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Abstract

5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxycytosine (5caC)
are products of TET enzyme activity, which initiates at 5-methylcytosine (5mC) in DNA.
5hmC has been found to be globally depleted in cancer, while TET?2 is highly mutated.
The first objective of this work was the investigation of the fate of the associated nucle-
osides in the context of nucleotide metabolism. Moreover, since many nucleoside analogs
are used in cancer therapy to induce replication arrest and DNA demethylation, the ef-
fects on proliferation induced by the administration of nucleosides with bases, which are
implicated in DNA demethylation, were evaluated. Finally, the TET2 protein interaction
network was investigated to elucidate its lost function in cancer and shed light on possible
means of intervention. It is demonstrated that DNA polymerase is capable of accepting
modified cytidine triphosphates for polymerization. However triphosphate generation is
impaired by substrate selectivity of CMPK1. 5hmdC and 5fdC given as media supple-
ments to a number of cancer cell lines caused selective inhibition of proliferation without
obvious defects in DNA methylation. By analyzing gene expression datasets, cytidine
deaminase (CDA) overexpression was identified in sensitive cell lines. Overexpression and
knockdown experiments demonstrated that C'DA is necessary and sufficient to confer sen-
sitivity to 5hmdC. Furthermore, CDA was able to deaminate in vitro 5hmdC and 5fdC,
but not 5cadC, and a deaminated version (5hmU) was detected in the DNA of treated
cells. 5hmU and 5fU in the DNA correlated with S/G2 phase arrest and increased levels
of YH2AX at 72 h, suggesting that defects in proliferation relate to DNA damage. 5hmdC
and 5fdC administration to mice (IP route) resulted in no overt toxicity and some degree
of antitumor activity. Furthermore, TET2 was found to interact with WDR61, a member
of the PAF complex (involved in transcriptional elongation), possibly explaining its role
in 5hmC deposition over gene bodies and in oncogenesis, given the documented role of
PAF in leukemia. In conclusion, this study identifies the salvage route of new biological
cytidine variants, a new avenue with which to target CDA overexpressing cancers, and a
possible mechanism to explain the role of TET2 in leukemogenesis.
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Ai miei genitori. ..



I have a friend who is an artist, and he sometimes takes a view which I don’t agree with.
He’ll hold up a flower and say, "Look how beautiful it is", and I'll agree. But then he’ll
say, "I, as an artist, can see how beautiful a flower is. But you, as a scientist, take it all
apart and it becomes dull." I think he’s kind of nutty.

There are all kinds of interesting questions that come from a knowledge of science, which
only adds to the excitement and mystery and awe of a flower. It only adds. I don’t
understand how it subtracts [Feynman and Leighton, 1988].
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Chapter 1

Introduction

Nucleotides are key components of life. Many roles, aside from their participation in the
structure of DNA and RNA have been attributed to nucleotides. In particular, they are:
sources of energy for metabolic processes including nucleotide and histidine synthesis,
facilitate the transfer of particular groups in transfer reactions (e.g. glycosyl groups,
alcohol phosphate transfer, electron transfer, alkyl and acyl-group transfer) and as cyclic
forms (cAMP) get involved in a number of physiological responses (hormone action). Their
involvement in these processes, together with the potential intervention points in their bio-
synthetic pathways that linked them closely to cellular proliferation, has led to significant
research efforts being directed toward them with the aim of developing therapeutic agents.
Currently, many of the widely used cancer drugs that are nucleoside analogs target DNA
nucleotide bio-synthesis precursors or DNA signaling pathways, such as DNA methylation.
This introduction will first focus on nucleotide production inside the cell, later focus on
modified forms of cytosine that are present in DNA (production and biological role) and on
relevant nucleoside analogs that the FDA (Food and Drug Administration) has approved

for cancer therapy.
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1.1 Nucleotide metabolism

Nucleotides were first discovered as monomeric constituents of nucleic acids. For practical
reasons, a nomenclature was established by Levene in which bases with an attached ribose
were named "nucleosides", and the combination of the nucleoside and phosphoric acid
was named "nucleotide" [Levene and Jacobs, 1909]. Nucleotides are the monomers that
are linked to form nucleic acids. The sugar that is incorporated into deoxyribonucleic
acid (DNA) monomers is a deoxyribose, with an oxygen missing at the 2’ position of the
carbon ring, whereas ribose is present in ribonucleic acid (RNA). In the DNA| the sugars
are linked through phosphodiester bridges, which join the 3’ carbon of a deoxyribose to
a phosphate group that is linked to the 5’ carbon of sugar in the next monomer. This
chain of sugars linked by phosphodiester bridges is called the DNA backbone. Although
the backbone is uniform in a nucleic acid, the bases vary from one monomer to the next.
DNA bases are derivatives of purines and pyrimidines. The purines bases are adenine (A)
and guanine (G), while the pyrimidines are thymine (T) and cytosine (C) (Fig. 1.1). N-9
of a purine, or N-1 of a pyrimidine, attaches to C-1" of the sugar in each monomer through
a N-glycosidic linkage. Once individual monomers have been joined together, two anti-
parallel chains assemble into a double helical structure to form DNA, which is stabilized
through the formation of hydrogen bonds between guanine-cytosine and adenine-thymine
base pairs. The canonical structure of DNA is referred to as "B-form" [Watson and Crick,

1953a] [Watson and Crick, 1953b] [Franklin and Gosling, 1953].

