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ABSTRACT

Currently, there is interest in targeting cancer stem cells (CSCs) for cancer therapy. CSCs
are characterized by self-renewal and the potential to differentiate into various tumor cell
types. One therapeutic strategy is to modulate cancer metabolism, in which NAD" is a
central molecule. Nicotinic acid phosphoribosyl transferase (NAPRT) is one of the major
NAD"-synthesizing enzymes, and we studied its role in three models of cancer stem-like
cells (CSLCs). We show that CSLCs highly express NAPRT. Knockdown of NAPRT in
CSLCs inhibits cell proliferation and stemness features, and promotes differentiation,
senescence, or cell death. We observed that NAD -dependent SIRT7 was consistently
downregulated in cancer cells with shNAPRT, a significant correlation between NAPRT
and SIRT7 expression is evident in cancer patient datasets, and knockdown of SIRT7
induces a proteomic profile similar to that of ShANAPRT cells. We therefore propose that
SIRT7 is involved in sShNAPRT antitumor effects. Together, these findings put forward
novel therapeutic implications for NAPRT-SIRT7 axis in cancer therapy.
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CHAPTER 1: INTRODUCTION
1.1 CANCER

Cancer is a disease of continual and uncontrolled cell division. Through a
multistep process, normal cells acquire genetic alterations that progressively transform
them into malignancy. The mutations in the cancer cell of origin drive its abnormal
proliferation, generating a population of mutant cells that initiate the formation of the
tumor. As the tumor develops, clonal expansion continues, and the daughter cells also
acquire additional mutations themselves. This genetic instability leads to a population of
cancer cells with diverse profiles, some of which have mutations that confer them a
competitive advantage for growth. Thus, clonal selection also occurs as tumor
progression advances, ultimately leading to the development of cancer.! The most
common types of cancer in Canada are lung, breast, colorectal, and prostate cancer.
Despite over 100 types of cancers, it is accepted that all forms of cancer have many
common physiological alterations. These hallmarks of the disease include dysregulation
of growth signals, resistance to apoptosis, extensive replicative potential, angiogenesis,

metastasis, evading immune destruction, and reprogramming of energy metabolism.>*

1.2 CANCER STEM CELLS

Tumors are composed of diverse cell types with distinct molecular signatures.
These different cancer cells respond with various degrees of sensitivity to certain
therapeutic treatments, and such, tumor heterogeneity poses a challenge for effective
cancer therapies.’ The cancer stem cell (CSC) theory proposes that the heterogeneity of
tumors arises in part from a small subpopulation of cells known as CSCs, which are an
important driver of tumor growth. Existing in an undifferentiated state, CSCs possess
multipotent capacity to differentiate into the heterogeneous cancer cell types that
comprise the bulk of the tumor (Figure 1.1).°® CSCs are also characterized by self-
renewal, a cell division process that gives rise to the same type of cells as the original
stem cell, maintaining the undifferentiated state. During self-renewal, daughter cells
retain the same ability as the parental cell to replicate and thus have the capacity for long-

term proliferation, preserving the CSC population.



CSCs are functionally defined by their ability to self-renew and potential to
differentiate into all the cancer cell types of a tumor. The golden standard assay that
determines CSCs from bulk tumor cells is transplantation into immunocompromised
hosts. Transplantation of CSCs, also referred to as tumor-initiating cells, result in the
formation of a heterogeneous tumor. Moreover, serial transplantation of CSCs will also
develop in vivo tumors that reconstitute to the original tumor composition.®®° The
properties of CSCs, which make them highly tumorigenic, explains their participation in

tumor initiation, maintenance, progression, and metastasis. '’

The emergence of a CSC concept came about in the 1960s, when it was
recognized that teratocarcinomas originate from malignant embryonic cells. These germ
cell tumors were composed of many types of differentiated cells of all three germ layers,
but also contained some undifferentiated cells. The frequency of undifferentiated cells in
a transplanted tumor correlated with the yield of tumors generated.!'!!? The first proof of
CSCs, involving functional characterization of distinct tumor cell subpopulations, was
demonstrated in human acute myeloid leukemia (AML).!? Since then, the existence of
CSCs has been identified in many solid tumors including brain,'* breast,!> colon,!® and
ovarian cancers.!” These assays isolated CSC populations based on cell surface marker
expression and then tested their tumorigenicity in immunocompromised mice. Only the
putative CSCs formed tumors that were phenotypically diverse and reproduced the

composition of the original tumor.

There are two main hypotheses regarding the origin of CSCs. CSCs may develop
from adult stem cells that have accumulated oncogenic mutations as a result of their
prolonged survival in the organism.'® Appearance of malignant mutations were observed
during long-term culture of mesenchymal stem cells, which became tumorigenic. '
Alternatively, CSCs may arise from the dedifferentiation of mature cells that reacquire
stem cell properties through transforming mutations.>*’ In glioma, heptoma, and lung
cancer, conditions of hypoxia or temozolomide treatment induced conversion of non-

cancer stem-like cells (CSLCs) into CSLCs.?!??

CSCs share many traits with ESCs and can be identified by their high expression

of stem cell markers.?* In ESCs, pluripotency is maintained by core transcription factors
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that include Oct4, Nanog, and Sox2.2* Two of these are part of the Yamanaka factors
(Oct4, Sox2, KlIf4, c-Myc), which are a set of proteins capable of reprogramming somatic
cells into a pluripotent state, highlighting their role in the ESC phenotype.?> Oct4,
encoded by the POUSFI gene, is a member of the POU family and has been established
as a master pluripotency factor. Exogenous expression of Oct4 alone is sufficient to
confer pluripotency to adult mouse neural stem cells.?® The pluripotency transcription
factors Oct4, Nanog, and Sox2 regulate early development and orchestrate the cell fate of
ESCs into one of the three germ layers by repressing differentiation towards specific
lineages.?” In CSCs, these transcription factors not only regulate self-renewal, but also
function in inhibiting apoptosis to promote proliferation.?’ Indeed, inhibition of Oct4 in
CSLCs reduces tumor growth and induces apoptosis.?®> An Oct4/Akt regulatory axis
facilitates the interaction of Oct4 with Sox2 to promote the transcription of stemness
genes (POUSF1 and NANOG) and survival gene AKT1.* Mouse 4T1 cells sorted by

Oct4 expression demonstrate that the Oct4"ieh

populations have enhanced stemness
features such as high expression of stem cell markers (CD133, ALDH1) and increased
tumorigenicity in vivo.>® Likewise, Nanog overexpression has been shown to increase the
expression of stemness markers (most notably CD133 and ALDH]1) in cancer cells, and
also plays a role in their tumorigenicity.>' Lastly, Sox2 promotes cell cycle progression in
prostate cancer cells, and inhibits apoptosis through a plausible Ca**-regulating
mechanism.*? Given the oncogenic potential of these pluripotency factors, it is
unsurprising that their overexpression is commonly observed in poorly differentiated
tumors, and that higher expression of Oct4, Nanog, and Sox2 is associated with poorer

clinical outcomes in breast, bladder, and lung cancers.?3-3-3°

CSCs are of particular interest because of the challenge they pose in therapy.
They contribute to chemoresistance, as CSCs are often more resistant to therapeutic
assault than their differentiated counterparts. Conventional cancer treatments target
rapidly proliferating differentiated cancer cells, but CSCs have slower proliferation rates
and are therefore less affected by such methods. Additionally, CSCs are equipped with
other resistance mechanisms such as efflux pumps (which can remove harmful
chemotherapeutics from the cell), increased DNA damage repair (which neutralizes the

genotoxic effects of therapeutic agents) and antiapoptotic proteins (which prevent the
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induction of apoptosis by cytotoxic drugs).'! For example, CD133 positive glioblastoma
CLSCs were found to be less sensitive to various drugs than CD133 negative cells. Their
resistance was associated with increased expression of the multidrug transporter BCRP1,
DNA repair protein MGMT, and anti-apoptotic genes such as Bcl-2 and XIAP.>® Another
multidrug transporter, ABCBS5, was found to be specifically coexpressed with the stem
cell marker CD133 in melanoma cells and associated with doxorubicin efflux transport.
Inhibition of ABCBS significantly reversed the doxorubicin-resistant phenotype and
promoted cell death, demonstrating its role in chemoresistance.?’ In pancreatic cancer, it
was shown that CSLCs have increased expression of the DNA repair gene BRCAI,
translating to an increased ability to repair DNA upon gemcitabine treatment. Moreover,
treating the CSLCs with higher doses of gemcitabine induced further upregulation of
BRCAI levels, highlighting the role of DNA repair activity in chemoresistance.*® Overall,
the increased likelihood of CSCs surviving therapy allows for tumor regeneration and
leads to cancer relapse. Thus, the clinical significance of CSCs in cancer therapy has

prompted much interest into the development of strategies that target CSCs (Figure 1.2).

While the study of CSCs is clearly important to our understanding of cancer
treatment, the field of CSCs is not expanding without some controversy. A deficiency in
the research is lack of standardized functional assays to identify CSCs.!! Depending on
transplantation conditions, there can be a large range in the frequency of cells deemed
able to initiate tumors.** Additionally, CSC also have diverse phenotypes, and thus the
reliance on cell surface markers to isolate CSCs has encountered problems in
reproducibility.!>**4° Moreover, the cellular properties of individual CSCs may not stay
consistent due to the possibility that they may transition between other tumor cell types,
known as plasticity. This implies that the CSC population is dynamic and the
characterization of CSCs in a tumor therefore remains difficult.’*** Despite these
challenges, the study of CSCs is nonetheless important in advancing therapeutic
strategies in cancer. Stemness properties are arguably the features that distinguish more
malignant tumor cells and it is therefore useful to understand the mechanisms that
regulate cancer pathways related to stemness.*’ Such studies have already guided the

discovery of novel therapeutic targets.*! Through ongoing investigations on the role of



CSCs in cancer, we can clarify the therapeutic value of targeting CSCs and develop

improved strategies for better clinical outcomes.*
1.3 CANCER METABOLISM

Under normal homeostatic conditions, several metabolic pathways regulate cell
growth. Depending on the availability of nutrients, these metabolic pathways coordinate
to control the conversion and incorporation of nutrients into forms of molecules that
support cell growth and proliferation.** Additionally, cells also require energy, commonly
in the form of adenosine triphosphate (ATP), in order to proceed with the necessary
metabolic reactions for survival. One of the distinguishing characteristics of cancer is
dysregulated cellular energetics. Because cancer cells proliferate quickly, they require
more than the basic needs for normal biological processes. In fact, cancer cells require
rapid generation of ATP and increased synthesis of macromolecules to sustain their
growth. In adaptation of these high metabolic demands, multiple molecular mechanisms

in cancer cells are modified to meet their altered needs.*?

Various molecules such as lipids and proteins can be used to supply energy, but
glucose and its intermediates are the central molecules in energy metabolism. Glucose is
processed through cellular respiration, which is composed of two energy-harvesting
stages: glycolysis and mitochondrial oxidative phosphorylation (OXPHOS). Of the two,
OXPHOS is an oxygen-dependent process that is more efficient in producing ATP. Thus,
normal differentiated tissues primarily rely on OXPHOS. However, glycolysis remains an
important pathway as it is closely linked to OXPHOS and can occur without oxygen,
enabling the continuance of energy production under anaerobic conditions. When oxygen
is scarce, cells are limited to glycolysis for ATP production, known as anaerobic cellular
respiration.* In the 1920s, it was interestingly noted by Otto Warburg that cancer cells
preferentially generate their energy via the more inefficient glycolytic pathway
irrespective of oxygen availability. This aerobic glycolysis is thought to have several
beneficial functions for cancer cells, including rapid ATP synthesis to compete for
limited glucose, and diversion of glycolytic intermediates into biosynthesis pathways
such as the serine biosynthetic pathway and the pentose phosphate pathway, which

generate molecules required for proliferation.*> While the proliferation of normal cells is
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controlled by growth factors that regulate nutrient uptake from the environment, cancer
cells have mutations that constitutively upregulate pathways involved in growth, allowing

for aberrant metabolic processes to support their uncontrolled proliferation.*

A key pathway regulating both glucose metabolism and growth is the
phosphoinositide 3-kinase (PI3K) signaling pathway. PI3K and its downstream molecules,
Akt and mammalian target of rapamycin (mTOR), must be activated by growth factors in
normal cells but are aberrantly activated in cancer cells.***® In fact, Akt is frequently
overexpressed in cancers, and different aspects of its signaling pathway have been
targeted for therapy.*’ Akt is activated by phosphorylation and stimulates glucose uptake
and glycolysis through mTOR signaling. mTOR stimulates hypoxia-inducible factor 1
(HIF1) which shifts the cell towards glycolysis by regulating the expression of many
glycolytic enzymes and glucose transporters (GLUT1 and GLUT3).43%¢ Additionally,
HIF1 increases the expression of c-Myc, which is another master transcription factor
capable of affecting glycolysis via the regulation of hexokinase 2 (HK2) and pyruvate
dehydrogenase kinase 1 (PDK1).4*46 HK2 converts glucose to glucose-6-phosphate in the
irreversible step of glycolysis and is a key enzyme for the Warburg effect,***® while
PDK1 inhibits pyruvate dehydrogenase (PDH), which is the rate-limiting enzyme that
controls the entry of pyruvate into the TCA cycle for oxidative metabolism.** PDK1 thus
promotes glycolytic metabolism in cancer cells. The final step in glycolysis is catalyzed
by pyruvate kinase, and its M2 isoform (PKM?2) has tumorigenic functions that promote
Oct4, HIF1, c-Myc, and mTOR, contributing to the Warburg effect.’® Aside from
metabolism, Akt is a central molecule in pathways for several other processes. Akt plays
a role in survival by suppressing proapoptotic factors and downregulating p53.#7 It
promotes cell cycle progression by antagonizing cell cycle inhibitors and increasing the
expression of cyclins.*” Through mTOR, the PI3K signaling pathway regulates
macromolecular biosynthesis for cell growth and proliferation; mTOR promotes

ribosomal biogenesis and protein translation when amino acids are available.’!

Under nutrient-rich conditions, mMTOR favors the synthesis of proteins by
suppressing autophagy. Autophagy is an evolutionarily conserved process that degrades

and recycles cytoplasmic material to supply the cell with metabolic intermediates. When



growth conditions lack nutrients, mTOR will be downregulated to allow for the
autophagy machinery to activate.’! Autophagy is upregulated during times of nutrient
stress but it is also responsible in maintaining housekeeping duties to eliminate protein
aggregates and damaged organelles. The multistep process of autophagy begins with the
formation of a double membrane, called the phagophore, which engulfs cellular
constituents to be degraded. Formation of the phagophore is mediated by autophagy-
related gene (ATG) complexes which are conjugated in an ubiquitin-like system.
Microtubule-associated protein light chain 3 (LC3) plays a role in capturing the targets
for degradation, and is also processed before it is inserted into the phagophore membrane.
Full length LC3 is cleaved into LC3-I and then conjugated to phosphatidylethanolamine
(PE) to generate LC3-II. The ATG complexes recruit LC3-II to the phagophore before
they dissociate from the completed autophagosome (Figure 1.3). LC3-II can selectively
interact with degradation targets bound to an adaptor molecule such as p62/SQSTMI.
The autophagosome and its cargo finally fuse with the lysosome to form the

autolysosome, leading to proteolytic degradation of the constituents (Figure 1.4).%2

In cancer, the role of autophagy has been controversial. Autophagy can serve as a
mechanism to sustain the survival of cancer cells during times of metabolic stress, and
can provide the necessary materials for anabolic reactions in the metabolically active
cancer cells.” It was reported that breast CSLCs express higher levels of the autophagy
protein Beclin-1, and exhibit increased autophagy flux than non-stem-like cancer cells.
Silencing of Beclin-1 reduced the self-renewal ability and tumorigenicity of CSLCs,
supporting the role of autophagy as a tumor survival mechanism.>* Along similar lines,
autophagy inhibition in glioblastoma CSLCs impaired migration and invasion,
highlighting its role in mediating a more aggressive phenotype.>> Another report showed
that in colorectal CSLCs, oxaliplatin-induced autophagy helped protect stemness and
prevent apoptosis.’® On the other hand, autophagy can also result in cell death by
sensitizing cells to apoptosis or act as an alternative to apoptosis due to excessive self-
degradation.>**” It was reported that treatment with rottlerin in pancreatic CSLCs induces
autophagy and leads to cell death.® Interestingly, Beclin-1 was shown to play a dual role
as it inhibits the tumorigenesis of non-stem-like cancer cells.**> On yet another note, it

appears that a critical balance of autophagy activity may be required to maintain the
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stemness of embryonic carcinoma CSLCs.%° Overall, it is evident that more research on
autophagy in cancer needs to be performed to clarify its role, which is likely to be

context-dependent.
1.4 NICOTINAMIDE ADENINE DINUCLEOTIDE (NAD*)

Nicotinamide adenine dinucleotide (NAD") is classically known as a coenzyme
for oxidoreductases, where it is used for hydride transfers during biochemical reactions.
Along with its reduced form, NADH, NAD" performs important redox functions that are
required in essential metabolic activities, such as the generation of ATP. During
glycolysis, NAD" is reduced by glyceraldehydes-3-phosphate dehydrogenase (GAPDH)
to convert glyceraldehyde-3-phosphate (G3P) to 1-3-biphosphoglycerate (1,3-BPG).
Additional NAD" molecules are also reduced through the tricarboxylic acid (TCA) cycle
to form certain TCA cycle intermediates. The NADH produced from these reactions is
then oxidized by Complex I in the electron transport chain (ETC) to generate a proton
motive force across the inner mitochondrial membrane (Figure 1.5). ATP synthase then

harnesses the chemiosmotic gradient and produces ATP via oxidative phosphorylation.®!

