI. An increase was also seen in TPMT
expression for both cell lines. Both cells saw a decrease in SLC4343, SLC29A41, HPRTI, and
ABC(C4 expression. MOLT-4 cells showed no change in SLC2942 and SLC29A44 expression. SUP-
B15 cells showed a significant decrease in SLC29A42 expression. Notably, SUP-B15 cells do not

express SLC29A44, similar to what was shown in Figure 18.

qPCR analysis from Figure 30 and Figure 31 noted that SLC4343 expression is decreased
following CDDO-Im incubation (~1.4 fold). To see whether the CDDO-Im-induced decrease in
mRNA translates to a loss of ENBT1 function, CDDO-Im was incubated in MOLT-4 and SUP-
B15 cells for 24 hr before the determination of ENBT1 function. MOLT-4 cells showed no
significant change in ENBT1-mediated 6-MP (Figure 32A) or adenine (Figure 32B) uptake
following incubation with CDDO-Im. In SUP-B15 cells, the Vmax of adenine transport was
significantly increased relative to DMSO-treated cells (Vmax: DMSO — 6 £ 1 pmol/uL/sec; CDDO-

Im— 11 + 2 pmol/uL/sec) (Figure 32C).
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Figure 30: qPCR analysis following 24 hr incubation with CDDO-Im in MOLT-4 cells
MOLT-4 cells were treated with either DMSO or 100 nM CDDO-Im for 24 hr at 37°C in a

humidified incubator (5% CO2/95% air). RNA was extracted via TRIzol using the manufacturer’s
protocol, and cDNA was made. Gene expression was assessed by semi-quantitative RT-qPCR and
is shown relative to the control treatment (DMSO). Expression was normalized to 3 separate
reference genes (GAPDH, RNA18SN5, and ACTB) and quantified using the AACt method. (A-I)
Relative expression of TXNRDI, NQOI, SLC43A43, SLC29A41, SLC29A42, SLC29A44, HPRTI,
TPMT, and ABCC4, as compared to DMSO-treated cells. Bars represent the mean = SD of 6
independent samples done in triplicate. * Represents a significant difference from DMSO using a

student’s T-test, P<0.05.
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Figure 30
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Figure 31: qPCR analysis following 24 hr incubation with CDDO-Im in SUP-B15 cells
SUP-BI15 cells were treated with either DMSO or 100 nM CDDO-Im for 24 hr at 37°C in a

humidified incubator (5% CO2/95% air). RNA was extracted via TRIzol using the manufacturer’s
protocol, and cDNA was made. Gene expression was assessed by semi-quantitative RT-qPCR and
is shown relative to the control treatment (DMSO). Expression was normalized to 3 separate
reference genes (GAPDH, RNA18SN5, and ACTB) and quantified using the AACt method. (A-I)
Relative expression of TXNRDI, NQOOI, SLC43A43, SLC29A41, SLC29A42, SLC29A44, HPRTI,
TPMT, and ABCC4, as compared to DMSO-treated cells. Bars represent the mean £ SD of 6
independent samples done in triplicate. * Represents a significant difference from DMSO using a

student’s T-test, P<0.05.
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Figure 31
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Figure 32: ENBT1-mediated uptake following 24 hr incubation with CDDO-Im in MOLT-4

and SUP-B15 cells

A) MOLT-4 cells were incubated with either DMSO or 100 nM CDDO-Im for 24 hr at 37°C in a
humidified incubator (5% C02/95% air). Cells were then washed twice in NMG buffer before
determining the uptake kinetics of ['*C] 6-MP at room temperature. The kinetics of ENBTI1-
mediated ['*C] 6-MP uptake were determined by assessing the uptake of a range of concentrations
of [*C] 6-MP (1 — 300 uM) estimated by the transporter-mediated uptake at 2 sec (calculated as
the difference in cellular uptake £ 5 mM adenine). Cells were then centrifuged through oil, and
cell pellets were digested overnight in 1 M NaOH and assessed for ['*C] content using standard
liquid scintillation counting techniques to define pmol 6-MP accumulated per pl/second in the cell
pellet. Data points represent the mean = SD of 5 experiments done in duplicate. MOLT-4 (B) and
SUP-B15 cells (C) were incubated with either DMSO or 100 nM CDDO-Im for 24 hr at 37°C in
a humidified incubator (5% CO2/95% air). The kinetics of ENBT1-mediated [°H] adenine uptake
were determined by assessing the uptake of a range of concentrations of [°H] adenine (1 — 150
uM) estimated by the transporter-mediated uptake at 2 sec (calculated as the difference in cellular
uptake £ 5 mM adenine). Cells were then centrifuged through oil, and the cell pellets were digested
overnight in 1 M NaOH and assessed for [°H] content using standard liquid scintillation counting
techniques to define pmol adenine accumulated per pl/second in the cell pellet. Data points
represent the mean + SD of 6 (C) or 7 (B) experiments done in duplicate. * Represents a significant

difference from DMSO using a 2-way ANOV A with a post-hoc Holm-Sidak test, P<0.05.
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Figure 32
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6.3) DISCUSSION

These data demonstrate that incubation with the oxidative stress inducer, menadione, leads
to a decrease in ENBT 1-mediated uptake of substrates, which can be reversed via the introduction
of the antioxidant TEMPOL. However, it is noted that the menadione effect was quite variable
throughout. Figure 28C shows a decrease in the menadione-treated cells, which does not reach
statistical significance, while Figure 29A has no effect. This difference could be due to the internal
variability of the performed uptake assay, which is known to be highly variable based on previous
experience (Ruel et al. 2019; Ruel et al. 2022). This variability is due to the nature of the performed
uptake assays, which, in the case of ENBT1, uses a time point of 2 sec. This time point is incredibly
challenging to do consistently and causes high variability. Another reason could be the actual
proposed mechanism of action of menadione. Figure 28B shows that menadione only increased
total ROS levels in the cells by ~1.3-fold over control, which, relative to the increase seen by
TBHP (~19-fold, Figure 28D), is quite small, and if the menadione increase in ROS varies even
slightly between different experiments, this could explain the variability in the menadione response

in the uptake assays.

The difference between TBHP and menadione is also interesting and speaks to the potential
mechanism of action of the two compounds relative to their effects on ENBT1. Menadione, also
known as Vitamin K3, due to its structural similarity to Vitamin K, produces oxidative stress via a
mechanism known as “redox cycling,” which results in the formation of superoxide anion within
the cells (O2™) (Hassan 2013; Loor et al. 2010). On the other hand, TBHP has been shown to
produce peroxyl (ROO¢) and alkoxyl radicals (RO¢) and decrease cellular GSH content (Davies
1989; Crane et al. 1983). The decrease in ENBT1 function is unlikely to be the result of decreased

glutathione since diamide, a radiosensitizer whose mechanism of action is the oxidation of
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reducing agents in cells (Harris and Power 1978), like glutathione, has no impact on ENBTI
function (Figure 27). This would suggest that the type of oxidant being produced by these
compounds is important to the overall effect seen. As stated above, menadione primarily produces
superoxide anion, while TBHP produces peroxyl and alkoxyl radicals. More specifically, TBHP
will produce more alkoxyl radicals than peroxyl radicals due to the presence of NADPH oxidase
enzymes (Davies 1989). Chemically, any of the radicals mentioned above can react with any
cellular component, like DNA, lipids, and proteins. However, superoxide anion has a larger variety
of other reactions in cells that can lead to the formation of other reactive compounds like the
hydroxyl radical (HO¢) (via the Haber-Weiss reaction), peroxynitrite (ONOQ") (via a reaction with
nitric oxide), and hydrogen peroxide (H202), in which, the hydroxyl radical is the most reactive of
all known reactive species to induce oxidative stress (Collin 2019). Conversely, peroxyl and
alkoxyl radicals primarily interact with cellular components instead of creating further reactive
compounds. It is unclear whether this difference is important in the context of the experiments
above and would need to be investigated in more detail to determine which individual species of

ROS are being produced.

Another potential explanation for the difference is the localization of the compounds within
the cells. Menadione is ~10-fold more lipophilic (based on Log P values) than TBHP and thus is
expected to associate with membranes more readily ("Compound Summary for CID 4055,
Menadione" 2004; "Compound Summary for CID 6410, tert-Butyl Hydroperoxide" 2004). The
incorporation of menadione into membranes has been shown to impact membrane fluidity and
lipid organization (Monteiro et al. 2013), which could heavily impact protein function. It is

speculated that preferential menadione localization over TBHP to the plasma membrane leads to
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localized increases in reactive oxidative species where ENBT1 is located, leading to oxidative

damage of ENBT1, causing a decrease in cellular uptake.