1.1.1 De novo nucleotide biosynthesis

The synthesis of nucleotides proceeds in ordered steps, which see the formation of the
purine and pyrimidine rings and their coupling to a ribose-5-phosphate. Two main routes

can be undertaken by the cell to produce DNA building blocks: de movo synthesis and
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Figure 1.1: The DNA bases that are the major components of the mammalian DNA. a
and b: purines; ¢ and d: pyrimidines

the salvage pathway. In the de novo bio-synthesis pathway, pyrimidine bases are first
assembled and then attached to a ribose, while purine nucleotides are synthesized directly
from a ribose-based structure. While purine synthesis takes place entirely in the cytoplasm,
a step in pyrimidine bio-synthesis takes place in the mitochondria. Furthermore, de novo
pathways lead to the synthesis of ribonucleotides, which needs to be reduced to form

deoxyribonucleotides.

Purine bio-synthesis

In mammals, the existence of a de novo purine bio-synthetic pathway was established
through the use of purine-free diets in mice. Subsequently, numerous lines of investigation
led to the identification of the steps by which synthesis occurs.

Purines are synthesized starting from ribose-5-phosphate, which is converted to 5-phospho-
ribosyl-1-pyrophosphate (PRPP) in a reaction catalyzed by phosphoribosyl pyrophos-
phate synthetase (PRPS) [Fox and Kelley, 1971]. PRPP is subsequently converted to
5-phosphorybosylamine (PRA) by glutamine phosphorybosyl amidotransferase (GPAT ac-
tivity encoded by the PPAT gene), which displaces the pyrophosphate utilizing glutamine-

derived ammonia [Hartman, 1963]. Next glycinamide ribonucleotide synthetase (GARS
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Figure 1.2: De novo purine synthesis (a): steps leading to inosine-5-phosphate (IMP). The
enzymes activities encoded by the same gene (GART, PAICS, ATIC) are shown in green, orange

and blue, respectively.
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Figure 1.3: De novo purine synthesis (b): steps leading to GTP and ATP formation.

activity encoded by the GART gene) couples a glycine to the amino group of 5-phosphorybo-
sylamine forming glycinamide ribonucleotide (GRA), through an ATP-dependent reaction
[Aimi et al., 1990]. The reaction is followed by the addition of formate to form formyl-
glycineamide phospho-ribonucleotide (FGAR), catalyzed by GAR transformylase (GART
activity encoded by the GART gene) [Aimi et al., 1990]. A further ammonia derived from
glutamine is added by formylglycineamidine synthetase (PFAS activity encoded by the

PFAS gene) to form formylglycineamidine ribonucleotide (FGAM) [Barnes et al., 1994],
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which is then converted into a 5-aminoimidazole ribonucleotide (AIR) by aminoimidazole
ribonucleotide synthase (AIRS activity encoded by the GART gene) through an ATP-
dependent reaction [Aimi et al., 1990]. Subsequently, bicarbonate is activated by ATP and
attached to the imidazole ring to form carboxyaminoimidazole ribonucleotide (CAIR) in a
step catalyzed by carboxyaminoimidazole ribonucleotide synthase (AIRC activity encoded
by the PAICS gene). Successive catalysis by succinylaminoimidazolecarboxamide ribonu-
cleotide synthetase (SAICAR activity encoded by the PAICS gene) attaches an aspartate
to the imidazole carboxylate, generating 5-aminoimidazole-4-succinylcarboxamide ribonu-
cleotide (SAICAR) [Schild et al., 1990]. SAICAR is then cleaved by adenylosuccinate lyase
(ADSL activity encoded by the ADSL gene) to form fumarate and 5-aminoimidazole-4
carboxamide ribonucleotide (AICAR) [Stone et al., 1993]. This product is converted to
5-formaminoimidazole-4 carboxamide ribonucleotide (FAICAR) by 5-aminoimidazole-4-
carboxamide ribonucleotide formyltransferase (AICARFT activity encoded by the ATIC
gene) and from it, finally, inositol monophosphate (IMP) is formed by IMP cyclohydrolase
(IMPCH activity encoded by the ATIC gene) [Stone et al., 1993] (Fig. 1.2).