The participation of NAD" in redox reactions involves conversions between its
oxidized and reduced form, whereby total levels of the coenzyme remain unchanged.
However, it was discovered that a turnover of NAD" indeed occurs in cells, detected by a
gradual decline in NAD" levels.®? The breakdown of NAD" suggested that the molecule
had additional roles beyond that of a coenzyme. In later years, NAD" was identified to
act as a substrate for different classes of enzymes: poly-ADP-ribose polymerases
(PARPs), cyclic-ADP-ribose (¢cADPR) synthases, and sirtuins (SIRTs).%*%* NAD" is
composed of two mononucleotides, nicotinamide mononucleotide (NMN) and adenosine
monophosphate (AMP).®> PARPs PARylate target proteins by cleaving and transferring
the ADP-ribose moiety of NAD", leaving nicotinamide (NAM) as a by-product. They
mediate DNA repair, chromatin remodeling, DNA replication, cell death, and metabolism.
cADPR synthases use NAD" to produce cADPR, a secondary messenger involved in Ca?*
mobilization, cell cycle, and insulin signaling. SIRTs are lysine deacetylases that have a
broad scope of physiological roles, including the regulation of metabolism and

longevity.®! Through the activity of these enzymes which depend on the consumption of

8



NAD*, NAD" itself plays a crucial role in a wide range of signaling pathways and

cellular activities.

Since NAD" is such a central molecule in regulating cellular processes and
maintaining homeostasis, NAD" is also implicated in several diseases such as diabetes,
obesity, and cancer. In particular, much of the original interest in NAD" biology stemmed
from its link to aging.®! The hallmarks of aging include depletion of the stem cell
population, genomic instability, and senescence. Senescence is a cell cycle arrest process
where cells lose their proliferative potential.®® The decline of cellular function that occurs
during aging increases the vulnerability of cells to pathologies including diabetes and
cancer.’” Research in various species have shown that NAD" levels decline with age,
whereas NAD" levels rise during health-benefiting activities such as exercise.
Additionally, enhancement of NAD" levels via supplementation with precursors prolongs

the lifespan of multiple species,®!*%

and improves the phenotypes of aging in mouse stem
cell models.®’ These effects occur in a SIRT1-dependent manner, and it is worth noting
that of the NAD"-dependent enzymes, only SIRTs have been consistently linked with cell
survival and longevity, where they regulate many NAD*-mediated control of aging.®* As
such, SIRTs have also been the interest of much research and their roles in cellular

processes are described in the following section.
1.4.1 NAD* Synthesis Pathways

Since NAD" is continuously consumed by enzymes during regulation of various
cellular processes, the regeneration of NAD™ levels via biosynthetic pathways is crucial

for the maintenance of cellular homeostasis (Figure 1.6).

De novo pathway: Biosynthesis of NAD™ is accomplished through multiple
routes in mammals. These routes of NAD" synthesis can be classified as either de novo or
salvage pathways. De novo synthesis of NAD" starts with the essential amino acid L-
tryptophan and proceeds through the kynurenine pathway. In fact, 90% of the cell’s free
tryptophan is metabolized through the kynurenine pathway which leads to production of
NAD, along with intermediates such as kynurenine, 3-hydroxyanthranilic acid,

quinolinic acid (QA), kynurenic acid, and picolinic acid.”®’! In the first and rate-limiting



step of the pathway, tryptophan is converted to N-formylkynurenine by the action of
indoleamine 2,3-dioxygenase (IDO) or tryptophan dioxygenase (TDO), localized in the
cytoplasm.”>”* After a series of subsequent enzymatic conversions, a-amino-f-
carboxymuconate-g-semialdehyde (ACMS) is formed at a branch point in the pathway.
At this point, ACMS may be diverted from NAD" synthesis by ACMS decarboxylase
(ACMSD). The decarboxylation of ACMS to a-amino-B-muconate-g-semialdehyde
(AMS) can route it towards a spontaneous reaction to produce picolinic acid, or can lead
to its complete oxidation via the glutarate pathway and TCA cycle. Alternatively, ACMS
can be directed towards the NAD" synthesis pathway, where it spontaneously undergoes
cyclization to form QA (Figure 1.7). Therefore, the formation of QA is inversely
correlated with ACMSD activity, which exerts a major regulatory mechanism on the de
novo pathway.®' Once QA has been committed to the NAD" synthesis pathway, it is
converted by quinolinic acid phosphoribosyltransferase (QAPRT) to nicotinic acid
mononucleotide (NAMN). QAPRT is the second rate-limiting enzyme of the de novo
pathway and is most highly expressed in the liver and kidney.”* NAMN is then
adenylated to nicotinic acid adenine dinucleotide (NAAD) by one of the three
nicotinamide mononucleotide adenylyl transferase isoforms (NMNAT1-3). NMNATI is
localized in the nucleus, NMNAT?2 in the cytoplasm and Golgi, and NMNAT3 in the
mitochondria. Finally, the last step in the de novo pathway involves amidation of NAAD

to NAD" by NAD" synthetase (NADS).%!:7

Salvage pathways: Although most cells can synthesize NAD" de novo from
tryptophan, the main source of NAD™ is supplied by salvage pathways that synthesize
NAD" from dietary vitamin B3, or niacin, as precursors. The NAD" salvage pathway has
several possible starting metabolites: NAM, nicotinic acid (NA), and their nucleoside
derivatives, nicotinamide riboside (NR) and nicotinic acid riboside (NAR). Each of these
precursors is converted to either NMN or NAMN as intermediates in the NAD*
pathway.”*7677 Fittingly, NAM is also the by-product of NAD"-consuming reactions and
is therefore more readily available to be used as a NAD" precursor. The recycling of
NAM to synthesize NAD" makes the salvage pathway more direct and more economical
than other pathways. In the classical salvage pathway, NAM is catalyzed by the rate-
limiting enzyme nicotinamide phosphoribosyltransferase (NAMPT) to NMN, which is
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then adenylated to NAD" by NMNATSs. NAMPT is localized in the cytosol and
nucleus.” In the Preiss-Handler salvage pathway, the precursor NA is first converted to
NAMN by nicotinic acid phosphoribosyltransferase (NAPRT) in the cytosol or nucleus.
NAMN can then converge with the de novo pathway, where it is converted to NAAD and
then to NAD".”%” Synthesis of NAD" from NR or NAR is catalyzed by the rate-limiting
NR kinases (NRK1 and NRK?2) in the cytosol, which phosphorylate the precursor to
NMN or NAMN, respectively. These intermediates are then metabolized via the salvage

pathways as described above.5!7677

1.5 THERAPEUTIC POTENTIAL OF NAD* MODULATION

From the diverse applications of NAD" as an intervention against diseases,
several therapeutic strategies emerged and have undergone or are undergoing clinical
trials. Two precursors of NAD', NR and NMN, are currently being tested for the
augmentation of NAD" levels to treat or prevent various age-related conditions such as
diabetes and cardiovascular disease.®® For cancer treatments, targeting NAD" has been an
attractive strategy given that many aberrant cellular processes in cancer rely on NAD".
Therapies have been developed on the basis of targeting NAD™ synthesis directly, or

modulating cellular activities surrounding NAD", such as NAD"-dependent enzymes.
1.5.1 Targeting NAD* Synthesis for Cancer Therapy

There is accumulating interest in therapeutics targeting NAD™ for the treatment of
cancer. This strategy emerged from the rationale that the increased metabolic activities of
cancer cells should make them susceptible to modulations interfering with metabolism.
Early NAD -interfering compounds such as tiazofurin and selenazofurin acted as NAD"
analogues, which directly affected energy metabolism and caused general cytotoxicity.®!
Later, inhibitors of NAD" synthesis were identified, such as the specific and potent first-
generation inhibitors of NAMPT, FK866 and GMX1778 (CHS828). GMX1778
decreased NAD" levels in HeLa cells and caused cell death, while exogenous addition of
either NMN or NA, to restore NAD" levels, rescued GMX1778-mediated effects.®
Because NAMPT inhibitors affects the production of NAD", the time course of their

action consists of a gradual depletion of cellular NAD" content as the existing supply is
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exhausted in NAD"-hydrolyzing reactions. Since cancer cells have, in addition to higher
energy demands, increased activity of SIRTs or PARP, their depletion of NAD" would
occur at a faster rate upon inhibition of NAMPT.?! Indeed, reduction in NAD" levels
caused by NAMPT silencing decreased the growth rate of colon cancer cells, an effect
which could be reversed by the addition of extracellular NMN, and which was mediated
by SIRT1 and PARP1.% In prostate cancer cells too, SIRT1 function seemed to be
involved in the downstream effects of NAMPT knockdown.?* In another study using
pancreatic cancer cells, it was reported that reduction of NAD" levels by FK866 resulted
in cell death. Here, the detrimental effects of reduced NAD™ levels were caused by
disruption of redox status in glycolysis and a collapse in energy. Meanwhile, SIRT1 and
PARP1 did not play significant roles in mediating the effects of FK866.%° Regardless of
the mechanisms behind the effects of NAD" inhibition, it is recognized that NAD™ is a

crucial molecule in multiple physiological pathways that are important for carcinogenesis.

To modulate NAD" levels, targeting the NAD"-synthesizing enzymes is necessary.
While inhibition of the enzymes in the de novo NAD" synthesis pathway has been studied
as a therapeutic strategy, they are targeted primarily as an immunotherapy and not for the
purpose of limiting NAD" production. The expression of IDO and other de novo enzymes
has been reported to vary across cancers, but more interestingly, the endogenous IDO
pathway is often hijacked by tumors to induce immune tolerance.3¢® Instead of the de
novo pathway, cancers depend heavily on the salvage pathways. Since the predominant
precursor for NAD" synthesis is NAM, inhibitors of the enzyme NAMPT have been
extensively studied as anticancer drugs that decrease NAD" levels. NAMPT is found in
most tissues and is commonly overexpressed in cancers, including colorectal, ovarian,
breast, gastric, and prostate.®**° In some malignancies, expression of NAMPT further
correlates with tumor aggressiveness, chemoresistance, and poor prognosis.®* The
oncogenic role of NAMPT has also been associated with CSC properties, whereby
NAMPT promoted CSC-like phenotypes including expression of CSC markers,
pluripotency, and the ability of cells to form tumorspheres.®** Unfortunately, the
promising results that NAMPT inhibitors displayed in preclinical trials were not matched
in clinical trials. Phase I clinical trials reported that administrations of APO866 (FK866)
or GMX1778 (CHS828) were relatively well-tolerated, with common adverse events of
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gastrointestinal symptoms and a dose-limiting toxicity of thrombocytopenia. However,
no objective tumor regression was observed, although some patients showed stable
disease after therapy.’'”> APO866 continued to be tested in Phase II clinical trials for

treatment against lymphomas, but similarly showed lack of efficacy.”?
1.5.1.1 NAPRT in Cancer

NAPRT is a homodimer protein that localizes to both the cytoplasm and
nucleus.”®* Until recently, studies surrounding NAPRT have focused on the absence of
NAPRT in certain cancer cells in order to exploit their susceptibility to NAMPT
inhibitors. In efforts to increase the therapeutic index of NAMPT inhibitors, researchers
proposed the use of NA, an alternative NAD" precursor. It was hypothesized that
supplementing exogenous NA during NAMPT inhibition allows cells to bypass the
classical salvage pathway blockade and synthesize necessary NAD" via NAPRT, the
enzyme of the Preiss-Handler pathway. This rescue is only possible in cells that express
NAPRT and could help to protect normal tissues from the cytotoxicity of NAMPT
inhibition. Opportunely, a significant number of cancers were identified to be deficient in
NAPRT, including some lymphomas and neuroblastomas.®**>% Thus, co-administration
of NA during NAMPT inhibition in cancers lacking NAPRT can increase the tolerability
of the drug without diminishing its antitumor effects. It was shown in certain NAPRT-
deficient cancer cell lines that supplementation of NA did not protect against GMX1778
or APO866 cytotoxic effects. Moreover, xenograft mice treated with a lethal dose of
NAMPT inhibitor also showed reduced mortality in the presence of NA, thus implicating
that higher clinically effective doses of NAMPT inhibitors can be more safely
administered.?>”” However, the rescue strategy still requires further investigation as there
seems to be differences in the efficacy of co-dosing between in vitro and in vivo models.
One study found that co-treatment with NA did not protect NAPRT-deficient A2780
ovarian cancer cells from APO866-induced death in vitro; however, co-treatment in
A2780 xenografts reduced the antitumor effects of APO866 in vivo.”” Similarly, another
study compared the in vitro and in vivo efficacy of the co-treatment strategy in multiple
NAPRT-deficient cell lines and patient-derived cell lines. The NAMPT inhibitors, GNE-

617 and GNE-618, remained effective in inhibiting the proliferation of cancer cells
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during NA supplementation in vitro, but significantly or completely lost their anti-
proliferative effects in all xenograft models in vivo.”® Therefore, it appears that while
toxicity can be ameliorated by NA supplementation, the beneficial effect is not exclusive

to normal cells and can compromise the antitumor effects of NAMPT inhibition.

Despite the considerable number of studies in the context of NAPRT-deficient
cancers, one recent paper from Piacente et al. has emerged which focuses on the role of
NAPRT itself in cancer. Importantly, although NAM is the by-product of NAD"-
consuming reactions and is therefore more readily available to be used by NAMPT for
NAD" synthesis, NA is more efficiently used by NAPRT to increase NAD™ levels. This
could be due to the fact that unlike NAMPT, NAPRT is not subject to feedback inhibition
by NAD" and can thus continuously contribute to rising NAD" levels when supplemented
with NA.** The NAPRT enzyme is therefore a crucial provider of cellular NAD",
especially in tissues that highly express NAPRT, such as the liver, kidney, heart, and

small intestine.®*

In contrast to the studies that noted the lack of NAPRT in cancers, Piacente et
al.”” showed that a significant number of cancers actually have amplified NAPRT
transcripts and increased NAPRT expression. These included ovarian, pancreatic,
prostate, and breast cancers. They focused on endogenous NAPRT-overexpressing
ovarian and pancreatic cancer cells. While NAPRT knockdown or FK866 treatment alone
depleted NAD" levels, cell viability only decreased when NAPRT knockdown was
combined with FK866. This was likely due to the varying extents of NAD" depletion in
the single treatments, which were insufficient to affect cell viability. The survival of
xenograft mice bearing tumors with silenced NAPRT was significantly increased when
they were treated with FK866, and despite the in vitro results, mice injected with NAPRT
knockdown cells exhibited a trend in increased survival compared to those injected with
control cells. NAPRT knockdown in BRCA-deficient cancer cells decreased their ability
to form colonies after MMS-induced DNA damage, suggesting that NAPRT plays a role
in PARP-mediated DNA repair mechanisms through provision of NAD".*’ Furthermore,
the role of NAPRT in promoting OXPHOS and ATP production was also examined.”
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Concluding from the results of the investigation, the authors proposed that NAPRT is an
attractive target to sensitize cells to NAMPT inhibitors or DNA damaging agents.”