The antioxidants NAC and TEMPOL were assessed to try attenuating the decrease seen
with menadione incubation, of which only TEMPOL was successful. TEMPOL is a SOD mimetic
which mimics the action of SOD that converts superoxide anion to hydrogen peroxide, which then
gets converted to water and oxygen by the action of catalase (Lewandowski and Gwozdzinski
2017). On the other hand, NAC is a precursor to glutathione and has been shown to enhance
glutathione levels and protect against chemical oxidants in leukemia cells (Mlejnek and Dolezel
2014). The experiment with NAC incubation for 48 hr in Figure 29A did not work as expected,
and neither of the conditions had any significant difference in Vmax from the other. This suggests
that the experiment itself was unsuccessful as menadione did not induce a decrease in function, as
seen in the other experiments. Therefore, it is highly unlikely that NAC was the issue in this
experiment as extensive literature supports its reversal of oxidative stress, including in leukemia
cell lines (Hu, Hirano, and Oka 2003), but rather a human error. In contrast, a decrease with
menadione was noted in the TEMPOL experiment. Menadione decreased the Vimax of ENBT1 by
~25%, similar to that seen in Figure 28C and TEMPOL preincubation prior to the addition of
menadione reversed the decrease up to near control values (Figure 29B). This is in line with a
previous study on ENBT1 and oxidative stress in 2014, which showed the menadione-induced
decrease in ENBT1 function was partially reversed by the antioxidant, Mn(IIl)tetrakis(1-methyl-
4-pyridyl)porphyrin, which is also a SOD mimetic (Bone et al. 2014). Successful reversal with
Mn(ID)tetrakis(1-methyl-4-pyridyl)porphyrin (literature) and TEMPOL (these data) suggests that
superoxide is the central player in mediating menadiones effects and would be in line with its

mechanism of action. The levels of total ROS species were determined for this experimental set in
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Figure 29C, and it was noted that TEMPOL alone and menadione + TEMPOL had significantly
higher levels of ROS over control, ~3.5-fold and ~9.5-fold, respectively. This is at odds with the
suggestion that ROS decreases ENBT1 function since, based on that assertion, the combination of
menadione and TEMPOL should have drastically impacted ENBT1. TEMPOL is a nitroxide
compound that contains a nitroxyl group with an unpaired electron, allowing it to interact with
other reactive species and work as an antioxidant (Lewandowski and Gwozdzinski 2017). It is
speculated that due to the nature of the kit used for ROS detection, which assesses the total ROS
species present, regardless of type, the kit also picked up TEMPOL itself. Furthermore, TEMPOL
has been shown to both decrease and increase ROS levels at high concentrations depending on the

cell line used (Gariboldi et al. 2000; Park 2021).

A notable parameter, the Km, which was determined for all of the Michaelis-Menten graphs
above, was not shown since there were no statistical differences between Ky, values for all of the
experimental sets. Plus, all the Ky, values were close to the expected Ky, for both adenine (~30 puM)
and 6-MP (~150 uM) in the experiments. This means that none of the treatments used in the
experiments interacted with ENBT1 and changed how it handled adenine or 6-MP, suggesting the

change was independent of alterations to ENBT1 substrate recognition.

Finally, the transcription factor Nrf2 was investigated to determine if ENBTI1 was
transcriptionally regulated by Nrf2. Figure 30 and Figure 31 assessed changes in qPCR
expression of factors that can impact 6-MP transport and enzymatic conversion. The positive
controls, NOOI and TXNRDI, showed robust increases in transcript levels, suggesting the
activation of Nrf2 was successful and agreed with previous literature (Rooney et al. 2020; Wang,
Zhang, et al. 2017; Shen et al. 2017; Suvorova et al. 2009). Most of the other genes (SLC4343,

SLC29A41, HPRTI) were in agreement with a previously published study (Wang, Zhang, et al.
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2017), while others have not been assessed previously (SLC2942, SLC29A44, TPMT). However,
our experiments showed a decrease in ABCC4 expression, in contrast to the literature, which
typically shows an increase (Aleksunes et al. 2008; Aleksunes et al. 2010). It is unclear why this
one differed, but it may be specific to ALL cell lines since the MOLT-4 and SUP-B15 cells were
used in the experiments. As for SLC4343/ENBT]1, there was a small but notable decrease in the
mRNA transcript. To determine if this small decrease impacted ENBT1 plasma membrane
expression, ENBT1 function was assessed. Figure 32 shows that MOLT-4 cells had no change in
ENBT1-mediated uptake. However, SUP-B15 had a significantly increased uptake relative to
control (~1.8-fold). This contrasts with the qPCR results, which showed decreased transcript
levels. It is speculated that it may be an interaction with the DMSO over 24 hr. DMSO is known
to alter membrane bilayer properties and fluidity (Gironi et al. 2020). Further experiments are
needed to determine this, by determining if DMSO incubation for 24 hr is truly disrupting ENBT1

before determining the impact CDDO-Im, and by extension, Nrf2, have on ENBT1 in cells.

6.4) CONCLUSION

In summary, our study shows that ENBT1 function is decreased following incubation with
menadione, which can be reversed with TEMPOL. This suggests that oxidative stress could
contribute to a loss of ENBTI1 function, leading to decreased uptake of 6-MP into leukemic cells,
thus decreasing its efficacy. Antioxidant therapy has been shown to be promising in reducing toxic
side effects during the intensification phase of ALL therapy but has not been tested for
maintenance therapy (Al-Tonbary et al. 2009). Therefore, antioxidant treatment in ALL
maintenance treatment with 6-MP could be a viable therapeutic application for future

investigation.
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6.5) LIMITATIONS

6.5.1) ROS species

The results above speculate on the species and mechanism of action of the ROS-generating
compounds and antioxidants when assessing their impact on ENBT1 function. The kit used to
quantify ROS indicates that it is measuring the “Total ROS species” but does not specifically state
what ROS species it is measuring. Contacting the company to determine the compound used to
quantify the ROS species was unfruitful (personal communication, March 29, 2024). It is assumed
with this limited information that the word “Total” implies that all ROS species are being
quantified, regardless of type, which limits the interpretation of the results above. Quantification
of specific ROS species would be useful in determining the exact species being produced by the
oxidants and provide mechanistic insights. The compound lucigenin is a specific compound that
has been shown to specifically detect superoxide and, based on the mechanism of action of
menadione, which primarily produces superoxide anion, would be more useful in this case
(Afanas'ev 2001; Loor et al. 2010). This would clarify the issue around the ROS species being
detected in various experiments to determine what species of ROS is most likely to impact ENBT1

function.

6.5.2) GSH measurements

Another important factor that was not assessed was the determination of the levels of GSH
within the cells tested. Diamide and TBHP are known to impact the levels of GSH in cells and are
integral to their mechanism of action (Harris and Power 1978; Kucera et al. 2014). Although
neither of these compounds altered ENBT1 function, suggesting that decreases in cellular GSH

does not have an impact on ENBT1 function this cannot be said definitively. Using an established
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method for GSH quantification could make these statements more definitive (Rahman, Kode, and

Biswas 20006).

6.5.3) Variability in menadione and antioxidant effects

Only one of the two antioxidants that have been tested reversed the effects seen by
menadione, which was TEMPOL. On top of that, menadione showed a lot of variation in its overall
effect between experiments. NAC did not work, but it was noted from the graph in Figure 29A
that menadione showed no change from control, suggesting that the overall experimental set was
not successful, likely due to high variability in the assay and human error, as mentioned in the
discussion. The overall discrepancies and variability in both menadione and the antioxidant

treatments required tighter control and consistency for more solid conclusions.

6.5.4) Nrf2 activation

Nrf2 activation was determined by the incubation with the activator, CDDO-Im, and
confirmed via induction of the positive control genes, NOOI and TXNRD1. This is standard in the
literature (Rooney et al. 2020; Wang, Zhang, et al. 2017; Shen et al. 2017; Suvorova et al. 2009);
however, a more robust method could also have been used to specifically determine if the SLC4343
gene expression was targeted. A simple luciferase reporter assay that is commercially available
from most companies could determine if Nrf2 is transcriptionally repressing or enhancing

SLC43A3 expression (Smale 2010).
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Chapter 7: Regulation of ENBT1 by
protein Kinase C
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7.1) INTRODUCTION

To investigate whether protein kinases potentially regulate ENBT1, an in-silico analysis
was conducted to determine whether ENBT1 contained potential consensus sites for protein
kinase-mediated phosphorylation. Using NetPhos 3.1 (Blom et al. 2004), potential sites for
phosphorylation on several residues in ENBT1 were noted, with the majority being on the largest
predicted intracellular loop of ENBT1. PKC, protein kinase A (PKA), and casein kinase 2 (CK2)
had predicted consensus sites in ENBT1. Of note is that PKC showed the highest probability
associated with its predicted sites on ENBT1 and will be the primary focus. These potential sites

are shown in Figure 33 with their predicted probabilities.