1.5.2 Targeting NAD*-Dependent Enzymes for Cancer Therapy

Related to NAD", other therapies have focused on directly targeting NAD"-
utilizing enzymes due to their links to cancer. PARP has been an attractive target for
cancer therapy, given its role in DNA repair. Spontaneous mutations that occur during
cellular replication are normally resolved by genome maintenance systems. If mutation
rates are increased by mutagenic agents or as a result of defective DNA repair machinery,
cells will acquire successive genome mutations and eventually become cancerous.®> While
genetic instability enables the transformation of cancer cells, it has also been shown that
patient samples of hepatocellular carcinoma tissues have increased expression of PARP,
likely as a survival mechanism.'® The viability of PARP~" mice show that PARP can be
dispensable for normal activity, but PARP is crucial for cell survival upon DNA
damage.'! Similarly, BRCA-deficient cancer cells are defective in the homologous
recombination pathway of DNA repair and are highly dependent on PARP for
maintaining genome stability. Thus, treating BRCA-deficient cancer cells with PARP
inhibitors increases genome instability and causes apoptosis.'®> Moreover, tumor cells
that are resistant to DNA-damaging chemotherapies, such as cisplatin, often display
increased DNA repair activity as a response.'®! For this reason, PARP inhibition has been
a focus in cancer treatment strategies, and several inhibitors have been developed. These
inhibitors are currently in clinical trials for use as both monotherapy and combination

therapy.'??
1.5.2.1 Sirtuins

Another reason that targeting NAD" in cancer is of interest is because such
modulation will inevitably affect SIRTs. SIRTs have many implications in cancer and
although a few pharmaceuticals have been developed, there remains some uncertainty
regarding the oncogenic or tumor suppressor nature of SIRTs due to their complex

roles.'®3
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Sirtuins are class III deacetylases that remove acetyl groups from lysine residues
on histones and non-histone proteins. They have an evolutionarily conserved catalytic site
and differ from other deacetylases due to their dependence on NAD" for activity.'%
Meanwhile, other classes of histone deacetylases (class I, II, and IV) require a zinc ion to
function and are categorized according to their sequence similarities.!% In a two-step
deacetylation reaction, SIRTs first hydrolyze NAD" before transferring the acetyl group
onto ADP-ribose to form O-acetyl-ADP-ribose and release NAM.!** There are seven
mammalian SIRTs (SIRT1-7), some of which possess additional catalytic activities.
SIRT4 and SIRT6 have ADP-ribosyltransferase activity, while SIRTS has desuccinylase,
demalonylase, and deglutarylase activity. As such, SIRTs participate in a wide range of
post-translational modifications and are prominent regulators of cellular processes. SIRTs
are distributed throughout the cell, with SIRT3-5 located in the mitochondria, SIRT2 in
the cytoplasm, and SIRT6-7 in the nucleus. SIRT1 is predominantly found in the nucleus,
where it regulates many known gene targets, but it can also shuttle to the cytoplasm.
Even in extranuclear locations, SIRTs are able to regulate gene expression via the

modification of transcription factors.°!

SIRT1: SIRT1 was the first SIRT discovered in yeast, where its longevity-
promoting effects garnered a lot of interest.!*® The link of SIRT1 to aging is still unclear
but it seems that SIRT1 influences lifespan by mediating the effects of NAD™. Thus, its
reduced activity in aging cells is likely due to the concomitant decrease in NAD",1%6:197
SIRT1 is the most well-characterized SIRT and extensive studies have demonstrated its
role in cancers, where it regulates processes such as proliferation, differentiation, cell
survival, metabolism, and DNA repair.!%*!% Targets of SIRT1 modification include
proteins involved in tumorigenesis such as the signaling molecule c-Myc and
transcription factors p53 and p73. SIRT1 is notably known for deacetylating and
deactivating the tumor suppressor p53, the effects of which are inhibition of p53-
dependent apoptosis. SIRT1 overexpression is observed in lung, colon, and liver cancers,
where it stabilizes and increases the level of c-Myc to promote cell proliferation.
Expression of SIRT1 in breast cancer specimens is also associated with poor prognosis.
Accordingly, SIRT1 was considered as a tumor promoter, but its role in cancer has since

revealed itself to be more controversial.'®® Expression or induction of SIRT1 in mouse
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models reduces the incidence and progression of tumor formation in various studies,
while reduced SIRT1 expression increases metastasis of HMLER breast cancer cells in
nude mice. SIRT1 negatively regulates survivin, an apoptosis inhibitor that promotes
growth in BRCA 1-associated breast cancers which have lower SIRT1 levels. More recent
studies showed that SIRT1 level is decreased in some human cancers, and another study
showed that SIRT1 level in breast cancer patients is associated with better prognosis.
Hence, the role of SIRT1 remains complex, in part because many of its substrates are also
its regulators; SIRT1 is repressed by p53 under normal conditions, and consumption of

NAD" generates the bi-product NAM, which exerts end product inhibition on SIRT1.°!

SIRT?2: SIRT2 is mainly a cytoplasmic deacetylase with many substrates. It
regulates enzymes involved in cell cycle and activates glucose-6-phosphatase
dehydrogenase (G6PD) from the pentose phosphate pathway. Similar to SIRT1, there is
evidence to suggest it serves as both a tumor suppressor and promoter. Mice that are
SIRT2-deficient develop HCC or mammary tumors. Conversely, the upregulation of
SIRT2 in neuroblastoma cells and pancreatic cancer cells stabilizes the Myc oncoprotein,
and SIRT2 downregulation results in apoptosis of cervical carcinoma HeLa cells.!%%1%

Pharmacological inhibition of SIRT2 by AK-1 leads to cell cycle arrest and degradation

of epithelial-mesenchymal transition (EMT) marker Snail.''°

SIRT3-5: SIRT3 is present in the mitochondrial matrix and is thus in the ideal
location to regulate cellular energy metabolism through the deacetylation of major
mitochondrial enzymes involved in cellular respiration ATP production. SIRT3 inhibits
the generation of reactive oxygen species, which protects against cancer, as seen by
SIRT3-null mice that develop tumors. SIRT4 is also located in mitochondria, and is
involved in similar functions as SIRT3, regulating fatty acid oxidation and NAD" levels.
Its expression is observed to be reduced in several types of cancers, proposing it as a
tumor suppressor. SIRTS can additionally regulate metabolic pathways through its
demalonylase and desuccinylase activity to positively regulate glycolysis, and is involved
in the urea cycle. While SIRTS has not been extensively studied in cancer, its
overexpression in lung cancer and association with poor outcomes suggest that it may act

as an oncogene.'%
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SIRT6: SIRT6 resides in the nucleus where it has been linked to promote lifespan
as SIRT6-deficient mice die prematurely of age-related conditions. Its downregulation in
colon cancers correlates with poor prognosis, but it increases tumor aggressiveness in
breast and pancreatic cancers. Nevertheless, SIRT6 is commonly regarded as a tumor

suppressor as it exhibits aerobic glycolysis-inhibiting effects via repression of HIF1a.!%

SIRT7: SIRT7, one of the lesser studied SIRTs, is a nuclear deacetylase that is
enriched in the nucleolus, where it regulates ribosomal RNA expression and is implicated
in supporting protein synthesis for proliferating cells.!'! Under normal circumstances,
SIRT7 promotes ribosome biogenesis and activity, which can fuel cancer cell growth.
However, during endoplasmic reticulum (ER) stress in cancer cells, SIRT7 helps in the
unfolded protein response (UPR) by repressing the transcription of ribosomal proteins
and thereby preventing stress-induced apoptosis.!!! In U20S cells and gastric cancer cells,
SIRTY7 is required for survival as knockdown of SIRT7 induces apoptosis.!?!!2 Other
stress-adapting pathways in which SIRT7 is involved include the regulation of HIF1.
SIRT7 is overexpressed in colon, kidney, ovarian, breast, and prostate cancers,
correlating with the expression of other oncogenes.'%1% In colorectal cancer, SIRT7
knockdown decreased cell proliferation, while SIRT7 overexpression induced EMT and
invasion in vivo.'!® Similarly, xenografts of SIRT7-depleted U251 and Hep3B cells are
dramatically less tumorigenic in vivo, positioning SIRT7 as an oncogene.!''! However, the
potential for SIRT7 to pose as a therapeutic target remains unclear as SIRT7 also
executes beneficial health effects. SIRT7 deficiency is associated with aging phenotypes

and SIRT7 can prevent fatty liver pathology via alleviation of ER stress.!!!
1.6 RESEARCH RATIONALE

Given the altered metabolic properties of tumor cells which support their high
energy demands for rapid cell proliferation, the modulation of cancer metabolism is an
attractive anticancer therapeutic strategy. Moreover, recent studies showed that the
metabolic profiles of CSCs and non-CSCs also differ, whereby CSCs rely even more
heavily on glycolysis than other tumor cells.''* Glycolysis requires the redox molecule
NAD" which is synthesized via three main pathways: the de novo pathway, salvage

pathway, and Preiss-Handler pathway. Much research has been conducted on the rate-
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limiting enzyme of the classical salvage pathway, NAMPT, to target NAD" synthesis in
cancer cells. Unfortunately, inhibitors of NAMPT have shown disappointing efficacy in
clinical trials, possibly due to the continued availability of NAD" supplied via other
pathways. To improve the strategic treatment of NAD" modulation, researchers are
beginning to expand their investigations on better understanding the other NAD"-
synthesizing enzymes. NAPRT is the rate-limiting enzyme of the Preiss-Handler pathway

and has scarcely been studied as a target for cancer therapy.

Moreover, the role of NAPRT in the context of CSLCs has never been studied,
and my involvement in two separate works conducted during my Master’s degree has
highlighted that CSLCs and bulk tumor cell responses can vary drastically, with
important clinical implications. In our recently accepted Autophagy paper, we uncovered
that HDAC®6 has a differential role in regulating autophagy in CSLCs and differentiated
cells. Additionally, knockdown of HDAC6 promoted cell death in differentiated cancer
cells but not in CSLCs. In a second paper, which is currently undergoing revisions for
Clinical Cancer Research, we demonstrate an unexpected role of TAp73 in CSLCs.
TAp73 is a tumor suppressor that belongs in the well-known p53 family, but in CSLCs,
TAp73 contributes to the maintenance of stemness properties. Thus, cancer treatments
aiming to modulate TAp73 are not likely to affect the CSLC population significantly and
can lead to chemoresistance. With these distinctions between CSLCs and bulk tumor
cells in mind, it is warranted that research on NAPRT does not neglect to study its role in
the context of CSLCs. I hypothesized that NAPRT has important functions in cancer cells
and CSLCs, which could be exploited for therapeutic modulation. The purpose of my
research was to explore the role of NAPRT in CSLCs and examine its mechanisms of

action.

This research was undertaken with three models of CSLCs: the NT2/D1
embryonal carcinoma cells (ECCs), the HMLE-based breast cancer progression model
(Figure 1.8), and CD133" patient-derived brain tumor-initiating cells. In investigating the
effects of NAPRT in multiple CSLC models, my research anticipates the purposing of
NAPRT as a novel target in cancer therapy. As well as the use of these CSLCs, other

heterogeneous cancer cell lines were also used to serve as a basis for comparison.
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1.6.1 Characterization of Models

1. Poorly differentiated tumors have an ESC-like signature that make ECCs a good
model to study CSCs at the embryonic stage.!!!'>"!'8 ECCs are the malignant
stem cells of teratocarcinomas, which are germ cell tumors that contain
undifferentiated stem cells and their differentiated derivatives. Teratocarcinomas
are distinct from benign teratomas which do not contain ECCs and are composed
of only somatic tissues.'!” The stemness of ECCs has been demonstrated in vivo,
where the undifferentiated core of teratocarcinomas can be successfully serially
transplanted to generate tumors.!'!:1?%!2! In addition to their tumor-initiating ability,
ECCs can also differentiate into somatic cells of all three germ layers.'?>!23 The
NT2/DI cell line is one of the most studied ECC line and is commonly used as a
embryonal carcinoma stem-like cell (ECSLC) model.?%12#127 NT2/D1 is a
subclone derived from a nude mouse xenograft of the TERA2 line, which was
isolated from a metastasized testicular teratocarcinoma.!'?® They harbor high levels
of pluripotency stem cell markers such as Oct4, Nanog, and Sox2, resembling the
ESC pluripotency gene signature which is linked to poorly differentiated tumors
and poor prognosis. Also, they have been shown to differentiate into all three

germ layers, 128130

2. The human mammary epithelial (HMLE)-based CSLC model includes a transition
of cells from normal-to-transformed-to-stem-like cancer cells through the
acquisition of specific genes. Primary human mammary epithelial cells (HMECs)
were immortalized by ectopic expression of SV40 large T-antigen and the
catalytic subunit of human telomerase reverse transcriptase (W'TERT). The non-
tumorigenic immortalized mammary cell line is termed HMLE and represents a
normal cell line with epithelial characteristics.!*! HMLE cells were transformed to
tumorigenic cancer cells through ectopic expression of oncogenic H-RASC!2Y,
termed HMLER. Further silencing of E-cadherin in HMLER cells was shown to
induce EMT and generate stem-like cells with significantly increased

tumorigenicity. These HMLER-shEcad cells acquired a CD44"/CD24!°v
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expression pattern that is associated with breast CSCs and were proficient at

metastatic dissemination, whereas HMLER cells were nonmetastatic.!3?-13

Patient-derived brain tumor-initiating cells (BTICs) are identified based on their
expression of neural stem cell surface marker CD133.'* The CD133" cells
exhibited stem cell phenotypes such as a lack of neural differentiation markers
and in vivo self-renewal capacity. Xenograft assays injecting as few as 100 BTICs
developed differentiated tumors that resembled the original patient tumor.!#13¢
For in vitro growth, the culturing of BTICs in serum-free conditions has been
established to retain their genotypic and stem cell properties after isolation from

the patient's primary tumor.'*’
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Figure 1.1 Cancer stem cell model of tumor development.

In the CSC model, a subpopulation of tumor cells possesses stemness characteristics of
self-renewal and the ability to differentiate into various cell types. These CSCs, also
known as tumor-initiating cells, are highly tumorigenic and are important in sustaining
tumor growth. Through self-renewal divisions, the CSC pool is maintained, and the

differentiation of CSCs into various cell types gives rise to a heterogeneous tumor.

22



Conventional cancer therapy

Non-CSC CSC

Figure 1.2. Targeting CSCs to suppress chemotherapy resistance and cancer relapse.
Conventional cancer therapies are designed to target rapidly proliferating bulk tumor
cells. However, CSCs have properties that make them generally more resistant to the
therapeutic treatments that are effective against differentiated cancer cells. The survival
of CSCs after treatment enables regeneration of tumors. Hence, many therapies are
ultimately unsuccessful and result in the recurrence of cancer. For this reason, there is
currently a focus in developing CSC-specific therapies to eradicate the source of tumor

initiation for successful tumor regression.
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Figure 1.3. Autophagy induction and autophagosome formation.

During nutrient starvation, the PI3K pathway responds by inactivating mTOR complex 1
(mTORC]1).!*® This releases the inhibition of ULK 1, which forms a complex with
ATG13 and FIP200."%° The ULK complex then activates Beclin-1, which forms a
complex with Vsp34, Vpsl15, ATG14, and UVRAG. This complex functions in initiating
autophagosome formation, and also activates the ATG proteins.!3%!4’ The ATG proteins
are processed in a ubiquitin-like system, where ATG7 activates ATG12 and transfers it to
ATG10, which links ATG12 to ATGS and ATG16. The ATG complex associates with
the phagophore and is responsible for its maturation. In another ubiquitin-like system,
LC3 is cleaved by ATG4 to LC3-I, which is transferred by ATG7 and ATG3 to PE,
forming LC3-II. The ATG complex recruits LC3-II to the phagophore before dissociating

from the mature autophagosome. '’
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Figure 1.4 Schematic of autolysosome formation and degradation during autophagy.
Isolation membrane begins to form for the engulfment of cargo. Processed LC3A/B-I1
associates with the autophagosome membrane to mediate its curvature. Adaptor protein
p62/SQSTMI links the cargo to the autophagic machinery. Autophagosomes fuse with
lysosomes and are degraded by lysosomal hydrolases, resulting in turnover of LC3A/B-II
and p62/SQSTMI1. Chloroquine inhibits autophagic degradation of autophagosome
contents, thus resulting in increased accumulation of autophagy proteins to assess for

autophagy flux.
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Figure 1.5. Role of NAD" in metabolism.

NAD" is used in glycolysis by GAPDH, to convert G3P to 1,3-BPG. NAD" can be
regenerated by lactate dehydrogenase (LDH) during lactic acid fermentation, which
converts pyruvate to lactate. Pyruvate which is shuttled to the mitochondrial matrix is
converted to acetyl CoA by PDH, using NAD". Acetyl CoA enters the TCA cycle, which
is used by isocitrate dehydrogenase (IDH), a-ketoglutarate dehydrogenase (KGDH), and
malate dehydrogenase (MDH) to produce NADH from NAD*. NADH is then used in the
ETC by Complex I to generate a proton motive force for the production of ATP.
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Figure 1.6. NAD" biosynthesis pathways.
NAM is converted to NMN by the action of NAMPT. NR or NAR is converted to NMN
or NAMN respectively by the action of NRK. In the Preiss-Handler pathway NA is

converted to NAMN by the action of NAPRT. NAD is synthesized de novo by
converting Trp to QA which is then converted to NAMN by the action of by QAPRT.

NMN and NAMN are converted to NAD and NAAD respectively by the action of

NMNATs. NAAD can then be converted to NAD" by NADS.!'*! Image reproduced with
permission (Appendix A).
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Figure 1.7. De novo NAD" synthesis pathway.

Tryptophan is converted to N-formylkynurenine in the rate-limiting step, catalyzed by
IDO or TDO. After a series of reactions, ACMS is produced at a branch point in the
pathway. Spontaneous conversion of ACMS into QA results in the production of NAD".
Alternatively, ACMS is decarboxylated by ACMSD to AMS, to produce picolinic acid or
to be used in the glutarate pathway.
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Figure 1.8. HMLE-based cancer progression model.

The HMLE-based model consists of cell lines that represent a transition from normal-to-
transformed-to-stem-like cancer cells. Primary HMECs were immortalized by ectopic
expression of SV40 large T-antigen and the catalytic subunit of hTERT. Non-tumorigenic
normal cells, termed HMLE, were transformed by ectopic expression of oncogenic Ras.
Transformed carcinoma cells, termed HMLER, were induced to undergo EMT by
silencing of E-cadherin, generating HMLER-shEcad cells that had stem-like

characteristics,!31-13%134.135
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CHAPTER 2: MATERIALS & METHODS
2.1 CELL CULTURE

Cell lines were obtained from ATCC, with the exception of HMLE-based cells
and BT698. NT2/D1 cells were maintained in Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 10% heat-inactivated fetal bovine serum (FBS) and 5%
non-essential amino acid. IMR90 and WI38 were cultured in Eagle’s Minimum Essential
Medium (EMEM) supplemented with 10% FBS. MDA-MB-231, MDA-MB-468, MCF7,
H1299, and A549 cells were cultured in DMEM supplemented with 10% FBS. HCT116
(p53 -/-) cells were cultured in McCoy’s SA Medium supplemented with 10% FBS.
MCF10A were cultured in DMEM/F12 as described below.

The human mammary epithelial cell lines, HMLE, HMLER, and HMLER-shEcad,
were generously provided by Dr. Robert Weinberg (Whitehead Institute, MIT), 32134135
HMLE and HMLER cells were maintained in DMEM/F12 supplemented with 5% FBS,
0.5 pg/ml of hydrocortisone, 20 ng/ml of epidermal growth factor (EGF), and 10 pg/ml
of insulin. HMLER-shEcad cells were maintained in HUMEC serum-free medium
containing supplements from the supplier (Thermo Fischer Scientific) that included EGF,

hydrocortisone, isoproterenol, transferrin, insulin, and 50 pg/ml of bovine pituitary

extract.

The patient-derived brain tumor-initiating cells (BTICs) enriched in CSCs were
kindly provided by Dr. Sheila Singh (McMaster University).'*!* These BTICs were
derived from glioblastoma tumor tissues of consenting patients. Upon surgical removal,
tissue samples were dissociated into single cells and sorted by magnetic beads using the
Miltenyi Biotec CD133 cell isolation kit. BT698 cells contain a high population of
CD133"* BTICs and are thus considered CD133"e" BTICs. BT698 were cultured in
NeuroCult™ NS-A Proliferation Medium (STEMcell Technologies), supplemented with
20 ng/ml of EGF, 10 ng/ml of basic fibroblast growth factor, and 2pg/ml of Heparin. This

serum-free media allows the cells to be propagated as tumorspheres.

All cell culture media were supplemented with 5% Antibiotic-Antimycotic

(Thermo Fisher Scientific), and cells were maintained at 37°C in a humidified incubator
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containing 5% CO>. Excluding BT698, cells were grown in 10 cm tissue culture plates
and were passaged at 80% confluency using 0.05% trypsin-EDTA (Thermo Fischer
Scientific). BT698 were grown in 6 cm tissue culture plates and were passaged by

titurating to single cells depending on size of tumorsphere.
2.2 TREATMENTS

Cells were seeded 24 h prior to treatment with 100 pM of NAMN (Sigma Aldrich)
or 12 uM of chloroquine (Sigma Aldrich). Treatment period was 24 h before cells were

collected for protein.
2.3 LENTIVIRUS PRODUCTION AND TRANSDUCTION

Knockdowns were generated using lentiviral plasmids expressing shRNA against
NAPRT, SIRT7, or NAMPT. Non-silencing (NS) lentiviral sSiRNA controls were also
used to ensure specificity of the knockdowns. shRNA bacterial glycerol stocks were
purchased from Dharmacon and the E. coli cultures were grown in LB media with 100
pg/ml carbenicillin at 37°C for 16 h. Plasmid DNA was extracted from bacteria using
HiPure Plasmid Midiprep Kit (Thermo Fischer Scientific). HEK293T cells were seeded
for a confluency of 70% on the day of transfection. HEK293T cells were co-transfected
with the shRNA plasmid and packaging vectors pMD2.G and psPAX2 (Addgene). The
supernatant containing lentiviral particles was collected and filtered 24 h post-
transfection. For transduction, cells were seeded in 6-well plates to be 70% confluent.
Cells were transduced to yield 30-60% infection efficiency by incubating with high titer
lentivirus and 8 pg/ml of polybrene (Sigma Aldrich) for 2 h. Transduced cells were
selected with 2 pg/ml puromycin for 24 h. When single shNAPRT clones are presented,
shRNA clone #1 is used.

2.4 TRYPAN BLUE EXCLUSION CELL COUNTING

To monitor cell proliferation, the trypan blue exclusion assay was used to
determine the viability of cells in a suspension.'*? Trypan blue is a dye that does not
penetrate the membrane of live cells, and thus live cells appear clear under examination

by light microscopy. Meanwhile, non-viable cells have breached membrane integrity and
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will be permeable to the dye, thus appearing blue and distinguishing them from viable
cells.'* 2 x 10* cells were seeded in triplicates in 2 ml of medium in 6-well plates. Cells
were treated with specified chemical 24 h after seeding, at the indicated concentrations.
Adherent cells were dissociated at the indicated times with 0.05% trypsin-EDTA and
then centrifuged into a pellet. The pellet was then re-suspended in trypan blue solution
(Thermo Fischer Scientific). 10 pl of mixed cell suspension was loaded on a
hemacytometer and viewed under a light microscope. The number of viable cells within
the grids of the hemacytometer was counted to calculate the number of viable cells per

volume of cell suspension, as per the formula average cells/quadrant x 10*,
2.5 TUMORSPHERE FORMATION ASSAY

Formation of tumorspheres depends on the self-renewal ability of stem cells in the
population and thus a tumorsphere assay can be used to assess the presence of stem
cells.!”® Adherent NT2/D1 and HMLER-shEcad cells were dissociated with trypsin-
EDTA and then titurated to generate single cell suspensions. The number of cells was
counted as previously described, and then NT2/D1 cells were seeded at a density of
10,000 cells/ml while HMLER-shEcad cells were seeded at a density of 20,000 cells/ml.
Cells were plated in ultralow-attachment 6-well plates in serum-free HUMEC Ready
Media and left in the incubator to form tumorspheres. Microscopic images of
tumorspheres were taken 5 days after initial seeding from multiple microscopic fields of
view. Using ImagelJ for quantification, spheres with a diameter equal to or larger than 50
um were deemed tumorspheres and the average area of tumorspheres was determined

from 3 independent experiments.
2.6 PROTEIN EXTRACTION

Cells were scraped in cold 1x phosphate buffered saline (PBS) at pH 7.4 and
centrifuged at 2500 rpm for 5 min at 4°C. Pellets were lysed in 70 ul of RIPA lysis buffer
(25 mM Tris pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 1% sodium
dodecyl sulfate [SDS]) containing 1% protease and phosphatase inhibitors. Whole cell

lysates were incubated on ice for 45 min, and then sonicated for 1 min. The samples were
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centrifuged at 14,000 rpm for 15 min at 4°C and the supernatants containing the proteins

were collected.
2.7 PROTEIN QUANTIFICATION

Protein concentrations were determined using the colorimetric Micro BCA assay
kit (Thermo Fisher Scientific) in a 96-well flat bottom plate. Protein samples were diluted
1:5 in ddH»0, and 5 pl of diluted protein sample was loaded in duplicates to 150 pl of
Micro BCA solution. Protein standards from 0.2 to 2.0 pg/ml were prepared using bovine
serum albumin (BSA) to generate a protein standard curve. The plate was covered and
incubated with shaking for 45 min before measuring the absorbance at 570 nm using the
SpectraMax Microplate Reader. Protein concentrations were calculated using the protein

standard curve.
2.8 WESTERN IMMUNOBLOTTING

SDS-polyacrylamide gels were prepared (8-12% acrylamide, 0.1% SDS, 375 mM
Tris-HCI at pH 8.8, 0.1% ammonium persulfate [APS], TEMED), along with stacking
gels (acrylamide, 375 mM Tris-HCl at pH 6.8, 0.1% SDS, 0.1% APS, TEMED).
Equivalent quantities of whole cell lysate samples (5-15 pg) were prepared in 5 pl of
loading buffer (95% BioRad 2x Laemmli sample buffer, 5% B-mercaptoethanol) and
heated at 90°C for 5 min. Protein samples were loaded and resolved by SDS
polyacrylamide gel electrophoresis (SDS-PAGE) in SDS running buffer (0.1% SDS, 200
mM glycine, 20 mM Tris-HCl) at 120 V for 1 h. Proteins were transferred from the gel to
a nitrocellulose membrane (BioRad) by electrotransfer in transfer buffer (glycine, Tris-
HCI, methanol) at 120 V for 1 h. Membranes were blocked in 5% nonfat milk in PBST
(PBS, 0.05% Tween 20) for 45 min, then washed in PBST and incubated with the
appropriate primary antibody overnight at 4°C. The following day, membranes were
washed in PBST before incubating in horseradish peroxidase-labeled secondary
antibodies (Jackson ImmunnoResearch) against the primary antibodies. Secondary
antibody was prepared 1:10,000 in 5% milk in PBST and added to the membranes for 1.5
h at room temperature. Membranes were washed in PBST before they were visualized

with electrochemiluminescence (ECL) detection reagent (BioRad) using the ChemiDoc
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Touch imaging system (BioRad). To verify that equal amounts of protein were loaded for
each sample, membranes were probed for Actin, B-tubulin, or stained with Ponceau to
detect total protein. The intensity of the visualized protein bands was quantified by
densitometry using ImageJ software (National Institutes of Health). Protein bands were
first normalized by their respective loading controls and then relative fold changes of

samples compared to the first sample were calculated.

Membranes were probed with primary antibodies (diluted 1:1000 in 1% BSA)
against the following proteins: NAPRT (Santa Cruz Biotechnology), SIRT1-7 (Cell
Signaling), Oct4 (Santa Cruz Biotechnology), Nanog (Cell Signaling), Sox2 (Cell
Signaling), 3-tubulin (Santa Cruz Biotechnology), B-casein (Santa Cruz Biotechnology),
SQSTMI1 (Cell Signaling), LC3A (Cell Signaling), LC3B (Cell Signaling), Caspase-3
(Cell Signaling), E-cadherin (Cell Signaling), Bmil (Cell Signaling), NAMPT (Novus
Biologicals), B-tubulin (Developmental Studies Hybridoma Bank), and Actin (Santa Cruz
Biotechnology).

2.9 QUANTITATIVE REAL-TIME PCR ANALYSIS

RNA was extracted from cultured cells using Trizol and isolated using the
Invitrogen PureLink RNA Mini Kit. cDNA was synthesized using Superscript Il enzyme
(Thermo Fischer Scientific) and Eppendorf Mastercycler ep Gradient S thermal cycler.
Primers were purchased from Invitrogen and sequences are described in Table 2.1.
Samples of cDNA were quantified using the NanoVue Plus Spectrophotometer (General
Electric) and diluted to 10 ng/ml. Quantitative real-time PCR (qRT-PCR) was completed
on the BioRad CFX96 PCR machine using BioRad SYBR Green Supermix. Actin was
used for normalization of the genes of interest. The results were analyzed using 2-2A¢T

method and expressed as fold change relative to NS controls.
2.10 CFSE ANALYSIS

Carboxyfluorescein succinimidyl ester (CFSE) is an intracellular fluorescent stain
that is used to measure cell proliferation. Cells are labeled with the membrane permeable
dye, carboxyfluorescein diacetate succinimidyl ester (CFDA, SE). Cellular esterases then

cleave CFDA, SE into CFSE, which is less permeable and therefore remains inside the
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cell. As cell division occurs, the concentration of CFSE inside individual cells decreases,
as measured by cell fluorescence.'** NS and shNAPRT cells were pelleted and
resuspended in 1 ml of PBS-EDTA. Equal numbers of cells were labeled with 5 uM of
CFDA, SE (eBioscience) and incubated at 37 °C for 10 min. Cells were washed with 5%
FBS in PBS-EDTA and then washed again with PBS-EDTA. Equal numbers of cells
were then seeded in 6-well plates and cultured for 4 days. To measure cell fluorescence,
cells were pelleted and resuspended in FACS buffer (PBS with 1% FBS), then analyzed
using the BD FACSCanto II flow cytometry system. Mean fluorescent intensity (MFI)

was measured using the Flowing software.
2.11 B-GALACTOSIDASE STAINING ASSAY

Senescent cells which are characterized by increased -galactosidase activity were
detected using the senescence -Galactosidase staining kit from Cell Signaling, following
the manufacturer’s protocol.!*> Cells were seeded in triplicates in 2 ml of media in 6-well
plates, 24 h prior to staining. The growth media was removed and the cells were washed
once with PBS (Thermo Fisher Scientific). Cells were fixed with 1x Fixative solution and
incubated for 15 minutes at room temperature. After the incubation, the cells were rinsed
two times with PBS and then 1 ml of the B-Galactosidase Staining Solution was added to
each well. The plate was sealed with parafilm to prevent evaporation and incubated at
37 °C in a dry incubator. Representative images of the samples were captured using a

light microscope, 24 h after staining.
2.12 ANNEXIN V STAINING

When cells undergo apoptosis, phosphatidylserine (PS), which is normally present
within the plasma membrane, is externalized to the outer leaflet. Annexin V is a protein
that is able to bind exposed PS, thus detecting apoptotic cells.'*® Annexin V that is
conjugated to PE fluorochrome was used to stain and detect apoptotic cells by flow
cytometry. 1.5x10° cells were seeded in 6-well plates in triplicates. In addition, no stain
and annexin positive stain controls were included. Apoptosis was induced by adding 30%
ethanol for 15 minutes prior to staining for analysis.!*’” Media was collected and cells

were trypsonized then centrifuged into pellet. Cells were washed with FACS buffer (PBS
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with 1% FBS). Each sample was stained with 5 pl of annexin V-PE in 500 pl of annexin
V binding buffer (10 mM HEPES, 150 mM NacCl, 2.5 mM CaCl, in PSB), vortexed, and
then analyzed using the BD FACSCanto II flow cytometry system. Data was analyzed

using the Flowing software.
2.13 BIOINFORMATICS ANALYSIS

To correlate the expression of SIRT7 with NAPRT and NAMPT in cancer patient
tumors, datasets from The Cancer Genome Atlas (TCGA) were downloaded using cBio
Cancer Genomics Portal. A logarithmic transformation was applied to the mRNA
expression levels of SIRT7, NAPRT, and NAMPT. Correlations were performed between
SIRT7 and NAPRT or NAMPT and statistics (correlation index, R, and p-value) were
calculated using the Pearson correlation method. Correlation plots were generated using

R software.
2.14 TMT LABELLING AND 2D-LC-SPS-MS3 ANALYSIS

NT2/D1 cells at 80% confluency in 15 cm tissue culture plates were scraped into
ice cold PBS and centrifuged. Protein from pelleted cells was extracted using 2% SDS,
150 mM NaCl, 50 mM Tris pH 8.5 containing complete mini protease inhibitor cocktail
(Roche). Lysates were sonicated on ice for 12 sec and then centrifuged at 13000 g for 5
min to clear cell debris. Cysteine residues were reduced using 5 mM dithiothreitol for 40
min at room temperature, then alkylated using 14 mM iodoacetamide for 40 min in the
dark. Proteins were precipitated by methanol chloroform and resuspended in 8 M urea,
50 mM Tris. Protein concentrations were determined using BCA assay (Thermo Fischer
Scientific) as previously described. Volumes containing 100 pg of protein were diluted to
1 M urea, 50 mM HEPES pH 8.5, and digested overnight with trypsin at a ratio of 1:100
trypsin/protein. Peptides were then again digested at a ratio of 1:100 trypsin/protein for 4
h. Digested peptides were desalted using 60 mg solid-phase C18 extraction cartridges
(Waters) and lyophilized. Dried peptides were re-suspended in 200 mM HEPES pH 8.5,
30% acetonitrile. Peptides were labeled using 10 ul of TMT10 (10-plex) reagents

(Thermo Fisher Scientific) for 1 h at room temperature, then quenched with
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hydroxylamine at a final concentration of 0.5%. Samples were desalted using solid-phase