Phosphorylation is a fundamental biochemical process that involves the addition of a
phosphate group to specific amino acid residues, such as serine, threonine, or tyrosine, on protein
molecules by protein kinases. This post-translational modification serves as a crucial mechanism
for regulating cellular signalling pathways and modulating various physiological responses within
cells (Manning et al. 2002). By altering the structure and function of proteins, phosphorylation acts
as a molecular switch, influencing cellular processes such as metabolism, cell cycle progression,
gene expression, and cell signalling. Dysregulation of phosphorylation events is implicated in
numerous diseases, including cancer, neurodegenerative disorders, and metabolic syndromes,

highlighting its importance in cellular homeostasis and disease pathogenesis (Cohen 2001).

PKC, a family of serine/threonine protein kinases, has pivotal roles in cellular signalling
networks, governing diverse processes such as cell proliferation, differentiation, apoptosis, and
metabolism. There are several PKC isoforms that are categorized into three separate groups:
conventional (cPKCs: a, B, y), novel (nPKCs: 9, €, 1, 0), and atypical (aPKCs: (, 1), each exhibiting

distinct activation requirements and cellular functions (Newton 2018). cPKCs are activated by
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phospholipids, calcium ions, and diacylglycerol (DAG). Conversely, nPKCs are activated by DAG
but do not require calcium ions for activation, while aPKCs are insensitive to both calcium and
DAG but are activated by phosphatidyl serine (Newton 2018; Steinberg 2008). The signalling
pathways mediated by PKC are involved in numerous physiological and pathological processes,

making them attractive targets for therapeutic interventions in various diseases.

One such disease that has extensively investigated the role of PKC is in the pathogenesis
and treatment of ALL. Evidence suggests an interplay between PKC and the pathogenesis of ALL.
Firstly, it was noted that PKC and its various isoforms are expressed in ALL cells (Komada et al.
1991). Several studies have highlighted aberrant PKC signalling pathways in leukemic cells,
contributing to their uncontrolled growth, survival, and chemoresistance to treatment (Lutzny et
al. 2013; Jiffar et al. 2004; Loi et al. 2016). Furthermore, PKC expression has been noted to be
upregulated in leukemic cells and leukemic cells that are resistant to chemotherapeutic drugs

(Sutherland et al. 1992; Beck et al. 2001).

Based on this upregulation, targeting PKC emerged as a promising therapeutic strategy in
the management of ALL. Various preclinical and clinical studies have explored the efficacy of
PKC inhibitors in suppressing leukemic cell growth and enhancing treatment outcomes. Several
studies have noted that PKC expression is prognostic of relapse in leukemia patients (Volm,
Sauerbrey, and Zintl 1994; Volm et al. 1997; Volm et al. 2002). Also, a multitude of studies have
delineated the efficacy of PKC inhibitors in sensitizing ALL cells to conventional
chemotherapeutic agents, thereby augmenting their cytotoxic effects and potentially being a viable
therapeutic approach (Weisenthal et al. 1987; Sakurada et al. 1989; Zhu et al. 1998; Zhu et al.
1999; Guzman et al. 2007; Saba and Levy 2011; Alexander et al. 2017; Ruiz-Aparicio et al. 2020;

Ruiz-Aparicio et al. 2021; Franciosa et al. 2021). Although most of the evidence appears to suggest
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PKC as pro-oncogenic, it is not completely clear. A study looking at the expression of PKCa in T-
ALL patients showed that lower expression of this PKC isozyme was associated with a higher
incidence of relapse and worse overall survival and event-free survival (Milani et al. 2014). These
differences display the complexity of PKC and its multitude of biological effects that are
dependent on cell type, interacting proteins and modulators, and isozyme-dependent expression in

cells (Griner and Kazanietz 2007; Nakashima 2002).

In terms of the potential interaction of PKC and the use of 6-MP in ALL, there has been
little work in this area. It has been noted that PKC is associated with the activity of TPMT and,
therefore, could impact 6-MP toxicity (Stocco et al. 2012). Another study in a subset of ALL
patients investigated the PKC( isozyme. This study noted higher levels of PKC( expression and
overall phosphorylation within the cells that was associated with a higher sensitivity to 6-MP
(Hartsink-Segers et al. 2015). The study notes that the sensitivity is likely due to the expression of
MSH2, which is involved in the DNA mismatch repair (Diouf et al. 2011). Only one study has
investigated how the activation of PKC can impact nucleobase uptake following activation with
PMA, a broad-spectrum PKC activator. The study looked at LLC-PK1 cells after incubation with
PMA for 24 hr and showed increased sodium-independent hypoxanthine uptake into the cells
(Griffith and Jarvis 1996). At the time, the nucleobase transporter in question was not clear.
However, based on the kinetic analyses from this study, it is possible that the transporter in
question could be ENBT1. Therefore, the activation of PKC by PMA could be directly responsible
for the trafficking of ENBT1 and could impact 6-MP uptake in ALL cells, leading to changes in

its efficacy.

This chapter will explore the role of protein kinases, primarily PKC, and how it impacts

the functional uptake of 6-MP via ENBT1. Activators and inhibitors of protein kinases will be
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utilized to investigate this. Similar to Chapter 6, K562 cells will be the primary cell line used for
the experiments in this chapter as they display the highest expression of SLC4343/ENBT1 (Table

4).
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Figure 33: Predicted probability of consensus sites for protein kinase phosphorylation on

ENBT1

The predicted topology of ENBT1 using Protter (Omasits et al. 2014) is shown. The arrows point
out predicted phosphorylation sites by PKC, PKA, and CKII with there respective probabilities as

determined using NetPhos 3.1 (Blom et al. 2004).
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Figure 33
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7.2) RESULTS

7.2.1) Effect of the PKC activator PMA in K562 cells

ENBTI1 has several predicted high-probability residues for PKC phosphorylation. To
determine if PKC activation alters ENBT1 function, the broad-spectrum PKC activator PMA was
used in K562 cells. As a control, a structurally identical inactive analog of PMA (binds to PKC
but does not activate it), 40-PMA, was used. PMA was incubated with cells at two different time
points, 15 min and 30 min, in D-PBS. PMA was also incubated at various stages of the uptake
assay, centred specifically around the two washes in the NMG buffer (Figure 34). This was done
because it was unclear whether the effect of PMA would still be apparent after the successive
washes and incubation in DY prior to the assay (it takes ~ 30 min to wash cells and incubate in
DY prior to the uptake assay). Doing it in this method also assesses whether PMA has a direct
impact on ENBT1 since if it is incubated after washes are complete, it will be present in the uptake
assay. This is in contrast to incubation before the washes since the washes will essentially dilute
out the PMA and, therefore, would not be present in the assay. For Panels A and B, PMA was
incubated for a total of 15 min either before the NMG washes (Panel A) or after the NMG washes
(Panel B) prior to the uptake. In both experiments, PMA did not change ENBT1 function relative
to control treatment (Panel A: Vimax: DMSO - 76 + 9 pmol/uL/sec; PMA — 58 = 5 pmol/pL/sec)
(Panel B: Vinax: 40-PMA - 57 £ 8 pmol/uL/sec; PMA — 46 + 5 pmol/uL/sec). However, it is noted
that PMA treatment is slightly decreasing the ENBT1-mediated 6-MP uptake, indicated by the
significant difference in the final concentration of 6-MP in the kinetic analysis (2-way ANOVA
with a post-hoc Holm-Sidak test, P<0.05). For the 30 min incubations, PMA was incubated for 15
min before the wash and 15 min after the wash (30 min total) (Panel C) or 30 min before the wash

step (Panel D) in D-PBS prior to the uptake. In both 30 min incubations, PMA showed a
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significantly decreased Vmax value for ENBT1 (Panel C: Viax: 40-PMA - 63 = 9 pmol/uL/sec;
PMA — 41 £ 5 pmol/uL/sec; extra sum of squares F-test, P<0.05) (Panel D: Viax: 40-PMA - 74 £
13 pmol/uL/sec; PMA — 47 £ 5 pmol/uL/sec; extra sum of squares F-test, P<0.05). Finally, the
effect of PMA was determined in the same fashion as in Panel D, except that the incubation with
PMA was done in serum-free media as opposed to D-PBS. There was no difference seen between
40-PMA and PMA in this experiment (Vmax: 40-PMA - 62 = 5 pmol/uL/sec; PMA — 86 + 15
pmol/uL/sec) (Panel E). All subsequent experiments with PMA were conducted in D-PBS, as