C18 extraction cartridges (Waters) and lyophilized.!'*®

TMT10-labeled samples were fractionated using high-pH reversed phase
chromatography using an Onyx monolithic 100 x 4.6 mm C18 column (Phenomenex).
The flow rate was 800 pl/min and a gradient of 5% to 40% acetonitrile (10 mM
ammonium formate, pH 8) was applied over 60 min using an Agilent 1100 pump
(Agilent) from which 12 fractions were collected. Individual fractions were desalted
using Stage Tips'* and lyophilized, then analyzed using an Orbitrap Velos Pro mass
spectrometer (Thermo Fischer Scientific) using an MS3 method.'*° Proteins were
identified using the Sequest algorithm for the database search against a human proteome
database (downloaded from UniprotKB in September 2014) concatenated to a database of

common proteomic contaminants. 43

Using t-tests to compare relative protein expressions from NAPRT or SIRT7
knockdown with NS samples, proteins that were significantly (p-value<0.10) upregulated
or downregulated in either condition were identified. Of those, an integrated signature
was obtained, consisting of proteins that were commonly regulated between knockdowns.
Database for Annotation, Visualization and Integrated Discovery (DAVID) was used for
pathway enrichment analysis of these proteins. The integrated signature protein list was
run against all the measured proteins as background, using the database UP. KEYWORD.
Benjamini-Hochberg (B-H) adjusted p-values were generated by DAVID. For heatmaps
of proteins from enriched pathways, mean relative protein expression values of NS,
NAPRT, and SIRT7 knockdown were used. The heatmaps were generated using Multiple

Experiment Viewer (MeV) software.
2.15 STATISTICAL ANALYSIS

Analyses were completed using Microsoft Office Excel and GraphPad Prism
software. Error bars represent mean + standard deviation (SD) or standard error of the
mean (SEM). Two-tailed unpaired Student’s t-tests were used to evaluate statistical
significance, or two-way ANOVA with a Tukey posttest were used for multiple

comparisons. P <0.05 was considered significant.
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Table 2.1. qRT-PCR primer sequences

Gene Forward 5’—>3’ Reverse 5 -3’

Oct4 GGAAGGTATTCAGCCAAACGA | GGAAGGTATTCAGCCAAACGAC
CCA CA

Nanog | TGAACCTCAGCTACAAACAG TGGTGGTAGGAAGAGTAAAG

Sox2 GGGAAATGGAGGGGTGCAAAA | TTGCGTGAGTGTGGATGGGATT
GAGG GGTG

SIRT7 | TGTGGACACTGCTTCAGAAAG | CACAGTTCTGAGACACCACATG
GGA CT

Actin GAGCACAGAGCCTCGCCTTT AGAGGCGTACAGGGATAGCA
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CHAPTER 3: RESULTS
3.1 ENDOGENOUS EXPRESSION OF NAPRT IS ELEVATED IN CANCER CELLS

Previous studies®*>7 have focused on the absence of NAPRT in certain cancers
and limited research has investigated the role of NAPRT in cancers that do express the
protein.”” Therefore, before moving towards a study of NAPRT in CSLCs, a preliminary
experiment was conducted to gauge the possible importance of NAPRT in cancer. Here,
the endogenous expression of NAPRT in a small panel of normal cells and cancer cell
lines of lung or breast origins were determined by western immunoblotting. IMR90 and
WI38 are human lung fibroblasts and were used for the comparison of NAPRT
expression in normal cells. Immunoblots of whole cell lysates showed that NAPRT was
weakly expressed in IMR90 and WI38 (Figure 3.1). This weak expression in normal cells
was in contrast to the NAPRT expression levels detected in breast cancer cells (MDA-
MB-231 and MDA-MB-468) and lung cancer cells (H1299 and A549). As can be seen in
Figure 3.1, these four cancer cell lines expressed relatively higher levels of NAPRT
compared to the normal cells. This result not only exhibits the presence of NAPRT in
some cancers but suggests that these cancer cells may prefer to maintain high levels of

NAPRT to perform important functions that support malignant growth.
3.2 THE ROLE OF NAPRT IN NT2/D1 EMBRYONAL CARCINOMA CELLS

To date, only one publication® has studied the role of NAPRT in cancer and
showed that it contributes to cancer metabolism, but NAPRT has never yet been studied
in the context of CSLCs. For this investigation, three models of CSLCs were used to
elucidate and generalize the functions of NAPRT in CSCs. First, the human ECSLC line
NT2/D1 was chosen because it possesses an ESC-like gene expression profile which also
characterizes CSCs. NT2/D1 cells originate from a metastasized testicular cancer and are
poorly differentiated cells that have the capacity to differentiate towards all three germ
layers: endoderm, mesoderm, and ectoderm. Their undifferentiated state is preserved by
self-renewal and is controlled through the abundant expression of pluripotency-

maintaining factors such as Oct4, Nanog, and Sox2.!2%130 These features that NT2/D1
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cells share with CSCs make them a useful model to study changes in the CSLC gene

signature at an embryonic stage.
3.2.1 NAPRT knockdown inhibits NT2/D1 cell proliferation

Given the hypothesis that NAPRT is important for cancer cells, and specifically,
CSLCs, NAPRT was knocked down in NT2/D1 CSLCs using two different siRNA
constructs. Western immunoblotting was used to determine that NT2/D1 cells indeed
express NAPRT and that the knockdown was successful (Figure 3.2A). The effects of
NAPRT deficiency on the malignant phenotype of NT2/D1 cells was then assessed. A
trypan blue exclusion assay was used twice, first to study the effect of NAPRT
knockdown on overall cell proliferation, and then to measure changes in cell viability.
Trypan blue is a dye that is excluded from viable cells, thus identifying them from non-
viable cells. To obtain a 72-hour time course proliferation curve, equal numbers of cells
were seeded and then the number of viable cells was counted every 24 hours using trypan
blue. As seen in Figure 3.2B, both clones of NAPRT knockdown had lower numbers of
viable cells compared to the non-silencing (NS) controls at each respective time point,
suggesting that NAPRT knockdown reduces the proliferation rate of NT2/D1 cells. This
difference in the number of NAPRT knockdown and control cells could be partly
explained by a decrease in cell viability, as shown in Figure 3.2C. Here, trypan blue was
used to count both the number of viable and non-viable cells. Indeed, the results showed
that percentage cell viability was decreased in the NAPRT knockdown cells compared to
control cells (Figure 3.2C), representing one factor that contributes to the decreased

proliferation of shNAPRT cells.

Since the effect on cell proliferation seemed more pronounced than the results on
cell viability, it was also possible that the difference in cell number between the NAPRT
knockdown and control cells was due to cells that remained viable but stopped
proliferating. To clarify whether saINAPRT cells were proliferating slower, cells were
stained with CFSE, an intracellular dye that decreases in concentration as cellular
division occurs.'** After culturing the labeled cells for 4 days, flow cytometry analysis
showed that the MFI of shNAPRT cells was greater than NS cells, indicating a slower

proliferation rate (Figure 3.2D). We further examined whether the decreased proliferation
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was a result of cells becoming senescent. Cells proliferate by progressing through the cell
cycle, but those that have ceased to divide enter a state of replicative senescence which is
marked by increased B-galactosidase activity.'*> During a senescence assay, f-
galactosidase positive cells cleave a chromogenic substrate that produces a blue color
which can be viewed under light microscopy.!®! The results in Figure 3.3 illustrate that
more than half of the viable sSAINAPRT cells stained blue, indicative of their senescent
state. Thus, it can be deduced that following NAPRT knockdown, a large majority of
cells are induced towards senescence, while another subset of cells undergo cell death. In
effect, NAPRT knockdown suppresses the proliferation of NT2/D1 cells and this finding
strengthens the hypothesis that NAPRT deficiency disturbs CSLC functions.

3.2.2 NAPRT knockdown decreases stemness features of NT2/D1 cells

Since the decrease in proliferation observed following NAPRT knockdown in
NT2/D1 cells signifies a disturbance in their cancer cell physiology, the effect of NAPRT
knockdown on stemness features was investigated next. NT2/D1 control cells express
high levels of embryonal stem cell markers such as Oct4, Nanog, and Sox2, as detected
by immunoblotting. Upon NAPRT knockdown, the protein levels of these pluripotency
factors were observed to be reduced in both shRNA clones (Figure 3.4A).
Downregulation of the pluripotency factors appeared to occur at a transcriptional level, as
quantitative reverse transcription polymerase chain reaction (QRT-PCR) revealed that the
mRNA levels of Oct4, Nanog, and Sox2 in shNAPRT cells were decreased compared to
the NS control cells (Figure 3.4B). These results exhibit a shift from the ECSLC gene
expression signature that accompanies NAPRT deficiency, suggesting that NAPRT plays

a role in maintaining this transcriptional profile.

As an additional method to evaluate the decrease in stemness character of NAPRT
knockdown cells, a tumorsphere formation assay was performed.'*> The assay cultures
cells in vitro and tests for their ability to grow as nonadherent spheres in serum-free
culture conditions. This specialized serum-free media supports the growth of cells with
stem-like characteristics, and tumorspheres formed are enriched with cells that possess
the functional characteristics of stem cells.!>*»!>* As demonstrated in Figure 3.5, NAPRT

knockdown impaired tumorsphere formation and cells formed significantly smaller
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tumorspheres than control cells. Moreover, to elucidate whether the NAD"-synthesizing
function of NAPRT is implicated in stemness, NAMN was supplemented to NAPRT
knockdown cells. Supplying NAPRT-deficient cells with the downstream product of
NAPRT increased their tumorsphere formation ability, producing tumorspheres with
more comparable sizes to those of NS controls (Figure 3.5). Taken together, these results

are consistent with the role of NAPRT in supporting a stemness phenotype in CSLCs.

Given that stemness is maintained by a lack of differentiation, loss of stemness is
often accompanied by induction of differentiation.®® NT2/D1 cells have been shown to
form tumors composed of derivatives from all three germ layers,'>*!3° but they are most
notably known for their differentiation along the neural ectodermal pathway.'** Upon
differentiation into post-mitotic neurons, NT2/D1 cells alter their morphology and form
dendrite-like outgrowths termed neurites.'?® Visual inspection of NT2/D1 under
microscopy showed that control cells grew in clusters in a compact morphology, with
well-defined borders. In contrast, NAPRT knockdown cells displayed morphological
changes such as cell scattering, flattening of the cells, and neurite outgrowths (Figure
3.6A). To confirm the observed effect of NAPRT knockdown on differentiation,
immunoblotting was performed for the neuronal lineage marker B3-tubulin.!> Indeed, as
expected, both clones of sSANAPRT promoted increased levels of B3-tubulin (Figure
3.6B), indicating that loss of NAPRT promotes ECSLCs to undergo differentiation.

3.2.3 NAPRT knockdown decreases autophagy and promotes cell death in
NT2/D1 cells

Previously, it was reported that NT2/D1 cells could be stimulated to differentiate
by a disruption in autophagy.®® Given the function of NAPRT in NAD" synthesis,
NAPRT deficiency likely impairs energy homeostasis which could elicit a response in
autophagy. For this reason, the autophagy activity of NAPRT knockdown cells was
examined using an autophagy flux assay. Cells were treated with or without chloroquine,
a late stage inhibitor of autophagy which prevents the acidification of lysosomes and thus
results in the accumulation of autophagosomes and associated autophagy proteins.'*® As
can be seen in Figure 3.7A, NAPRT knockdown cells appeared to have lower steady-
state levels of autophagy markers SQSTM1, LC3A-II, and LC3B-II, compared to control
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cells. This can be due to either an increased rate of autophagosome turnover, or due to a
blockade of autophagosome sequestration. Basal autophagic flux was observed by
comparing the levels of autophagy proteins in the control cells treated without and with
chloroquine. Accumulation of the autophagy proteins upon autophagy inhibition
indicated that autophagic flux was occurring in control cells.!>” In NAPRT knockdown
cells treated without and with chloroquine, autophagic flux was also observed to be
occurring as indicated by the accumulated LC3 levels. However, SQSTMI levels did not
accumulate, suggesting that flux for selective autophagy was absent. Overall, the data
show that NAPRT knockdown does not increase autophagy flux compared to control
cells. Moreover, the amount of cumulative autophagy levels detected in NAPRT
knockdown cells was less than the detected levels in control cells, indicating decreased
autophagy capacity. These results signal that NAPRT deficiency downregulates
autophagy in NT2/D1 cells, and may correspond to an exacerbated metabolic disturbance

following NAPRT knockdown.

Since shNAPRT cells did not employ autophagy as a mechanism to respond to
cellular stress, the consequence of NAPRT knockdown on cell fate was investigated.
Results from the cell viability assay alluded to the event of cell death in NAPRT
knockdown cells. Additionally, immunoblotting detected cleaved Caspase-3 in NAPRT
knockdown cells (Figure 3.7B). Caspase-3 is an executioner of apoptosis that is
frequently activated during programmed cell death. The cleavage of pro-Caspase-3
activates the enzyme’s proteolytic functions in cell shrinkage and DNA fragmentation.'>
However, because Caspase-3 also has other functions that are unrelated to death
processes,'*® cell death in NAPRT knockdown was further confirmed by annexin V
staining. During apoptosis, the PS that is normally present on the inner leaflet of viable
cell membranes is externalized to the outer leaflet, where it can be detected and stained
by fluorescent-tagged Annexin V.!*® Using flow cytometry, it was determined that a
greater percentage of NAPRT knockdown cells stained positive for annexin V than
control cells, confirming that NAPRT knockdown promotes cell death in NT2/D1 (Figure
3.7C-D). The results demonstrate that NAPRT deficiency can cause cellular stress that is

severe enough to promote apoptosis.
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3.3 THE ROLE OF NAPRT IN HMLER-SHECAD BREAST CANCER STEM-LIKE CELLS

Next, to verify the results observed in the NT2/D1 ECSLC model, another CSLC
model based on HMLER-shEcad cells, which have previously been reported as a useful
model of breast CSLCs in several studies, was employed.'3>!3*135 As part of the HMLE-
based tumor progression model, these cells can present insights on the differences
between normal cells and CSLCs. The earlier data suggesting that NAPRT might be
overexpressed in some cancers were examined again in this HMLER-shEcad model.
Consistent with the other two normal cell lines tested, HMLE cells also expressed low
levels of NAPRT, detected by immunoblotting. The HMLER cancer cells expressed
higher levels of NAPRT compared to the normal HMLE cells. Interestingly, stem-like
HLMER-shEcad cells exhibited the highest expression of NAPRT among the three cell
lines, supporting the notion that CSLCs have an increased dependency on NAPRT
(Figure 3.8).

The findings of NAPRT deprivation in NT2/D1 cells were reiterated in HMLER-
shEcad cells. HMLE-shEcad NAPRT knockdown cells were generated, as displayed in
Figure 3.9A. Equal numbers of control cells and NAPRT knockdown cells were seeded
for a time-course assay using trypan blue. The results showed that there were fewer
numbers of NAPRT knockdown cells than control cells at respective time points,
implying that cell proliferation is decreased (Figure 3.9B). NAPRT knockdown in
HMLER-shEcad cells also impaired the cells’ ability to form tumorspheres, resulting in
tumorspheres that were significantly smaller in size than the tumorspheres formed by
control cells (Figure 3.10). However, addition of NAMN was able to bypass the
decreased tumorsphere formation ability of ShANAPRT cells. As can be seen in Figure
3.10, shNAPRT cells supplemented with NAMN formed larger tumorspheres than
shNAPRT cells alone. Overall, the data show that NAPRT deficiency also impacts the
cell proliferation of HMLER-shEcad cells and its growth in nonadherent conditions.

The molecular profile of HMLER-shEcad cells was similarly affected by NAPRT
knockdown. Since these cells are of breast and not embryonal origin, they do not possess
all of the pluripotency factors present in NT2/D1 cells. However, as demonstrated in

Figure 3.11A, HMLER-shEcad cells do express Sox2, along with Bmil, a stem cell

48



marker which promotes the self-renewal of CSCs and is associated with chemoresistance
and metastasis.'®® Knockdown of NAPRT in HMLER-shEcad cells decreased the protein
levels of both Sox2 and Bmil, consistent with the results obtained in NT2/D1 cells. To
determine whether NAPRT knockdown in HMLER-shEcad cells promoted their
differentiation, an appropriate marker for cells of mammary origin was used. B-casein is a
marker for mammary epithelial cell differentiation and its protein levels were found to be
drastically upregulated in NAPRT knockdown cells (Figure 3.11B).!®! This confirms that
loss of stemness markers from NAPRT knockdown is coupled with increased

differentiation in HMLER-shEcad cells.