shown in Panel D.
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Figure 34: Incubation with PMA in D-PBS for 30 min decreases ENBT1-mediated 6-MP

uptake in K562 cells

K562 cells were incubated with either DMSO (A), 100 nM of 40-PMA (B), or PMA (A, B) for 15
min at 37°C in D-PBS either before (A) or after (B) the cells were washed in NMG buffer. Cells
are washed twice in NMG-buffer before determining the uptake kinetics of ['*C] 6-MP at room
temperature. The kinetics of ENBT1-mediated ['*C] 6-MP uptake were determined by assessing
the uptake of a range of concentrations of ['*C] 6-MP (1 — 300 pM) estimated by the transporter-
mediated uptake at 2 sec (calculated as the difference in cellular uptake = 5 mM adenine). Cells
were then centrifuged through oil, and the cell pellets were digested overnight in 1 M NaOH and
assessed for ['*C] content using standard liquid scintillation counting techniques to define pmol 6-
MP accumulated per pl/second in the cell pellet. Data points represent the mean = SD of 4 (A) or
7 (B) experiments done in duplicate. * Represents a significant difference from PMA using a 2-
way ANOVA with a post-hoc Holm-Sidak test, P<0.05. C, D) K562 cells were incubated with
either 100 nM of 4a-PMA or PMA for 30 min at 37°C. The total 30 min incubation was done by
incubating for 15 min before and 15 min after (B) or 30 min before (C) the cells were washed in
NMG buftfer. Cells are washed twice in the NMG buffer before determining the uptake kinetics of
['*C] 6-MP at room temperature. The kinetics of ENBT1-mediated ['*C] 6-MP uptake were
determined by assessing the uptake of a range of concentrations of ['*C] 6-MP (1 — 300 pM (C)
or 1 —400 uM (D)). Radioactive content was determined as described above for Panel A and B.
Data points represent the mean = SD of 6 (C) or 5 (D) experiments done in duplicate. * Represents
a significant difference from PMA using a 2-way ANOVA with a post-hoc Holm-Sidak test,

P<0.05. E) K562 cells were treated and assessed the same as Panel D except that the cells were
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treated with 100 nM 4a-PMA or PMA in serum-free media instead of D-PBS. Data points

represent the mean = SD of 8 experiments done in duplicate.
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Figure 34
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7.2.2) Effect of the PKC activator PMA in MOLT-4 and SUP-B15 cells

As determined in Figure 34, PMA induced a significant decrease in the Vmax value for
ENBTI1 in K562 cells. MOLT-4 and SUP-B15 cells were tested in the same way to determine if
incubation with PMA would also induce a decrease in these cell lines (Figure 35). Both cell lines
showed a significant decrease in the Vmax value for ENBT1 following treatment with PMA relative
to control (Panel A (MOLT-4): Viax: 40-PMA - 49 + 9 pmol/uL/sec; PMA — 28 £ 4 pmol/puL/sec;
extra sum of squares F-test, P<(0.05) (Panel B (SUP-B15): Viax: 40-PMA - 42 + 7 pmol/uL/sec;

PMA — 24 + 4 pmol/uL/sec; extra sum of squares F-test, P<0.05).

187



Figure 35: Incubation with PMA in D-PBS for 30 min decreases ENBT1-mediated 6-MP

uptake in MOLT-4 and SUP-B1S cells

MOLT-4 (A) or SUP-B15 (B) cells were incubated with either 100 nM of 40-PMA or PMA for
30 min at 37°C in D-PBS. Cells were then washed twice in an NMG buffer before determining the
uptake kinetics of ['*C] 6-MP at room temperature. The kinetics of ENBT1-mediated ['*C] 6-MP
uptake were determined by assessing the uptake of a range of concentrations of ['*C] 6-MP (1 —
400 uM) estimated by the transporter-mediated uptake at 2 sec (calculated as the difference in
cellular uptake +£ 5 mM adenine). Cells were then centrifuged through oil, and the cell pellets were
digested overnight in 1 M NaOH and assessed for ['*C] content using standard liquid scintillation
counting techniques to define pmol 6-MP accumulated per pl/second in the cell pellet. Data points
represent the mean + SD of 5 (A) or 7 (B) experiments done in duplicate. * Represents a significant

difference from PMA using a 2-way ANOVA with a post-hoc Holm-Sidak test, P<0.05.
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Figure 35
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7.2.3) Inhibition of PMA-mediated effect by the PKC inhibitor G66983

PMA induced a decrease in ENBT1 function, as displayed by a decrease in the Vimax value
in K562, MOLT-4, and SUP-B15. To ensure that the effect of PMA was a direct consequence of
PKC activation, the broad-spectrum PKC inhibitor G66983 was used in K562 cells (Figure 36).
Cells incubated with G66983 alone showed no change from control. PMA incubation caused a
significant decrease in the Vmax value relative to the control (extra sum of squares F-test, P<0.05).
Finally, the combination of PMA and G66983 was not different from the control (Vimax: 4a-PMA
-22 + 2 pmol/uL/sec; G66983 — 17 £ 1 pmol/uL/sec; PMA — 13 = 1 pmol/uL/sec; PMA + G66983

— 20 £ 2 pmol/uL/sec).
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Figure 36: Pre-incubation with G66983 reverses the decrease in ENBT1-mediated adenine

uptake following incubation with PMA in K562 cells

K562 cells were pre-incubated with either DMSO (4a-PMA and PMA) or 1 uM G66983 (G66983
and PMA + G66983) for 15 min at 37°C before adding 100 nM 40-PMA (4a-PMA and G66983)
or PMA (PMA and PMA + G66983) for an additional 30 min at 37°C in D-PBS. Cells were then
washed twice in NMG buffer before determining the uptake kinetics of [*H] adenine at room
temperature. The kinetics of ENBT1-mediated [°H] adenine uptake were determined by assessing
the uptake of a range of concentrations of [°H] adenine (1 — 150 pM) estimated by the transporter-
mediated uptake at 2 sec (calculated as the difference in cellular uptake = 5 mM adenine). Cells
were then centrifuged through oil, and the cell pellets were digested overnight in 1 M NaOH and
assessed for [*H] content using standard liquid scintillation counting techniques to define pmol
adenine accumulated per ul/second in the cell pellet. Data points represent the mean = SD of 6
experiments done in duplicate. * Represents a significant difference between 4a-PMA and PMA
using a 2-way ANOVA with a post-hoc Holm-Sidak test, P<0.05. # Represents a significant
difference between 40-PMA and PMA + G66983 using a 2-way ANOVA with a post-hoc Holm-

Sidak test, P<0.05.
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7.2.4) Inhibition of casein kinase 2 and protein kinase A and C

An open question was whether ENBT1 was constitutively phosphorylated by various
protein kinases in the cells, leading to a basal tone of phosphorylation of ENBT1 that could impact
its trafficking. Figure 33 shows ENBT1 contains predicted consensus sites for PKA, PKC and
CKII. To investigate this, three separate protein kinase inhibitors, G66983, H89, and CX-4945,
which are PKC, PKA, and CK2 inhibitors, respectively, were assessed (Figure 37). Firstly, a
concentration that would not decrease cell viability over a 24-hr period and would be high enough
to have robust inhibition of each separate kinase was determined. Using the MTT assay, neither of
the kinase inhibitors caused any great decrease in cell viability except at the higher end of the
concentrations used (Panel A, B, C). Of note, none of the kinase inhibitors showed a loss of
viability at 1 uM, which is the concentration that was used for the determination of its impact on
ENBT]1 function. This concentration is also sufficient to completely inhibit each separate protein
kinase based on the reported literature values (Gschwendt et al. 1996; Chijiwa et al. 1990; Pierre
et al. 2011). K562 cells were incubated for 24 hr with 1 uM of each separate inhibitor prior to
determining the uptake of 1 uM (Panel D) and 150 pM (Panel E) [*H] 6-MP. These concentrations
were used since they represent the clinical concentration of 6-MP (1 pM) (Lonnerholm et al. 1986)
and are near the Kn of 6-MP (~150 uM) for ENBTI1. A 24 hr incubation was used as a starting
point as the median protein half-life is around 9 hr, but membrane proteins are generally more
stable than the median, so a longer time point was used (Chen, Smeekens, and Wu 2016; Hare and
Taylor 1991). None of the inhibitors tested at either concentration of 6-MP showed any change in