To determine whether NAPRT similarly affects the stress response in HMLER-
shEcad cells, an autophagy flux assay was also performed. Like NT2/D1 cells, the
steady-state levels of autophagy proteins SQSTM1, LC3A-II, and LC3B-II appeared to
be lower in NAPRT knockdown cells compared to control cells. Using chloroquine to
measure flux, Figure 3.12A shows that NAPRT knockdown cells exhibited increased
autophagy flux than control cells, although levels of SQSTM1 again did not accumulate
upon chloroquine treatment. However, cumulative levels of autophagy proteins in
NAPRT knockdown cells were equal to or less than cumulative levels detected in normal
cells, indicating that autophagy capacity was not upregulated more than basal levels.
Despite the slight activation of autophagy flux, cleaved Caspase-3 was nevertheless
detected in HMLER-shEcad NAPRT knockdown cells (Figure 3.12B). To confirm that
the presence of Caspase-3 was an indication of cell death, an annexin V staining assay
was performed. As depicted in Figure 3.12C-D, there was a significant shift in the
percentage of annexin V positive cells in NAPRT knockdown cells, suggesting that cell
death was occurring. Overall, the data demonstrate that despite the increased autophagy
flux, the levels of autophagic machinery may not be sufficient to cope with shNAPRT-

mediated cellular stress, resulting in cell death.
3.4 THERAPEUTIC RELEVANCE OF TARGETING NAPRT IN CANCER

To test the hypotheses made using NT2/D1and HMLER-shEcad cells in a more
clinically-relevant CSC model, the effect of NAPRT knockdown was tested in patient-
derived brain tumor-initiating cells. The BT698 patient-derived cells harbor a high
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population of CD133" tumor cells, which have been shown to possess CSC functions
such as tumor-initiating capacity during serial transplantation.'*!3¢ In addition to
expressing CD133, immunoblotting revealed that BT698 also express stemness markers
Sox2 and Bmil. To examine the effect of NAPRT on stemness, NAPRT was knocked
down in BT698 cells. As shown in Figure 3.13, NAPRT knockdown in BT698 decreased
the protein levels of the stemness markers Sox2 and Bmil, further confirming the role of

NAPRT in maintaining the stemness of patient-derived CSCs.
3.5 TARGETING NAPRT IN DIFFERENTIATED CANCER CELLS

To evaluate the utility of targeting NAPRT as a therapeutic approach, whether its
effects extend to non-CSC cancer cells should also be considered. Therefore, NAPRT
knockdowns were generated using ShRNA in HMLER cells, which are the non-stem-like
cancer counterpart of HMLER-shEcad cells. A trypan blue exclusion time-course assay
showed that NAPRT knockdown in HMLER cells effectively decreased cell proliferation
(Figure 3.14A). To broaden the possible therapeutic applications of NAPRT, additional
cancer cell lines were also included, such as lung cancer cells A549 and H1299, and
colorectal cancer cells HCT116 (p53 -/-). NAPRT knockdowns were generated and equal
numbers of cells were seeded for trypan blue exclusion assay. Figure 3.14B shows that
after 72 hours, there were fewer numbers of viable cells in NAPRT knockdown compared
to control cells. Although the efficacy of NAPRT knockdown on proliferation varied
among the cell lines, the results suggest that it may be a feasible option to target NAPRT

in heterogeneous cancers, affecting both CSLCs and their differentiated derivatives.

3.6 TARGETING NAPRT ONLY MARGINALLY AFFECTS NORMAL NON-TRANSFORMED

CELLS

Ideal anticancer treatments have minimal adverse effects on normal cells. Since
the immunoblot data of normal cells showed that they do not highly express NAPRT, it is
likely that they are not heavily dependent on the protein and that targeting NAPRT would
have relatively lesser effects on normal cells. To be sure, NAPRT was knocked down in
the non-transformed breast cell lines, HMLE and MCF10A, and a trypan blue exclusion

assay was performed. Figure 3.15 shows that NAPRT knockdown had marginal and non-
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significant effects on the cell proliferation of HMLE and MCF10A cells. These results
support the idea that NAPRT can be a useful therapeutic target for cancer as its
modulation is unlikely to have significant adverse effects on normal cells. Normal cells
appear to have limited need for this NAD"-synthesizing enzyme, most likely in the

context of their relatively less stringent energy demands compared to cancer cells.
3.7 SIRT7 IS NEGATIVELY REGULATED BY NAPRT KNOCKDOWN IN CANCER CELLS

Moving forward, an investigation on the molecular mechanisms of NAPRT-
mediated effects was conducted. Recalling that SIRTSs are a class of enzymes which are
dependent on NAD" and regulate many cellular processes, the effect of NAPRT
deficiency on SIRT expression was studied. Immunoblotting for six of the SIRTSs in
NT2/D1 cells showed that NAPRT knockdown did not significantly affect their protein
expression levels, except for SIRT7 which was preferentially decreased (Figure 3.16A).
This downregulation of SIRT7 was also found to occur at a transcriptional level, as
revealed by qRT-PCR (Figure 3.16B). The data show that deficiency in NAPRT, which is
a NAD'-synthesizing enzyme, regulates the expression of SIRT7, one of the NAD"-
dependent enzymes. Due to the many functions that SIRT7 has, this may unveil a

mechanism by which NAPRT exerts its roles in cancer.

To explore whether NAPRT exerts unique regulating functions distinct from
NAMPT, the classical NAD"-synthesizing enzyme, NAMPT knockdowns were also
generated in NT2/D1 cells. NAMPT knockdown differentially affected the expression of
certain SIRTs compared to knockdown of NAPRT; however, SIRT7 expression remained
unchanged (Figure 3.16C), showing the uniqueness of the NAPRT-SIRT7 nexus. The
downregulation of SIRT7 in NAPRT but not NAMPT knockdown cells was of interest

and a better understanding of their relationship was further pursued.

First, to determine whether the relation between NAPRT and SIRT7 was cell
type-dependent and unique to NT2/D1 cells, the results were confirmed in additional
CSLC models. SIRT7 expression was blotted for in HMLER-shEcad and BT698 cells,
and was found to also be downregulated upon NAPRT knockdown (Figure 3.17). These
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results support the hypothesis that SIRT7 is commonly regulated by NAPRT in a variety
of CSLC types.

Since NAPRT knockdown was found to affect the proliferation of not only
CSLCs but also differentiated cancer cells, SIRT7 expression was probed in NAPRT
knockdown of various differentiated cancer cell lines. As Figure 3.18 demonstrates, the
downregulation of SIRT7 following NAPRT knockdown was consistent in breast cancer
cells (HMLER and MCF7), lung cancer cells (H1299 and A549), and colorectal cancer
cells (HCT116 p53 -/-). This extends our hypothesis on the NAPRT-SIRT7 nexus to even

more cancer cell types.

To further establish the correlation observed between NAPRT and SIRT7 and
determine whether it exists in patient tumors, datasets from The Cancer Genome Atlas
(TCGA) were employed. Pearson correlation analysis was performed on mRNA
expression levels of NAPRT and SIRT7. Figure 3.19 displays that a positive (r > 0.40) and
significant correlation was found in datasets of breast invasive carcinoma, pancreatic
adenocarcinoma, lung adenocarcinoma, and prostate adenocarcinoma. These results
support the plausible mechanism that SIRT7 is a downstream target of NAPRT.
Correlations between SIRT7 and NAMPT were also performed in the same TCGA
datasets to confirm whether the lack of association that was found in NT2/D1 cells was
also universal. Figure 3.20 shows that SIRT7 had either no correlation or a weak negative
correlation with NAMPT, which was the opposite relationship to that of NAPRT. This
data unveils an association of NAPRT that seems to differentiate its role from that of

NAMPT.

Finally, the association between NAPRT and SIRT7 was tested in the non-
transformed cell lines, MCF10A and HMLE. In contrast to the cancer cells, NAPRT
knockdown in the non-transformed cells did not noticeably affect SIRT7 levels,
highlighting that the relationship between NAPRT and SIRT7 depends on whether it is in
the context of transformed or non-transformed cells (Figure 3.21). Moreover, the
unaffected SIRT7 levels in non-transformed cells may explain the marginal effects that

NAPRT knockdown had on their cell proliferation.
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3.8 NAPRT AND SIRT7 KNOCKDOWN INDUCE COMPARABLE PROTEOMIC

REMODELLING

Overall, the association of SIRT7 with NAPRT exposes SIRT7 as a protein of
interest in cancer. To better understand the role of SIRT7 and whether it is a mediator of
NAPRT-related effects, SIRT7 was knocked down using shRNA (Figure 3.22A). In
NT2/D1, MDA-MB-468, H1299, and A549 cells, trypan blue exclusion assays performed
at 72 hours showed that SIRT7 knockdown cells had decreased proliferation compared to

control cells (Figure 3.22B). These results insinuate that SIRT7 acts as an oncogene.

To elucidate the role of SIRT7 in CSLC stemness, SIRT7 knockdowns were
generated in the CSLC models, NT2/D1 and BT698. As shown in Figure 3.23, similar to
NAPRT knockdown cells, SIRT7 knockdown cells exhibited a decrease in stemness
markers Oct4, Nanog, Sox2, and Bmil. The data indicate that SIRT7 regulates the
expression of stemness genes in cancer and is consistent with the hypothesis that SIRT7

mediates NAPRT-related effects.

Having demonstrated that NAPRT and SIRT7 regulate cell proliferation and
stemness in similar fashions, it was possible that they also regulated other cellular
processes concomitantly. To better understand the related functions of NAPRT and
SIRT7, a whole-cell proteome analysis was performed on NAPRT knockdown and
SIRT7 knockdown NT2/D1 cells. Out of 3885 measured proteins, the expression of 1232
were significantly changed in either NAPRT or SIRT7 knockdown. Of these, 72% were
commonly regulated by NAPRT and SIRT7, with approximately half being upregulated
and the other half being downregulated (Figure 3.24A-B). From the list of proteins with
significant changes, those that were commonly upregulated or downregulated between
NAPRT and SIRT7 knockdown cells were identified, obtaining an integrated signature.
Pathway enrichment analysis of this integrated signature was performed with the DAVID
software, which suggested that glycoproteins were the most affected, followed by
proteins associated with calcium, metal binding, transcription, chromatin regulation,
protein synthesis, and the proteasome (Figure 3.24C). Heatmaps of mean protein
expression values for transcription and proteasome proteins were generated, which

illustrated that transcription was decreased while proteasome proteins were increased in
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the integrated signature (Figure 3.24D). Overall, the shared proteomic profile of NAPRT
and SIRT7 knockdown cells imply that NAPRT may exert its functions in ECSLCs via
SIRT7.

Taken together, the data show that knockdown of NAPRT can target stemness
features in ECSLCs, and that NAPRT-related effects may be mediated by the
downregulation of SIRT7.

3.9 FUTURE EXPERIMENTS

The results of this study propose NAPRT as a novel therapeutic target in cancer,
specifically against CSLCs. Due to the novelty of NAPRT as a therapeutic strategy, little
is known about its mechanism of action, the knowledge of which would help in the
design of treatments that can exacerbate the tumor suppressive effects or manage the
unwanted effects of NAPRT inhibition. Therefore, to further explore the use of NAPRT
in therapy, it would be advantageous to obtain a comprehensive understanding of its

mechanisms via the following experiments.

1. Understanding how NAPRT knockdown regulates the expression of stemness
markers: NAPRT knockdown resulted in reduced levels of stemness markers such
as Oct4, Nanog, and Sox2. This downregulation was observed at mRNA level, but
further chromatin immunoprecipitation (ChIP) experiments could clarify whether
NAPRT is able to act as a transcription factor and directly regulate the
transcription of these genes. Other post-translational regulations can also be
investigated; NAPRT knockdown increased the expression of proteins involved in
the proteasome pathway. To determine whether the stability of stemness factors
also contributes to their lowered protein levels, NAPRT knockdown cells can be
treated with a proteasome inhibitor such as MG132 or bortezomib, or treated with
a protein synthesis inhibitor such as cycloheximide.

2. Understanding the role of SIRT7 in NAPRT-related effects: There is evidence to
suggest that SIRT7 could be a downstream effector of NAPRT, although the
mechanisms are unclear. First, this may be confirmed through addback

experiments, whereby the levels of SIRT7 are restored in NAPRT knockdown
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cells via ectopic expression of SIRT7. This should rescue the phenotypes
observed from knockdown of NAPRT, including effects on proliferation and
expression of stemness markers. Second, the importance of SIRT7 catalytic
activity in maintaining CSLC stemness can be determined by ectopic expression
of a SIRT7 mutant that is functionally inactive instead. If NAPRT knockdown
cells do not revert back to a wild-type phenotype, the function of SIRT7
deacetylation in regulating target proteins should be investigated. Finally, the
finding that NAPRT knockdown reduces SIRT7 expression is of interest, given
that the NAD" dependence of SIRT?7 relates to its activity. Further avenues can be
pursued to determine whether SIRT7 acts in a feedback fashion that is particularly
sensitive to altered NAD™ levels, or whether NAPRT has additional functions
other than related to NAD -synthesis.

. Exploring combination treatments: Additive or synergistic tumor suppressive
effects of NAPRT knockdown with other chemotherapies should be explored for
potential combination treatment strategies. The inhibition of NAPRT with
NAMPT has been studied in cancer cells by Piacente et al., but disruption of the
Preiss-Handler pathway with the de novo NAD" synthesis pathway can also be
considered. An even more effective method to limit NAD" levels would involve
combining strategies to inhibit NAPRT and NMNATS, which are the enzymes
used by all pathways of NAD" synthesis. Moving away from the focus of NAD"*
availability, one study showed the synthetic lethality of NAMPT and PARP
inhibitors in breast cancer.'®* Therefore, strategies involving NAPRT inhibition
with impairment of other NAD"-dependent pathways can also be explored.

. Inclusion of more cancer cell lines: To better evaluate the applicability of NAPRT
inhibition as a therapeutic target in cancer, the study should be expanded to
include a larger panel of cancer cell lines with different molecular phenotypes.
More patient-derived cell lines can also be obtained and sorted by their CSLC
markers to analyze changes in stem cell features. For example, using flow
cytometry or magnetic beads, BTICs can be sorted by their CD133 expression
before being subjected to NAPRT knockdown. Comparing the effects in the
CD133 negative and CD133 positive populations can give insight on how
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5.

NAPRT knockdown affects cancer cell plasticity or whether it elicits any
differential responses.

In vivo experiments: Given the challenges that NAMPT inhibition faced during
clinical trials, it is imperative that the prospects of NAPRT inhibition are tested in
vivo. Limiting dilution tumorigenicity assays of CSLCs with NS control or
NAPRT knockdown should be performed to measure the impact on
tumorigenicity. The resulting tumors can be analyzed for their molecular profiles
to validate the in vitro findings. In vivo experiments should also be performed to
test the efficacy of prospective combination strategies involving NAPRT
inhibition, as described above. Mice injected with NAPRT knockdown CSLCs
would be treated with other treatments to determine whether NAPRT inhibition,
in combination with other NAD"-related inhibitors, can prevent tumor
development. The work would elucidate novel NAPRT-based combination
strategies for cancer therapy. Furthermore, one possible factor that prevented pre-
clinical tests from accurately predicting the outcome of NAMPT inhibition during
clinical trials is that most of the in vivo studies were performed in
immunocompromised hosts. The immune response during treatment should be
accounted for by performing experiments in immunocompetent mice, as recently
described.!®*1%* Considering the role of the immune system during treatments

related to NAPRT could lead to novel immunotherapies.
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Figure 3.1. Endogeneous expression of NAPRT is elevated in some cancer cells.
Normal IMR90 and WI38 cells were used for the comparison of NAPRT expression
against cancer cell lines (MDA-MB-231, MDA-MB-468, H1299, and A549). Whole cell
lysates were extracted and subjected to SDS-PAGE. Levels of NAPRT were detected by

immunoblotting. Quantification of representative blot is shown from n=3.
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Figure 3.2. NAPRT knockdown inhibits the proliferation of NT2/D1 cells.

(A) NT2/D1 cells that were transduced with saINAPRT or control shRNA (NS) were
subjected to SDS-PAGE. The levels of NAPRT were detected by immunoblotting.
Quantification of representative blot is shown from n=3. (B) The number of viable cells
were determined by trypan blue exclusion in a 72-hour time-course assay and presented
as a proliferation curve. (C) Cell viability over 72 hours was measured by counting the
number of viable and non-viable cells, using trypan blue exclusion. (D) Cells were
labelled with CFSE and then analyzed by flow cytometry for CFSE fluorescence after 4
days of culturing. Results shown as mean+SD, *p-value<0.05 obtained by a Student’s t-

test comparing the knockdown with NS control, n=3.
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Figure 3.3. NAPRT knockdown induces senescence in NT2/D1 cells.

(A) NT2/D1 cells were transduced with sShANAPRT or control shRNA (NS). Senescence
was detected by a B-galactosidase staining assay, where senescent cells stained blue in
color. Photos were taken 24 hours after staining, over multiple fields of view.
Representative images are shown from n=3. Scale bars 100 um. (B) The senescence
assay was quantified by determining the percentage of senescent cells in multiple images.
Results shown as mean+SD, *p-value<0.05 obtained by a Student’s t-test comparing the

knockdown with NS control.
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Figure 3.4. NAPRT knockdown decreases expression of stemness markers in
NT2/D1 cells.

(A) NT2/D1 cells were transduced with shNAPRT or control shRNA (NS). Whole cell
lysates were subjected to SDS-PAGE and the levels of stemness markers (Oct4, Nanog,
Sox2) were detected by immunoblotting. Quantification of representative blot is shown
from n=3. (B) qRT-PCR analysis was performed for stemness-related genes. Results
shown as mean+=SEM, *p-value<0.05 obtained by a Student’s t-test comparing the

knockdown with NS control, n=3.
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Figure 3.5. NAPRT knockdown decreases tumorsphere size of NT2/D1 cells.

(A) NT2/D1 cells that were transduced with sAINAPRT or control shRNA (NS) were
plated in nonadherent conditions and treated or not treated with 100 uM of NAMN.
Tumorspheres were allowed to form for 5 days. Photos were taken over multiple fields of
view. Representative images are shown from n=3. Scale bars 100 um. (B) Average area of
tumorspheres (um?) that were equal or greater than 50 um were analyzed over multiple
images. Results shown as mean+SEM, *p-value<0.05 obtained using two-way ANOVA

with a Tukey posttest.
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Figure 3.6. NAPRT knockdown promotes differentiation of NT2/D1 cells.

(A) Microscopy photos of NT2/D1 cells that were transduced with shNAPRT or control
shRNA (NS) were taken to show cell morphology. Scale bars 100 um. (B) Whole cell
lysates were subjected to SDS-PAGE and the levels of neuronal differentiation marker

B3-tubulin were detected by immunoblotting. Quantification of representative blot is

shown from n=3.
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Figure 3.7. NAPRT knockdown promotes cell death but not autophagy in NT2/D1
cells.

(A) NT2/D1 cells that were transduced with ShANAPRT or control shRNA (NS) were
treated or not treated with chloroquine (CQ) for 24 hours. Whole cell lysates were
subjected to SDS-PAGE and immunoblotted for the levels of autophagy proteins
(SQSTM1, LC3A, and LC3B). (B) Whole cell lysates of NT2/D1 were subjected to SDS-
PAGE for detection of Caspase-3. Quantification of representative blot is shown from
n=3. (C) NT2/DI cells were stained with PE-conjugated annexin V and analyzed by flow
cytometry. Representative dot plots are shown from n=3. (D) The percentage of NT2/D1
NS or shNAPRT cells that were positive for annexin was measured using Flowing
software. Results shown as mean£SD, *p-value<0.05 obtained by a Student’s t-test

comparing the knockdown with NS control.
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Figure 3.8. HMLER-shEcad CSLCs express higher levels of NAPRT than non-
transformed and non-CSLC counterparts.

Whole cell lysates of HMLE (normal cells), HMLER (cancer cells), and HMLER-shEcad
(CSLCs) were subjected to SDS-PAGE and immunoblotted for levels of NAPRT.

Quantification of representative blot is shown from n=3.
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Figure 3.9. NAPRT knockdown inhibits the proliferation of HMLER-shEcad cells.
(A) HMLER-shEcad that were transduced with shNAPRT or NS were subjected to SDS-
PAGE. The levels of NAPRT were detected by immunoblotting. Quantification of
representative blot is shown from n=3. (B) The number of viable cells were determined
by trypan blue exclusion in a 72-hour time-course assay and presented as a proliferation
curve. Results shown as mean+SD, *p-value<0.05 obtained by a Student’s t-test

comparing the knockdown with NS control, n=3.
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Figure 3.10. NAPRT knockdown decreases tumorsphere size of HMLER-shEcad
cells.

(A) HMLER-shEcad cells that were transduced with sANAPRT or control shRNA (NS)
were plated in nonadherent conditions and treated or not treated with 100 uM of NAMN.
Tumorspheres were allowed to form for 5 days. Photos were taken over multiple fields

of view. Representative images are shown from n=3. Scale bars 100 um. (B) Average area

of tumorspheres (umz) that were equal or greater than 50 pm were analyzed over multiple
images. Results shown as mean+=SEM, *p-value<0.05 obtained using two-way ANOVA

with a Tukey posttest.

72



A B

HMLER-shEcad HMLER-shEcad

NS shNAPRT NS shNAPRT

#8 » | NAPRT W % . | NAPRT
1.0 0.6 1.0 0.5

- " | 5ox2 - B-casein
1.0 06 1.0 27.7

™ s S S | ;-tubulin
1.0 0.5

B-tubulin

Figure 3.11. NAPRT knockdown decreases stemness and increases differentiation
markers in HMLER-shEcad cells.

(A) Whole cell lysates of HMLER-shEcad cells that were transduced with saINAPRT or
control shRNA (NS) were subjected to SDS-PAGE. The levels of stemness markers
(Sox2 and Bmil) were detected by immunoblotting. (B) SDS-PAGE of NS and
shNAPRT whole cell lysates were immunoblotted for levels of epithelial mammary

differentiation marker B-casein. Quantification of representative blot is shown from n=3.
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Figure 3.12. NAPRT knockdown promotes autophagy and cell death in HMLER-
shEcad cells.

(A) HMLER-shEcad cells that were transduced with shANAPRT or control shRNA (NS)
were treated or not treated with chloroquine (CQ) for 24 hours. Whole cell lysates were
subjected to SDS-PAGE and immunoblotted for the levels of autophagy proteins
(SQSTM1, LC3A, and LC3B). (B) Whole cell lysates of HMLER-shEcad were subjected
to SDS-PAGE for detection of Caspase-3. Quantification of representative blot is shown
from n=3. (C) HMLER-shEcad cells were stained with PE-conjugated annexin V and
analyzed by flow cytometry. Representative dot plots are shown from n=3. (D) The
percentage of HMLER-shEcad NS or shNAPRT cells that were positive for annexin was
measured using Flowing software. Results shown as mean+SD, *p-value<0.05 obtained

by a Student’s t-test comparing the knockdown with NS control.
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Figure 3.13. NAPRT knockdown decreases expression of stemness markers in
BT698 BTICs.

BT698 cells were transduced with shNAPRT or control shRNA (NS). Whole cell lysates
were subjected to SDS-PAGE and the levels of stemness markers (Sox2 and Bmil) were

detected by immunoblotting. Quantification of n=1 shown.
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Figure 3.14. NAPRT knockdown inhibits the proliferation of differentiated cancer
cells. HMLER, A549, H1299, and HCT116 (p53 -/-) cells were transduced with
shNAPRT or control sShRNA (NS). (A) The number of viable HMLER cells were
determined by trypan blue exclusion in a 72-hour time-course assay and presented as a
proliferation curve (left panel). The levels of NAPRT were detected by immunoblotting
(right panel). (B) The number of viable A549, H1299, and HCT116 (p53 -/-) cells were
counted by trypan blue exclusion after 72 hours (top panel). The levels of NAPRT were
detected by immunoblotting (bottom panel). Results shown as mean+SD, *p-value<0.05

obtained by a Student’s t-test comparing the knockdown with NS control, n=3.
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Figure 3.15. NAPRT knockdown only marginally affects the proliferation of normal
non-transformed cells.

HMLE and MCF10A cells were transduced with sSANAPRT or control shRNA (NS). The
number of viable cells were determined by trypan blue exclusion in a 72-hour time-
course assay and presented as a proliferation curve (left panel). The levels of NAPRT
were detected by immunoblotting (right panel). Results shown as mean+SD, *p-

value<0.05 obtained by a Student’s t-test comparing the knockdown with NS control, n=3.
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Figure 3.16. NAPRT knockdown selectively downregulates SIRT7 expression in
NT2/D1 cells.

Whole cell lysates of NT2/D1 cells that were transduced with shNAPRT or control
shRNA (NS) were subjected to SDS-PAGE to measure the levels of SIRTs. (B) gRT-PCR
analysis was performed to measure SIR77 levels. (C) Whole cell lysates of NT2/D1 cells
that were transduced with shANAMPT or NS were subjected to SDS-PAGE to measure the
levels of SIRTs. Quantification of representative blot is shown from n=3. Results shown
as mean+SEM, *p-value<0.05 obtained by a Student’s t-test comparing the knockdown

with NS control, n=3.
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Figure 3.17. NAPRT knockdown decreases SIRT7 expression in CSLCs.

Whole cell lysates of NT2/D1, HMLER-shEcad, and BT698 cells that were transduced
with shNAPRT or control shRNA (NS) were subjected to SDS-PAGE to detect levels of
SIRT7. Quantification of representative blot is shown from n=3 for NT2/D1 and
HMLER-shEcad, and n=1 for BT698.
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Figure 3.18. NAPRT knockdown decreases SIRT7 expression in differentiated
cancer cells.

Breast cancer cells (HMLER and MCF?7), lung cancer cells (H1299 and A549) and
colorectal cancer cells (HCT116 p53 -/-) were transduced with shNAPRT or control
shRNA (NS). Whole cell lysates were subjected to SDS-PAGE to detect levels of SIRT?7.

Quantification of representative blot is shown from n=3.
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Figure 3.19. NAPRT expression positively correlates with SIRT7 expression in
various cancers.

TCGA dataset of breast invasive carcinoma, pancreatic adenocarcinoma, lung
adenocarcinoma, and prostate adenocarcinoma were used to correlate the mRNA
expression of NAPRT with SIRT7. A Pearson correlation index and p-value were

calculated using R software. Shaded area showing 95% confidence interval.
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Figure 3.20. NAMPT expression has no positive correlation with SIRT7 expression.
TCGA dataset of breast invasive carcinoma, pancreatic adenocarcinoma, lung
adenocarcinoma, and prostate adenocarcinoma were used to correlate the mRNA
expression of NAMPT with SIRT7. A Pearson correlation index and p-value were

calculated using R software. Shaded area showing 95% confidence interval.
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Figure 3.21. NAPRT knockdown does not affect SIRT7 expression in normal non-

transformed cells.

Normal non-transformed breast cell lines, MCF10A and HMLE, were transduced with

shNAPRT or control shRNA (NS). Whole cell lysates were subjected to SDS-PAGE to

detect levels of SIRT7. Quantification of representative blot is shown from n=3.
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Figure 3.22. SIRT7 knockdown inhibits the proliferation of various cancer cells.
(A) NT2/D1, MDA-MB-468, H1299, and A549 cells were transduced with shSIRT7 or
control ShRNA (NS). The levels of SIRT7 were detected by immunoblotting. (B) The
number of viable cells were counted by trypan blue exclusion after 72 hours. Results
shown as mean+SD, *p-value<0.05 obtained by a Student’s t-test comparing the

knockdown with NS control, n=3.
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Figure 3.23. SIRT7 knockdown decreases expression of stemness markers in CSLCs.

NT2/D1 and BT698 cells were transduced with shSIRT7 or control shRNA (NS). Whole

cell lysates were subjected to SDS-PAGE and the levels of stemness markers (Oct4,

Nanog, Sox2, and Bmil) were detected by immunoblotting. Quantification of

representative blot is shown from n=3 for NT2/D1 and n=1 for BT698.
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Figure 3.24. Cells with NAPRT and SIRT7 knockdown share comparable proteomic
profiles.

NT2/D1 cells that were transduced with shNAPRT, shSIRT7, or control shRNA (NS)
were subjected to proteomics analysis, n=2. (A) Of the proteins which had significant
changes in expression as compared to levels in control cells, 72% were commonly
upregulated or downregulated by NAPRT and SIRT7 knockdown, while 28% were
differentially regulated. (B) Venn diagram showing 382 proteins that were upregulated in
both NAPRT and SIRT7 knockdown cells, 500 proteins that were downregulated in both
NAPRT and SIRT7 knockdown cells, 206 proteins that were upregulated in NAPRT
knockdown but downregulated in SIRT7 knockdown, and 144 proteins that were
upregulated in SIRT7 knockdown but downregulated in NAPRT knockdown. (C) An
integrated signature of the commonly regulated proteins was analyzed using DAVID
software for pathway enrichment analysis. Enriched pathways are shown with bars
representing —log(B-H adjusted p-values of the enriched pathway). (D) Mean relative
expression of proteins from the integrated signature that belonged to a transcription or

proteasome function were visualized by heatmaps generated by MEV software.
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CHAPTER 4: DISCUSSION

Cancer is the leading cause of death and a tremendous healthcare burden
worldwide, regardless of a country's economic development. Overall, the burden of
cancer totaled 6.2 million deaths in 2000, 8.2 million in 2012, and 8.8 million in 2015.13
167 This is expected to increase as the world population ages and adopts lifestyle
behaviors that are risk factors. Lung cancer is the leading cause of cancer death due to the
high number of cases and high fatality. Breast cancer, which has the second highest
incidence rate, is the most prevalent cancer due to its relatively more favorable
prognosis.'®>1% While cancer mortality has been on the decline over the past 20 years, it
can largely be attributed to early diagnosis and reduced tobacco use, and is not

necessarily an indication of advancements in cancer treatments. '

Despite the development of numerous cancer therapy agents, complete remission
of cancer has remained difficult to attain. One reason that many cancer therapies are
unsuccessful is due to the inherent heterogeneity of tumors. Cancer cells accumulate
mutations due to their genetic instability, and consequently produce a variant of
subpopulations within tumors. The diverse genetic profiles of cancer cells implicate that
some populations will be susceptible to treatment, while others will be resistant and be
able to withstand the selection pressure of therapy. Thus, the cancer does not only persist
but will be composed of cells with increased fitness for survival.!®>!”" Moreover, even in
patients who achieve complete remission, where no evidence of cancer can be detected, a
relapse of cancer can emerge years later.!”>!”! A fundamental driver of these therapeutic
challenges has relatively recently been explained by the existence of CSCs. CSCs are a
small subpopulation of cancer cells that have stem-like activity such as self-renewal and
high tumorigenicity.!”® They contribute to tumor heterogeneity through differentiation
into diverse nontumorigenic cancer cells, and tend to be more resistant to therapy than
their differentiated progeny.'’?> For example, CD44"#"/CD24 '°¥ breast CSLCs are more
resistant to docetaxel chemotherapy and the population of these CSLCs is enriched after
treatment.!” Similarly, thyroid carcinoma and colorectal CSLCs are less sensitive to

doxorubicin and oxaliplatin than differentiated cancer cells.!”*"!7® The survival of these

93



CSLCs can lead to re-growth of the tumor, and the enrichment of these cells implicate

that the cancer relapse will be resistant to the previously used therapy. !”’

For these reasons, it is important to better understand the molecular biology of
CSCs so that therapies targeting them can be effectively designed to eradicate cancer.
The stemness characteristic of CSLCs which distinguishes them from other cancer cells is
ascribed to a transcriptional program that closely resembles that of ESCs. Induction of an
ESC-like signature creates highly tumorigenic cells, supporting the function of these
genes in the CSLC phenotype.!’”® Moreover, tumors that fit an ESC-like profile are poorly
differentiated, more aggressive, and are associated with poorer diagnosis. The molecular
profile of these ESC-like tumors consists of targets of core stem cell-associated
transcription factors (Oct4, Nanog, and Sox2) and Polycomb complex genes (Bmil, Ezh2)
which are also central to stem cell function.?®> Hence, the targeting of genes responsible
for cancer stemness properties is a novel approach in cancer therapy. For example,
inhibition of Stat3, a gene important for cancer stemness, was found to deplete the CSLC
population and thereby prevent metastasis and relapse in vivo.!>? Inhibition of another
protein involved in stemness, c-Met, was also shown to slow tumor growth and decrease

the population of CSLCs.!”

Studies on other aberrant pathways in CSCs are also important to yield novel
therapeutic targets. A well-recognized hallmark of cancer is deregulated metabolism and
related energetic pathways, among which is the Warburg effect. This phenomenon
describes the preferential use of glycolysis in cancer cells, which is unusual given that
OXPHOS is a more efficient energy production pathway. The reasons for this are thought
to be for generation of glycolytic intermediates that can be used for growth, and because
cancer cells may have impairments in their OXPHOS pathway.***> Nevertheless, even in
cancer cells that have defects in mitochondrial respiration, OXPHOS can also contribute
to energy production. Furthermore, under certain environmental pressures, cancer cells
may shift from a glycolytic phenotype to an OXPHOS phenotype.** In CSLCs, there is
less consensus on which metabolic processes are preferred and it may depend on the
tumor type.'*® Pancreatic and glioma CSLCs have been shown to express more

mitochondrial genes and depend more on OXPHOS than glycolysis.!8!"1®? In contrast,
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studies of breast and lung cancers showed that CSLCs had higher glycolysis activity than
non-CSLCs.!81%5 Dye to the likely plasticity of CSLCs and differentiated cancer cells to
utilize additional metabolic pathways, therapeutic strategies that can target both
glycolysis and OXPHOS may be beneficial. NAD" and its reduced form, NADH,
participate as redox molecules in both of these energy production pathways. In glycolysis,
NAD" is required to produce 1,3-BPG and is converted to NADH, which is then used
during OXPHOS to help establish a proton gradient across the mitochondrial
membrane.®! Metformin has been shown to prevent cancer cell proliferation by inhibiting
the regeneration of NAD™ at complex I, affecting cellular respiration and aspartate
synthesis.!3¢!%" In the present study, NAPRT is investigated as a potential therapeutic
target. NAPRT is one of the enzymes involved in the synthesis of NAD", which is a
molecule required for both glycolysis and OXPHOS. Among the NAD"-synthesizing
enzymes, extensive studies have been conducted on NAMPT, which have revealed its
roles in cancer malignancy and led to the development of pharmaceutical inhibitors.
Remarkably, NAPRT has not been given due consideration and has been scarcely studied
in cancer, possibly overlooking its importance in cellular processes and its potential for

anticancer therapeutic modulation.