uptake relative to treatment with control (DMSO).
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Figure 37: 24 hr incubation with protein kinase inhibitors does not vastly effect cell

viability and ENBT1-mediated 6-MP uptake in K562 cells

K562 cells were plated at a density of 5 x 10* cells/well in 24-well plates and incubated with a
range of concentrations (1.2 nM — 20 uM) of the protein kinase inhibitors G66983 (A), H89 (B),
and CX-4945 (C), at 37°C in a humidified incubator (5% CO2/95% air). Cell viability was assessed
using the MTT assay and expressed as a percent of the cell viability measured at each time point
in the absence of the inhibitor (% of control). Sigmoidal concentration-response curves were fit to
the data. Each point represents the mean + SD of 5 experiments done in duplicate. D, E) K562
cells were incubated with either DMSO or 1 uM of each protein kinase inhibitor for 24 hr at 37°C
in a humidified incubator (5% C0O2/95% air). Cells were then washed twice in an NMG buffer
before determining their uptake of [°H] 6-MP at 1 pM (D) and 150 uM (E) at room temperature
for 2 sec. Transport was terminated by centrifugation of the cells through an oil layer. Cell pellets
were digested overnight in 1 M NaOH, and their [°H] content was assessed via liquid scintillation
counting. Bars represent the ENBT1-mediated uptake and are defined as the difference between
the total uptake (absence of 5 mM adenine) and the non-mediated uptake (presence of 5 mM
adenine). Data are shown as the pmols of 6-MP accumulated by the cells/ul of cell volume/second.

Data are represented as the mean = SD of 6 experiments done in duplicate.
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Figure 37
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7.2.5) Treatment with cycloheximide in MOLT-4 and SUP-B15 cells

Figure 37 determined that there was no change in ENBT1 function following treatment
with various protein kinase inhibitors, suggesting that ENBT1 does not contain constitutive basal
phosphorylation that impacts its trafficking. However, the experiment used a 24-hr incubation
period that assumes the ENBT1 protein would undergo complete turnover. To determine the
turnover rate of ENBT1, cycloheximide (a protein synthesis inhibitor) was used to estimate the
ENBT]1 turnover rate in MOLT-4 and SUP-B15 cells (Figure 38). The toxicity of cycloheximide
was first investigated over a 24-hr period at different concentrations (5 pg/mL, 10 pg/mL, 25
pg/mL, 50 pg/mL, and 100 pg/mL) (Panel A and B). All concentrations of cycloheximide
decreased % of live cells in a dose-dependent manner, with higher concentrations being more toxic
than lower concentrations. MOLT-4 cells appear to be more susceptible to cycloheximide than
SUP-B15 cells. Thus, SUP-B15 cells were used for the western blot analysis. SUP-B15 cells were
incubated with 100 ng/mL cycloheximide over a 24-hr period with protein extracted every 4 hr.
Densitometric analysis shows that ENBT1 protein is slightly increased at each timepoint assessed

relative to time zero.
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Figure 38: Cycloheximide decreases live cells and slightly increases ENBT1 protein levels in

MOLT-4 and SUP-BI1S cells

SUP-B15 (A) and MOLT-4 (B) cells were plated at a density of 1 x 10° cells/plate in 10 cm plates
and incubated with DMSO or different concentrations (5 pg/mL, 10 pg/mL, 25 pg/mL, 50 ng/mL,
100 pg/mL) of cycloheximide for 24 hr, at 37°C in a humidified incubator (5% C0O2/95% air). Cell
viability was assessed using the trypan blue assay and expressed as a percent of live cells. Bars
represent the mean = SD of 5 experiments done in duplicate. * Represents a significant difference
from DMSO using a 1-way ANOVA with a post-hoc Holm-Sidak test, P<0.05. C) SUP-B15 cells
were treated with 100 ng/mL cycloheximide, and ENBT1 protein was extracted every 4 hr over a
24-hr treatment period. ENBT1 expression levels were assessed using a western blot. Samples
were resolved on SDS-PAGE gels, transferred to polyvinyl membranes and probed with anti-
ENBT1 (upper) and anti-B-actin (lower) antibodies. The arrows indicate the bands for ENBTI
protein and was used for densitometry analysis. The numbers displayed below the ENBT1 blot
represent the densitometry analysis of ENBTI relative to time zero using B-actin as a loading

control.
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Figure 38
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7.2.6) Treatment with cycloheximide in K562 cells

Based on the data from Figure 38 that noted there was a slight increase in ENBT1 protein
after 24 hr in SUP-B15 cells, the analysis was extended to determine the turnover of ENBT1 in a
longer time frame but also to ensure the cycloheximide was working as expected. The longer-term
incubation was done in K562 cells, as opposed to SUP-B15 cells, because they were less sensitive
to cell death caused by cycloheximide, which could be a potentially confounding variable. Firstly,
as was done in the MOLT-4 and SUP-B15 cells, the toxicity of 100 pg/mL cycloheximide was
determined over a 96 hr period and assessed every 24 hr. Cycloheximide displayed a time-
dependent decrease in % of live cells (Figure 39A). At the same time, the total cell count was
determined, and cells treated with control (DMSO) showed rapid proliferation of the cells that
stopped when the cells got confluent (reached by 48 hr). In contrast, cells treated with
cycloheximide appeared to be senescent and did not proliferate after 24 hr of cycloheximide
treatment (Figure 39B). Similar to what was done in Figure 38C, a western blot was conducted
on cells with protein extracted every 24 hr over the 96-hr period for determination of ENBT1
protein expression. Densitometric analysis shows that ENBT1 protein appears to be increased at
each timepoint assessed relative to time zero. To ensure that the cycloheximide was working as
expected, ENT1 protein expression was also assessed as a control. ENT1 protein levels remained
relatively unchanged for the first 48 hr, but by 96 hr of treatment, ENT1 protein expression was
decreased by 4-fold relative to time zero (Figure 39D). Finally, the impact of cycloheximide on
ENBTI1 function was determined following a 24 hr incubation; cycloheximide showed no
difference to treatment with control (DMSO) (Vimax: DMSO - 12 + 1 pmol/pL/sec; Cycloheximide

— 10 = 1 pmol/uL/sec) (Figure 39C).
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Figure 39: Cycloheximide decreases live cells and halts cell proliferation with little impact

on ENBT1 in K562 cells

A, B) K562 cells were plated at a density of 5 x 10° cells/plate in 10cm plates and incubated with
DMSO or 100 pg/mL of cycloheximide for 96 hr, at 37°C in a humidified incubator (5% C0O2/95%
air). % of live cells (A) and total cell count (B) were determined every 24 hr over the 96-hr period
using the trypan blue assay. Panel A bars represent the mean = SD of 5 experiments done in
duplicate. * Represents a significant difference from DMSO using a 1-way ANOVA with a post-
hoc Holm-Sidak test, P<0.05 Panel B points represent the mean £ SD of 5 experiments done in
duplicate. * Represents a significant difference from DMSO using a 2-way ANOVA with a post-
hoc Holm-Sidak test, P<0.05 C) K562 cells were incubated with either DMSO or 100 pg/mL of
cycloheximide for 24 hr at 37°C in a humidified incubator (5% CO2/95% air). Cells are washed
twice in NMG buffer before determining the uptake kinetics of [°H] adenine at room temperature.
The kinetics of ENBT1-mediated [*H] adenine uptake were determined by assessing the uptake of
a range of concentrations of [°H] adenine (1 -150 pM) estimated by the transporter-mediated
uptake at 2 sec (calculated as the difference in cellular uptake = 5 mM adenine). Cells were then
centrifuged through oil, and the cell pellets were digested overnight in 1 M NaOH and assessed
for [*H] content using standard liquid scintillation counting techniques to define pmol adenine
accumulated per pl/second in the cell pellet. Data points represent the mean + SD of 5 experiments
done in duplicate. D) K562 cells were treated with 100 ug/mL cycloheximide, and ENBT1 protein
was extracted every 24 hr over a 96-hr treatment period. ENBT1 and ENT1 expression levels were
assessed using a western blot. Samples were resolved on SDS-PAGE gels, transferred to polyvinyl
membranes and probed with anti-ENBT1 (top-left), anti-ENT1 (top-right), and anti-B-actin (lower

left and right) antibodies. The arrows indicate the bands for the approximate sizes of the proteins,
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which was used for densitometry analysis. The numbers displayed below the ENBT1 and ENTI1
blot represent the densitometry analysis of the protein relative to time zero using B-actin as a

loading control.
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Figure 39
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7.2.7) Site-directed mutagenesis of ENBT1

As shown in Figure 36, it was determined that the decrease caused by PMA was a direct
result of PKC activation. As noted from the introduction, ENBT1 contains several predicted
consensus sites for PKC phosphorylation (Figure 33), with three strong candidates being in the
largest intracellular loop of ENBT1. Plasmids were mutagenized according to the method in 3.2.4
prior to transfection in HEK293 cells. The uptake of 30 uM [*H] adenine was determined using a
2 sec time point following treatment with control (4a-PMA) or PMA as above. ENBT1 WT,
ENBT1 S253A, and ENBT1 S276A had a significant decrease relative to control following
treatment with PMA, while the ENBT1 T231A showed no change from control. (1-way ANOVA

with a post-hoc Holm-Sidak test, P<0.05) (Figure 40).
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Figure 40: T231A mutant of ENBT1 is resistant to the PMA induced decrease in ENBT1-

mediated adenine uptake in transfected HEK293 cells

Wild-type or site-directed mutants (T231A, S253A, S276A) of ENBTI1 were transiently
transfected in HEK293 cells and left for 72 hr. Afterwards, cells were harvested and treated with
either 100 nM of 4a-PMA or PMA for 30 min at 37°C in D-PBS. Cells are washed twice in NMG
buffer before determining the uptake of 30 uM [*H] adenine at room temperature estimated by the
transporter-mediated uptake at 2 sec (calculated as the difference in cellular uptake = 5 mM
adenine). Cells were then centrifuged through oil, and cell pellets were digested overnight in 1 M
NaOH and assessed for [°H] content using standard liquid scintillation counting techniques. Data
is represented as the % of control relative to each individual transfected WT or mutant ENBT1
treated with 4a-PMA. Bars represent the mean = SD of 4 experiments done in duplicate. *
Represents a significant difference from control using a 1-way ANOVA with a post-hoc Holm-

Sidak test, P<0.05.
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7.3) DISCUSSION

These data suggest that incubation with the PKC activator, PMA, decreases ENBT1
function via the phosphorylation of threonine 231. Figure 34 and Figure 35 demonstrate that
regardless of the cell type, whether it be an ALL (MOLT-4, SUP-B15) or CML (K562) cell line,
PMA induces a decrease in ENBT1 Vmax values. A notable difference that was determined early
in the experiments looking at PMA was that the PMA-induced decrease in ENBT1 uptake was
consistent in D-PBS but ineffective when using serum-free media. Figure 34E shows that
incubation of PMA for 30 min in serum-free media did not impact ENBT1-mediated uptake; this
is in contrast to all the studies done in D-PBS, which always have a decrease. The difference
between serum-free media and D-PBS is a matter of different salts and mainly amino acids present
in the serum-free media that would not be in the D-PBS. There is no literature that suggests the
base composition of the two would have an impact. It is speculated that rather than being the
composition of the D-PBS and the serum-free media, it may be a result of the cell line being in a
different proliferative state or cell cycle stage as a result of being in the two separate mediums.
PKC has been shown to be entwined with the cell cycle at various stages and thus could depend
on the cell cycle status while in the D-PBS or serum-free media (Black and Black 2012). The exact

mechanism is unclear and would require further investigation.

As noted above in a separate study described in 7.1, incubation of PMA for 24 hr in LLC-
PKI1 cells led to an increase in sodium-independent hypoxanthine uptake, and based on the
characteristics described in the study, implies the transporter in question is ENBT1 (Griffith and
Jarvis 1996). This contrasts with the results above, which always have a clear decrease in ENBT1-
mediated uptake following PMA incubation. The differences between the literature and the results

above can be explained by looking at the incubation time for PMA in the cells. In the results above,
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all incubations are done at 100 nM for either 15 or 30 min at 37°C, with the majority being 30 min,
which has been shown in the literature to be a standard methodology used for achieving maximal
activation of PKC (Hipkin, Wang, and Schonbrunn 2000; Montero et al. 2016; Rybin et al. 2004).
Incubation with PMA for much longer time points, like 24 hr (as done in the study by Griffith and
Jarvis), has been shown to decrease PKC levels in cells and thus its activity (Montero et al. 2016;
Rybin et al. 2004). The decreased expression and activity has been reported to be due to the
enhanced degradation of PKC in PMA-treated cells over longer time periods compared to cells not
treated with PMA (Young et al. 1987). Therefore, at 30 min with maximal PKC activation, ENBT1
function decreases, whereas, at 24 hr, when PKC activity is assumably decreased, Griffith and
Jarvis have shown that an ENBT1-like transporter function is increased. This suggests that PKC
controls either the transcriptional regulation of ENBT1 or that constitutive phosphorylation of

ENBT]1 in cells by PKC regulates the trafficking and membrane content of ENBT1.

To investigate the potential constitutive control of ENBT1 by protein kinases, the impact
of various protein kinase inhibitors, namely H89 (PKA inhibitor), G66983 (PKC inhibitor), and
CX-4945 (CK2 inhibitor), was assessed. In Figure 37, incubation with either of the inhibitors for
the protein kinases had no change in cell viability or ENBT1 function. Although this suggests that
ENBT]1 is not under the basal control of any of these protein kinases, the potential stability of
ENBT1 in the membrane is not taken into account. Cycloheximide was used to assess the stability
of ENBT1 according to standard protocols over a 24 hr period (Kao et al. 2015). Initial experiments
conducted in MOLT-4 and SUP-B15 cells in Figure 38 showed slight decreases in cell viability
but notably, following a 24-hr incubation with cycloheximide, appeared to have an increase in
ENBT]1 protein levels. It is speculated that inhibition of protein synthesis by cycloheximide causes

a cascading effect. Firstly, all short-lived proteins will be degraded, and within a few hours, cell
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division is halted due to the loss of critical proteins for cell cycle progression (Liu et al. 2010). It
is speculated that within these few hours, the increase in ENBT1 protein will occur. Cells typically
require a 2-fold increase in nucleotides to perform cell division (Lane and Fan 2015), and it is
speculated that ENBT1 protein levels will increase to accommodate this need. The cell will
ultimately not be able to divide due to cycloheximide, but it will likely still try to. This is apparent
from the data in Figure 38C, which displays a slight increase in ENBT1 protein even at the 4 hr
timepoint, which is sustained throughout. Since SUP-B15 cells did not appear to have a decrease
in ENBT1 protein and a half-life could not be determined, a longer incubation period (96 hr) was
conducted in K562 cells, as shown in Figure 39. Cycloheximide completely slowed cell
proliferation, likely due to cycloheximide’s ability to block mitotic entry (Lockhead et al. 2020),
but still displayed an increase in ENBT1 protein levels even after incubation for 96 hr, similar to
that seen for the SUP-B15 cells. It is speculated that a mechanism similar to the one described
above for the SUP-B15 cells is at play, along with the fact that the ENBT1 protein stability in the
membrane is very high. ENT1 protein level was used as a positive control and showed a decrease
of 75% by the 96-hr time point. This supports that cycloheximide was working but does not
completely match the literature since ENT1 has a reported half-life of ~7 hr (Nivillac, Bacani, and
Coe 2011). In contrast, the results above suggest ENT1 has a half-life of somewhere between 72
— 96 hr. However, it should be noted that the study by Nivillac, Bacani, and Coe mentioned above
used a transient transfection protocol to look at ENT1 half-life. Due to the unstable nature and
variability associated with transiently expressed proteins, this is unlikely to reflect endogenously
expressed protein half-lives. In fact, protein half-life is a much more dynamic process and varies
widely between different cell types. For example, using stable isotope labelling in cell culture

followed by mass spectrometry (that can capture large-scale proteomic changes), previous studies
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have shown that both ENT1 and ENBT1 have different half-lives (ENT1: 14 — 97 hr; ENBT1: 40
— 60 hr) depending on the cell line that is being looked at (Chen, Smeekens, and Wu 2016;
Mathieson et al. 2018; Zecha et al. 2018). Furthermore, it has been noted that membrane-associated
proteins are generally more stable (i.e. longer half-life) than non-membrane-associated proteins
(Hare and Taylor 1991). This is in line with the data obtained in Figure 38 and Figure 39 which
shows ENBT1 half-life in K562 cells exceeding 96 hr. Overall, it cannot be concluded what the
half-life of ENBTI1 protein in K562 cells is; therefore, the basal control by protein kinases in these

cells cannot be assessed accurately with the current methods utilized.