Here, NT2/D1 embryonic carcinoma cells (which have a molecular resemblance
to the ESC-like stemness signature), HMLER-shEcad breast cancer cells (which have
EMT-induced stem cell properties), and BT698 patient-derived BTICs were used to
investigate the role of NAPRT in CSLCs. It was demonstrated that the consequence of
knocking down NAPRT in NT2/D1 and HMLER-shEcad cells was significant enough to
affect cell proliferation, inducing senescence or promoting cell death in different subsets
of cells. Expression of stemness markers was reduced following NAPRT knockdown in
CSLC models, including in patient-derived BT698 cells. Accompanying loss of stemness
was an increase in differentiation markers. A plausible mechanism for these NAPRT-

related effects was identified to be via the regulation of SIRT7.

In line with their stemness features, CSCs have mechanisms that make them more
resistant to therapy. To effectively treat cancer, CSC properties such as self-renewal and

lack of differentiation need to be targeted.!®®!¥ NAPRT knockdown in three CSLC
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models (NT2/D1, HLMER-shEcad, and BT698 cells) decreased the expression of critical
transcriptional factors involved in stemness (Oct4, Nanog, Sox2, and Bmil, as
applicable).?® Indeed, the ability to form tumorspheres, which is one of the accepted
measures of stemness,'”® was diminished following NAPRT knockdown in NT2/D1 and
HMLER-shEcad cells. The inhibition of stem cell markers has been demonstrated as a
relevant strategy to target CSCs. Knockdown of Sox2 in skin tumors decreased their
ability to initiate tumors during serial transplantations, and deletion of Sox2 in pre-
existing tumors resulted in their drastic regression in vivo.'”! In pancreatic cancer cells,
double knockdown of Oct4 and Nanog reduced the tumorigenesis and chemoresistance of
CSLCs.!? Similarly, Bmil inhibition has also been demonstrated to be an attractive
strategy against CSLCs, due to its role in self-renewal, viability, and proliferation.
Transient treatment using a Bmil inhibitor was sufficient to irreversibly decrease the
tumor initiating capacity of colorectal CSLCs in vivo.'”® These studies confirm Oct4,
Nanog, Sox2, and Bmil as regulators of CSLCs and suggest that treatments that can
affect stemness markers, such as depletion of NAPRT, can also control tumor growth and

be valuable anticancer approaches.

Interestingly, such loss of stemness in NAPRT knockdown cells was
accompanied with increase in differentiation. NT2/D1 cells differentiated towards a
neuronal lineage, while HMLER-shEcad cells differentiated towards to a mammary
epithelial lineage. The potential of differentiation induction as a strategy to eliminate
CSLC stemness has been used for decades with retinoic acid, which continues to be the
standard of care for acute promyelocytic leukemia.'*® Retinoic acid was also shown to
induce differentiation of glioblastoma CSCLs, which decreased their migratory and
angiogenic activity, and reduced their tumorigenicity in vivo.'** The value of
differentiation therapy was again demonstrated by BMP4, a neural stem cell regulator
that triggered glioblastoma CSLCs differentiation, depleting their population and
hindering tumorigenicity.'*> Inducing CSC differentiation causes them to lose stemness
and malignancy-related properties that make them chemoresistant, rendering them more
susceptible to further treatments. For example, use of differentiation-inducing agents
shows great potential in combination therapies that can increase the efficacy of cytotoxic

compounds such as 5-fluorouracil.!*%17
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Autophagy has emerged as an important process in cancer, although its specific
roles in tumor suppression or tumorigenesis are still unclear.’* Given the links between
autophagy and many aspects of cancer metabolism, current research recognizes the
potential of modulating autophagy to target cancer cells.'”® From its role in Ras
transformation to sustaining glycolysis and mitochondrial metabolism, autophagy is
implicated in both tumor initiation and tumor maintenance.'®” Inhibition of autophagy in
certain settings can hinder cancer cell growth or tumor growth in vivo.'”® Autophagy can
also help cells adapt to metabolic stresses such as nutrient or oxygen deprivation, which
are conditions that may be created from administration of therapies.??° For example,
colorectal CSLCs have resisted chemotherapy-induced apoptosis by promoting
autophagy, resulting in enrichment of the CSLC population.’ In contrast, induction of
autophagic cell death is also a valuable therapeutic method.?? Thus, understanding the
role of autophagy in cancer is important for exploiting it as the primary treatment method,
and knowing how cancer cells use autophagy as a compensatory mechanism during

treatment can help us devise more effective therapeutic strategies to avert this response.

Basal autophagy under normal nutrient-rich conditions functions to maintain
homeostasis, selectively eliminating protein aggregates and organelles. The inclusion of
specific cargo into autophagosomes is mediated by adaptor proteins such as SQSTMI,
which recognizes cargo that is tagged by ubiquitin and links them to LC3 proteins on the
autophagosome.?’! During nutrient deprivation, the autophagy process becomes more
nonselective and degrades bulk cytoplasmic constituents to be recycled.?’! As a
deficiency in NAPRT likely disrupts cellular energetics, it was expected that cells would
respond to the stress with induction of autophagy. In both NT2/D1 and HMLER-shEcad
cells, a turnover of SQSTM1 could be detected under basal conditions, relating to the
upkeep of the cell. Following NAPRT knockdown, the turnover of SQSTM1 was not
only reduced, but its levels in the untreated knockdown cells indicate that SQSTM1 was
perhaps downregulated at a transcriptional level. This indicated that selective autophagy
facilitated by SQSTM1 was decreased, which can be consistent with a stress response.
However, the overall autophagy data suggested that classic starvation-induced autophagy
was not necessarily occurring following NAPRT knockdown. In NT2/D1 cells, both

autophagy activity and activation of autophagic machinery were decreased following
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NAPRT knockdown, as indicated by the reduced flux and cumulative autophagy protein
levels. Conversely, in HMLER-shEcad cells, NAPRT knockdown promoted autophagic
flux but did not additionally upregulate autophagic machinery. Thus, NAPRT knockdown
in NT2/D1 and HMLER-shEcad cells stimulated different autophagic responses. This
could be explained by the varying levels of basal autophagy and sensitivity to induce

autophagy between cell lines.

In order to exploit the autophagic response during NAPRT knockdown, its role in
certain cancers and its relation to cell death need to be better understood. Despite the
differential regulation of autophagy in sSANAPRT cells, the evidence showing that both
NT2/D1 and HMLER-shEcad cells underwent cell death could signify that both
autophagic responses failed to act as a survival mechanism. In NT2/D1 shNAPRT cells,
the reduction in autophagic machinery could be confirmed at the transcriptional level,
probing for autophagy related genes (ATGs). If further investigation reveals the
mechanism by which autophagy suppression occurs, such as signaling via mTOR, mTOR
could be inhibited to determine whether restoration of autophagy circumvents cell death.
This would provide insight on whether the loss of NT2/D1 cell viability was due to a
failure in activating the survival functions of autophagy during NAPRT knockdown.
Alternatively, to clarify whether autophagy downregulation served as a coping
mechanism, autophagy could be further inhibited in NAPRT knockdown cells by
depleting ATGs. If cells are protected against cell death, it can be hypothesized that
autophagy was downregulated in an effort to prevent autophagic cell death. Similarly, in
HMLER-shEcad cells with NAPRT knockdown, autophagy could be related to cell death
if the levels of autophagy were insufficient to cope with the energy stress. It also remains
possible that autophagic cell death was involved even without any excessive autophagy
degradation observed. Thus, investigation of autophagy in HMLER-shEcad cells could be
approached in a similar method as in NT2/D1, where mTOR inhibition is used to further
induce autophagy and measure its protective or destructive effects in NAPRT knockdown

cells.

Furthermore, the effect of autophagy manipulation can be investigated

concomitantly with the regulation of senescence. In many cancer models, autophagy has
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been shown to have a positive correlation with senescence, whereby inhibition of
autophagy delays senescence. It is speculated that autophagy can serve a protective role

to divert cells towards senescence instead of cell death.?°? On the other hand, inhibition of
autophagy in normal stem cells promoted senescence, although the downregulation of
autophagy in that study was not in response to another treatment.?*> Supporting these
studies is one conducted in NT2/D1 cells which showed that any disruption in autophagy
induces senescence.®® How autophagy regulates cell death and senescence appears to be

complex and cell type-dependent.

The aim of cancer therapies is to either promote cytotoxicity or arrest cancer cell
growth to stop their spread. Senescence and apoptosis are both common cell responses to
prevent transformation, but the processes can be deregulated in transformed cells.'$%-204
Although apoptosis seems to be the more effective anticancer mechanism, senescence
also has its own advantages. Cytotoxic treatments may cause more severe side effects in
cancer patients than senescence, which is the pathway initiated by cells when the damage
imposed is insufficient.2°#2% The principle of invoking senescence is to facilitate tumor
clearance by the host’s immune system, whereas apoptosis does not initiate an immune
response.’?®> Furthermore, if only a limited number of cells will be affected by the
treatment, senescence-elicited mobilization of immune response will be more effective
for tumor clearance as cells neighboring senescent cells can be induced via paracrine
signaling to also senescence.?**2% Modulation of p53 in liver cancer was shown to result
in complete tumor regression in vivo, not through apoptosis but through the senescence
program.?’” NAPRT knockdown in NT2/D1 induced senescence in the majority of cells,
and promoted cell death in a subset of cells, as evidenced by the detection of cleaved
Caspase-3 and the staining of Annexin V. Because there are Caspase-3-independent
modes of apoptosis and Caspase-3 may also function in other processes such as
differentiation, its involvement in cell death and differentiation should be confirmed by
treating NAPRT knockdown cells with Caspase inhibitor.'*¢!% In HMLER-shEcad cells,
NAPRT knockdown also promoted cell death, and the effect was even more drastic than
in NT2/D1 cells. Overall, the findings show that NAPRT knockdown can mediate tumor-

suppressing effects through different modes of irreversible growth inhibition.
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Given the function of NAPRT as a NAD"-synthesizing enzyme, it was expected
that NAD" levels would be affected following NAPRT knockdown. To elucidate the
mechanism by which NAPRT regulates CSLC processes, the consequence of NAPRT
knockdown on NAD"-dependent enzymes was examined. Specifically, SIRTs have
extensive regulatory roles in cancer cell processes,'” and may act as downstream
effectors of NAPRT knockdown-related effects. Indeed, it was revealed that some
NAPRT-related effects were possibly mediated by SIRT7. Among proteins that were
regulated in common by NAPRT or SIRT7 knockdown were those associated with
chromatin regulation, which corresponds to the nuclear localization of NAPRT and
SIRT7. While the role of SIRT7 in cancer has been controversial for some time, its
oncogenic properties are becoming clearer as its specific targets and mechanisms of
function are being discovered. SIRT7 deacetylates lysine 18 of histone H3 (H3K18Ac)
on the promoters of a set of genes linked to tumor suppression, resulting in their
transcriptional repression. SIRT7 hence maintains the malignant phenotype of cancer
cells, and knockdown of SIRT7 in U251 glioblastoma drastically inhibits tumor
formation in vivo.?*® Notably, hypoacetylation of H3K18Ac is associated with higher

cancer recurrence and poorer survival in prostate, lung, and kidney cancers.?%

Of note, the integrated proteomic signature of NAPRT and SIRT7 knockdown
cells also showed that the proteasome pathway was enriched. This is in accordance with
the role of SIRT7 in the unfolded protein response (UPR), where misfolded proteins are
degraded via the ubiquitin-proteasome pathway or via autophagy.'® Thus, an
investigation of the proteasome activity, with the regulation of autophagy, in NAPRT
knockdown cells could be interesting. Selective autophagy was observed to be decreased,
which could be due to a decrease in total ubiquitin-tagged protein substrates. However,
given that the integrated signature of NAPRT and SIRT7 showed upregulation of several
proteasomal proteins, it is more likely that protein aggregates were being directed from
the autophagic pathway towards the proteasomal pathway for degradation instead.
Nonetheless, an increased requirement for proteasomal degradation following NAPRT

knockdown is an indication of increased cellular stress.
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The regulation of NAPRT on SIRT7 should be further studied, including an
investigation of whether NAPRT and SIRT7 mutually regulate each other. Since both
proteins reside in the nucleus, a mechanism of regulation could be either direct or indirect
transcription of relevant genes. While SIRT7 can exert transcriptional repression,
NAPRT has not been shown to act as a transcription factor.!!? It is possible that the
relationship between NAPRT and SIRT7 is similar to the regulation between NAMPT
and SIRT1. NAMPT indirectly affects the activity of SIRT1 through the production of
NAD". In turn, SIRT1 regulates NAMPT transcription via circadian clock proteins.?!! In
this study, the expression levels of SIRT7 were affected by NAPRT knockdown, which
could also be a feedback regulation from inhibition of NAD" production. The results
from NAMN addition indeed suggest that the effects of NAPRT knockdown are related
to reduced NAD" levels. To clarify the role and regulation of SIRT7, chromatin
immunoprecipitation (ChIP) assays can be performed, along with examination of NAD"

levels and additional rescue experiments to restore the NAD" content.

Finally, the minimal effects of NAPRT knockdown in normal cells were a good
indication that a therapeutic strategy targeting NAPRT could have limited toxicity, at
least to the breast tissue. However, the main toxic effect of NAMPT inhibitors was on
hematopoietic cells that were more rapidly proliferating.”! Interestingly, the expression
levels of NAMPT and NAPRT in these cells suggest that NAPRT inhibition could be
slightly better tolerated. While protein expression of both enzymes is low in the bone
marrow, the RNA expression of NAMPT is 387.2 transcripts per million (TPM), while
that of NAPRT is much lower at 9.6 TPM.?!%2!3 If hematopoietic cells do not have a
dependency on NAPRT, then NAPRT inhibition should not affect them adversely.
However, the effects of NAPRT inhibition on normal stem cells should be formally

investigated to predict its clinical outcomes.
4.1 LIMITATIONS OF STUDY AND FUTURE DIRECTIONS

The field of CSCs is growing as researchers acknowledge the implications of
these putative tumor-initiating cells in clinical settings. Yet, the research also remains
controversial as there is no collective agreement on the exact definitions, appropriate

models, and identification of CSLCs.?!*
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All models have limitations in addition to their usefulness. The advantages of the
current CSLC models in this study have already been presented, so their limitations will
now be discussed. NT2/D1 and HMLER-shEcad cells are established cell lines which
were immortalized for culturing in vitro and thus may have acquired additional mutations
that stray from the original tumor. While patient-derived BTICs better reflect the
properties of the original tumor and are more physiologically relevant, there can be large
variation between cells from different patients and thus experiments must be repeated
with multiple primary cells. Moreover, the current identification of BTICs hinges on their
expression of CD133, which has been questioned as a CSLC marker as some studies have
found that CD133" cancer cells were also able to initiate tumors in vivo with comparable
efficiency.?!>?!% While this study was not focused on demonstrating the difference
between CSLCs and non-CSLCs, inclusion of CD133!° BTICs can strengthen the
conclusion that NAPRT should be considered as a therapeutic target. In view of the
limitations with individual CSLC models, it would be beneficial to employ an even wider
array of CSLC models, in order to obtain a comprehensive idea of NAPRT regulation on

cancer stemness.

The gold standard to confirm the identity of CSCs is a serial transplantation assay.
Obviously, future experiments that must be performed for the study of NAPRT and
cancer stemness involve extensive validation of the findings by in vivo injections of the
cells. There has been some debate about the accuracy of measuring CSC frequency using
xenografts, as some studies have proposed that the tumor-initiating capacity of a cell is a
reflection of its ability to adapt to a foreign environment.>!7-?!® Nonetheless, the definition
of a CSC is not dependent on its frequency in a population and the tumor-initiating cells

continue to have unique properties that make them important to study.?'’

Another consideration that must be taken into account is that the CSC population
in a tumor is not fixed and their plasticity makes it a further challenge for cancer
treatment.!”" It has been reported that differentiated cancer cells can dedifferentiate into
CSLCs.?2221 If treatment was specifically targeted towards CSLCs, then the plasticity of
the bulk cancer cells would replenish the CSLC population and reconstitute the tumor. It

is therefore imperative that therapeutic strategies are designed to be effective against both
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CSLCs and differentiated cancer cell types. The findings of this study demonstrated that
NAPRT is a novel therapeutic target and that its modulation already has the potential to
impact both cell populations. To further develop NAPRT as a therapeutic strategy,
combination therapies should be explored to mitigate the effects of cancer cell plasticity
and more effectively treat the cancer in a concerted fashion. Overall, the possibilities of
inhibiting NAPRT in cancer represent valuable therapeutic approaches that have the

potential to target not only CSLCs but their differentiated progeny as well.
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