Further evidence for the direct role of PKC on the PMA-induced decrease in ENBT1
function is that it could be reversed via the broad-spectrum PKC inhibitor, G66983, suggesting a
causative effect (Figure 36). However, it should be noted that this combination of activator and
inhibitor gives little information on the exact PKC isoform that is responsible. The activator, PMA,
activates both the conventional (a, B, y) and novel (9, €, 1, 0) isoforms of PKC, while the inhibitor,
G066983, inhibits the conventional (a, B, v) as well as the novel isoform PKCd and the atypical
isoform PKC¢ (Castagna et al. 1982; Young, Balin, and Weis 2005). By the process of elimination,
this means that the potential isoform responsible for the effect could be any of the conventional
PKC isoforms (a, B, y) or PKCS. More specific inhibitors or shRNAi would need to be used to
confirm the precise isoform. To confirm the exact residues of ENBTI that are possibly
phosphorylated by PKC, site-directed mutagenesis was used to mutate three separate residues with
the highest predicted probability from Figure 33. Figure 40 shows that changing threonine 231 to
an alanine resulted in a loss of the PMA-induced decrease in ENBT1 function. It is speculated that
phosphorylation of threonine 231 by PKC induces the internalization of ENBTI1, leading to a

decrease in its uptake of 6-MP or adenine. However, further investigation is needed to determine

209



this. As noted above in 6.3 for the oxidative stress section, the Ky, was also determined for the
graphs in 7.2. Again, the expected K for both adenine (~30 uM) and 6-MP (~150 uM) in the
experiments involving the PKC activators and inhibitors were similar. This means that similar to
the work on oxidative stress, none of the treatments used in the experiments interacted with ENBT1
and changed how it handled adenine or 6-MP, suggesting the change was independent of

alterations to ENBT1 substrate recognition.

A final note is the potential interplay between oxidative stress and phosphorylation by PKC
in cells. It has been shown that activation with PMA leads to transcriptional activation of Nrf2
target genes (Huang, Nguyen, and Pickett 2000). Furthermore, oxidative stress has also been linked
to the activation of PKC and its subsequent downstream effectors (Rybin et al. 2004). From the
studies above in Chapters 6 and 7, it cannot be concluded whether these pathways were mutually
exclusive of each other or if an interplay was at play. A more focused approach would need to be

used to assess any contributions from these intertwined signalling pathways.

7.4) CONCLUSION

Activation of PKC by PMA leads to a decrease in ENBT1 function, which is mediated
through the phosphorylation of threonine 231 on the large central intracellular loop of ENBT]I.
This suggests that aberrant upregulation of PKC activity in leukemia could decrease ENBT1
protein levels at the membrane, thus decreasing 6-MP efficacy. Targeting the PKC-mediated
ENBT]1 effect could potentially be a therapeutically viable option to increase 6-MP efficacy in

ALL.
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7.5) LIMITATIONS

7.5.1) Specific PKC isoform and activity

The study above focused primarily on the conventional and novel isoforms of PKC due to
the choice of activator (PMA) and inhibitor (G66983) used. However, this still doesn’t answer the
question of which specific isoform is mediating the decrease in ENBT1 function. This is important
because each isoform of PKC has been separately implicated in various leukemia pathogenic
features, and their expression and activity can vary from patient to patient. To address this, the use
of more specific inhibitors could have been employed, such as G66976, which specifically targets
PKCa and B (Martiny-Baron et al. 1993), or Ro 32-0432, which specifically targets PKC a, B, and
v, but not PKC$ (Wilkinson, Parker, and Nixon 1993). More specifically, shRNAi methods could
be deployed to individually investigate the specific conventional (o, B, y) and novel (d, €, n, 0)
isoform to determine the specific isoform. This would allow an exact determination of the specific

isoform at play.

The data above strongly suggests that PKC mediates the effect seen, but it would be better
if PKC activity was determined. PKC activity can be determined either by commercially available
PKC activity kits or western blot analysis by looking at the activation of downstream signalling
effectors such as ERK1/2 in the MAPK pathway (Zhao, Zhang, and Longo 2005; Muraleedharan
et al. 2021). Confirmation of the PKC isoform and PKC activation would further strengthen the

conclusions and allow more specific targeted treatments to be investigated.

7.5.2) Cycloheximide
Cycloheximide decreased cell viability and appeared to stop cell proliferation beyond 24

hr, as noted in Figure 39. A limitation of the study looking at cycloheximide is using ENT1 as the
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control since its potential half-life is wide depending on the source you look at. An alternative
would be using a short-lived protein with a half-life of less than 2 hr, like PRELID3B, or one with
an intermediate half-life of 8 hr, like CDKN3 (Li et al. 2021). Although this would have to be
confirmed for the specific cell line used, it would add another layer to confirm the effectiveness of

the cycloheximide treatment working as intended.

Another noticeable effect that cycloheximide had on the cells was the decreased cell
viability and the inhibition of cell proliferation after 24 hr (Figure 39). Cell count was used as a
surrogate for inhibition of cell proliferation. However, a cell cycle analysis could have been done
to determine the extent to which cycloheximide was impacting the cell cycle stages. This can be
done in many ways, but the most common method is flow cytometry, using propidium iodide
staining for DNA content (Pozarowski and Darzynkiewicz 2004). This would have provided
further evidence of cycloheximide working as intended and that the cell’s lack of proliferation is
due to the halt in the cell cycle, which is expected based on cycloheximide’s mechanism of action

(Liu et al. 2010).
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Chapter 8: Summary
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8.1) SUMMARY
We initially hypothesized that ENBT1 is responsible for the transport of 6-MP into
leukemia cells and that the variability of inter-individual cellular toxicity of 6-MP is due to

variation in the expression of ENBTT1 in leukemia cells. The work above supports this hypothesis.

In Chapter 4: Characterization of recombinant ENBT1 in HEK293 cells, it was shown
that ENBT1 mediates the uptake (Figure 11) and efflux (Figure 13) of 6-MP from cells in
recombinantly transfected HEK293 cells (which are innately deficient in ENBT1). The major
finding was that the overexpression of ENBT1 in HEK293 cells led to a significant enhancement
of 6-MP sensitivity in cells (Figure 15). This shows that ENBT1 transports 6-MP and is implicated

in its efficacy.

In Chapter 5: Characterization of endogenous ENBT1 in leukemia cells, leukemia cells
were shown to express varying levels of endogenous ENBT1 (Figure 17) and transport 6-MP
(Figure 19). Furthermore, the mRNA expression of SLC4343 correlated to the ENBT1-mediated
6-MP uptake in leukemia cells (Figure 22). Finally, the knockdown of ENBT]1 led to a decrease
in the sensitivity to 6-MP in leukemia cells (Figure 25). These data supported the strong notion
that endogenous ENBT1 expression at the plasma membrane in leukemia cells can profoundly
determine the efficacy of 6-MP. Based on this, the regulation of ENBT1 plasma membrane

expression was investigated.

Chapter 6: Regulation of ENBT1 by oxidative stress, explored how oxidative stress
regulates ENBT1 function. Incubation of cells with the oxidative stress inducer menadione
decreased ENBT1-mediated uptake (Figure 28). This decrease could be attenuated by the

antioxidant TEMPOL (Figure 29). These data strongly suggest the involvement of oxidative stress
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in decreasing ENBT1-mediated 6-MP uptake at the plasma membrane, which could impact its

therapeutic efficacy.

Chapter 7: Regulation of ENBT1 by protein kinase C, explored how PKC regulates
ENBTI function. Incubation of cells with the PKC activator PMA decreased ENBT1-mediated
uptake in leukemia cells (Figure 34 and Figure 35). This decrease could be reversed by the broad-
spectrum PKC inhibitor G66983 (Figure 36). Finally, the mutation of threonine 231 to alanine on
ENBT1 was unaffected by PMA, suggesting a causative role of that residue in the phosphorylation
and subsequent decrease in ENBT1-mediated uptake (Figure 40). These data strongly suggest the
involvement of PKC in decreasing ENBT1-mediated 6-MP uptake at the plasma membrane, which

could impact its therapeutic efficacy.

8.2) FUTURE DIRECTIONS
These data clearly demonstrate the importance of ENBT1 on 6-MP efficacy in ALL
chemotherapy. To address the gaps and build on these data, it is crucial that we pursue the

following areas of interest:

1. Investigate how 6-MP absorption is impacted in an ENBT1-knockout mouse model.
The data collected in this thesis demonstrate that decreases and increases in ENBTI
expression impact the sensitivity to 6-MP. However, since 6-MP is given orally to patients,
ENBT1 expression in the intestinal tract could impact the absorption of 6-MP and
potentially its efficacy. Using an ENBT1-knockout mouse model, mice can be given 6-MP
via oral gavage and tissues extracted at specific time points to determine the extent to which

6-MP absorption is impacted in the knockout mouse compared to the wild type.
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2. Determine if ENBT1 expression correlates to the efficacy or toxicity of 6-MP in ALL
patients. Preliminary data has been collected for this, shown in the Appendix. However,
the data collected is currently limited and needs to be built upon. Accessing more samples
and the associated clinical correlates would strengthen the power of the analysis.
Furthermore, a prospective study should be conducted to follow ALL patients from
diagnosis to potentially relapsing to determine changes in ENBT1 expression and function
and how it may impact the efficacy and toxicity of 6-MP.

3. Investigate potential polymorphisms of SLC43A4A3/ENBT1 in ALL patients and
determine their impact on ENBT1 function. The data shown above clearly demonstrates
that significant changes in ENBT1 expression or function can significantly impact 6-MP
sensitivity in ALL cell lines. Gain/loss of function polymorphisms of SLC43A43 in patients
that impact how ENBT1 handles 6-MP could significantly alter the efficacy and toxicity
of 6-MP in ALL patients. Studies should be conducted to investigate any polymorphisms
of SLC43A3 in patients that may impact ENBT1-mediated 6-MP transport. These can then
be followed up by characterizing the impact of these polymorphisms on ENBT1 function

in transfected cell lines.

These studies would help to further elucidate the role of ENBTI1 in the overall
pharmacokinetic profile of 6-MP and determine its potential therapeutic applications for 6-MP

ALL chemotherapy.

8.3) CONCLUDING REMARKS
Prior to 2015, 6-MP variability in patients was simply an accepted situation that oncology

patients had to live with, leading to toxic side effects and the unknown potential of relapse without
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explanation. Certain variations were known but did not ultimately explain a large portion of the
variability to 6-MP. The characterization of ENBT1 provides a new target with extremely high
therapeutic potential. This novel mechanism assesses how 6-MP is getting into the leukemia cells
and not on its metabolism, which has been a primary focus for several years. The data collected in
this thesis is a foundational step to larger steps in further personalized approaches in patients with

leukemia to increase efficacy and decrease the risk of adverse events.
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APPENDIX

SLC43A3 expression in ALL patient samples

Introduction

The SLC43A43 is a relatively new discovery, and thus, not many functional clinical
associations have been made to date. Primary literature has shown that SLC4343 has been
implicated in two diseases, angiosarcoma (as a fusion gene) and glioblastoma (Shimozono et al.
2015; Zhang et al. 2024). In the public database, ClinVar, several single nucleotide variants have
been noted, but none contain any clinically confirmed pathogenesis (Gene ID: 29015) (Landrum
et al. 2014). In the Human Protein Atlas (proteinatlas.org), high SLC43A43 expression is associated
with an unfavourable prognosis in renal cancer (Uhlen et al. 2017). Aside from that and the lack
of information surrounding SLC43A43, it is difficult to ascertain whether SLC4343 expression
levels or polymorphisms are pathogenic in any other disease. In leukemia, no clinical associations
have been made on SLC43A43 expression or if it impacts therapy, namely 6-MP. Therefore,
SLC43A43 expression was assessed using primary samples from ALL patients. Samples were
obtained from two locations, the University of Alberta Hospital (Edmonton, Alberta, Canada) and
the BC Children's Hospital (Vancouver, British Columbia, Canada). The University of Alberta
Hospital provided RNA samples that were reverse transcribed to cDNA prior to qPCR. The BC
Children's Hospital provided primary frozen bone marrow aspirates that were thawed quickly, and
RNA was extracted via TRIzol as per the manufacturer’s protocol, reverse transcribed to cDNA,

and then semiquantitative RT-qPCR was done.
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Results

cDNAs were used to conduct qPCR on several genes of interest related to 6-MP transport
(SLC43A43, SLC29A1, SLC29A42, SLC29A44, ABCBI1, ABCC4, and ABCCY) (Figure 41) and 6-MP
metabolism (HPRT1, TPMT, XDH/XO, NUDT15, IMPDH]I) (Figure 42). As expected, all genes
displayed large variation in expression between samples. Interestingly, the majority of genes
appear to have roughly a similar distribution of variability between the BC Children’s Hospital
and University of Alberta Hospitals samples. SLC4343 expression varies by 19-fold and 48-fold
between the highest and lowest expression in the BC Children’s Hospital and University of Alberta
Hospitals samples, respectively. None of the samples were found to express SLC2944, ABCBI,
and XDH/XO. Of note, one sample in the BC Children’s Hospital samples had significantly higher
expression of SLC2942 (54-fold), TPMT (21-fold), IMPDH1 (31-fold), and NUDT15 (42-fold).
At first, it was thought there might be a problem with the reference genes being different from the
rest of the samples, but that was not the case. It is unclear why these genes are higher in this patient

while others are near the average and would require further investigation.

For the BC Children’s Hospital dataset, clinical data on white blood cell counts, neutrophil
counts, lymphocyte counts, % lymphoblasts, time of relapse, 6-MP starting dose, and 6-MP final
dose were provided. Correlations were done to determine if any of the genes were correlated to

the clinical data. No correlations were found to exist between the datasets.
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Figure 41: qPCR analysis of 6-MP transporters in primary ALL patient samples

Gene expression of 6-MP transporters was assessed by semi-quantitative RT-PCR and is shown
as a fold difference from the average from each individual gene separated between the BC
Children’s Hospital and the University of Alberta Hospital samples. Each column is calculated
individually within each site, and gene expression is normalized to 3 separate reference genes
(GAPDH, RNAI8SN5, and ACTB) and quantified using the AACt method. (A-G) Relative
expression of SLC43A43, SLC29A41, SLC29A42, SLC2944, ABCC4, ABCC5, and ABCBI as
compared to the average within each gene. The dotted line at 1 is equal to the average expression
within each gene. N-values are 12 and 28 done in triplicate for the BC Children’s Hospital and the

University of Alberta Hospital, respectively.
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Figure 41
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Figure 42: qPCR analysis of 6-MP metabolic enzymes in primary ALL patient samples

Gene expression of 6-MP metabolic enzymes was assessed by semi-quantitative RT-PCR and is
shown as a fold difference from the average from each individual gene separated between the BC
Children’s Hospital and the University of Alberta Hospital samples. Each column is calculated
individually within each site, and gene expression is normalized to 3 separate reference genes
(GAPDH, RNAIS8SN5, and ACTB) and quantified using the AACt method. (A-F) Relative
expression of HPRTI, TPMT, XDH/XO, IMPDHI, GMPS and NUDTI5 as compared to the
average within each gene. The dotted line at 1 is equal to the average expression within each gene.
N-values are 12 and 28 done in triplicate for the BC Children’s Hospital and the University of

Alberta Hospital, respectively.
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Limitations

The data only determined the relative gene expression of various transporters and enzymes
in multiple patient samples. It is well known that gene expression does not always correlate to
protein levels (Guo et al. 2008). Furthermore, some of the clinical data used to correlate to the
gene expression data, particularly the starting 6-MP dose and the final dosage, is not particularly
relevant. This is because the changes in dosing of 6-MP are based on the side effects of 6-MP
therapy, which would be more sensitive to overall changes in plasma concentrations of other 6-
MP metabolites, specifically 6-MeMP and 6-TGNs, and their biodistribution throughout the whole
body. The qPCR data above only measures the expression of the bone marrow cells taken from
the patients and would not be able to consider the overall biodistribution of 6-MP and its
metabolites. Doing therapeutic drug monitoring would have been preferred so that there could be
a more continuous dataset for this correlation. Interestingly, the Hammond lab has shown that a
slc43a3-KO mouse model has a decreased absorption of 6-MP when given by oral gavage (Aaron
Sayler, personal communication, April 11, 2024). These data suggest that SLC4343/ENBTI is
likely more critical for the biodistribution and absorption of 6-MP in patients, which could impact

their therapeutic response to 6-MP.

Conclusion

SLC43A43 expression varies widely in patient samples taken from two separate sites. The
expression does not correlate with any clinical parameters. It is likely that SLC4343/ENBT]1 is
more important in the absorption and biodistribution of 6-MP in patients. Further investigation
will be undertaken to investigate this impact for potential use in predicting patient response prior

to therapy initiation.
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