Studies on the interconversion of purines began with the discovery that, by administering
radioactive glycine to the cell, both adenine and guanine could be labeled. Therefore,
these two nucleotides had to have the same origin. Subsequently the discovery was made
that the synthesis pathway splits into two branches after the generation of IMP, tightly
interdependent for the inverse energy requirements (GTP for AMP and ATP for GMP)
(Fig. 1.3). In the first branch, which leads to the generation of AMP, adenylsuccinate
synthetase (ADSS gene) converts IMP to adenylsuccinate using GTP as cofactor [Van der
Weyden and Kelly, 1974], after which adenylsuccinate lyase (ADSL gene) produces AMP
by releasing fumarate [Stone et al., 1993]. The reaction that reverses these steps, con-
verting AMP to IMP, has been traced to adenylate deaminase (ADA) [Lee, 1957]. In the
other branch, IMP is first reduced to xanthosine monophosphate by IMP dehydrogenase
(IMPDH) [McFall and Magasanik, 1960], before being aminated by guanine monphos-
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phate synthetase to produce GMP, using ATP as source of energy and glutamine as an
amine donor [Abrams and Bentley, 1959]. In the same way as AMP, GMP can be deam-
inated back to IMP by GMP reductase (GMPR) [Mackenzie and Sorensen, 1973]. GMP
and AMP are subsequently diphosphorylated by guanylate kinase (GUK1) [Agarwal et al.,
1978] and by adenylate kinase (AK) [Panayiotou et al., 2014] to form GDP and ADP. They
can then be reduced by ribonucleotide reductase to their respective deoxyribonucleotides
[Moore and Reichard, 1964] or further phosphorylated by nucleoside diphosphate kinases
(NDK encoded by NME1), which generates guanine and adenine triphosphate [Mourad
and Parks, 1966].

Pyrimidine bio-synthesis

The first step in pyrimidine bio-synthesis is the production of carbamoyl phosphate from
a bicarbonate, an ammonia derived from glutamine and 2 molecules of ATP (Fig. 1.4).
This reaction is catalyzed by carbamoyl phosphate synthetase II (CPSII) [Jones et al.,
1955] [Tatibana and Ito, 1969]. This enzyme is able to hydrolyze glutamine to obtain
the ammonia needed for the reaction. Subsequently, carbamoyl phosphate (CP) is used
as substrate of aspartate transcarbamoylase to form carbamoylaspartate [Reichard, 1954],
which then gets converted into dihydroorotate by dihydroorotase. In mammals these en-
zymatic activities are all encoded by a unique gene called CAD (carbamoyl-phosphate
synthetase 2, aspartate transcarbamylase, and dihydroorotase) [Coleman et al., 1977].
The next step is catalyzed by dihydroorotate dehydrogenase (DPYD) which oxidizes di-
hydroorotate, through a NAD™ dependent reaction to produce orotate [Lu et al., 1992].
This step is carried out in the mitochondria. In another branch of the pathway, ribose-5-
phosphate reacts with ATP to generate 5-phosphoribosyl-1-pyrophosphate (PRPP), in a
reaction catalyzed by phosphoribosyl pyrophosphate synthetase (PRPS) [Fox and Kelley,
1971]. PRPP is the most important ribose phosphate donor for purine and pyrimidine

metabolism. Finally, the products of these two branches, orotate and PRPP, are substrates
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of orotate phosphoribosyl transferase (OPRT'), which hydrolyses the pyrophosphate to pro-
duce orotidylate (OMP). Orotidylate decarboxylase subsequently converts it to uridylate
(UMP). In mammals, both these activities are encoded by the uridine monophosphate syn-
thetase (UMPS) gene (orotate phosphoribosyl transferase and orotidine-5’-decarboxylase)
[McClard et al., 1980]. UMP-CMP kinases (UCK) then converts it into uridine diphos-
phate (UDP) [Van Rompay et al., 2001], with the subsequent phosphorylation step carried
out by nucleoside diphosphate kinase (NDK encoded by NMFE1) which generates uridine
triphosphate (UTP)[Mourad and Parks, 1966]. NDK has broad specificity over both phos-
phate donor and acceptor. Cytidine triphosphates (CTP) do not have an independent
origin de novo, they are formed through the ammination of the carbamyl group of UTP,
catalyzed by CTP synthethase (CTPS), which utilizes ATP and one glutamine as cofac-
tors [Hurlbert and Kammen, 1960].

Deoxynucleotides are synthesized from the corresponding ribonucleotide diphosphates
(CDP, UDP) by iron-dependent reductions catalyzed by ribonucleotide reductase (RNR)
which, in mammals, is encoded by the RNR1 and RNR2 genes [Moore and Reichard,
1964]. This enzyme has been shown to be regulated by proliferation, being mostly active
during the S phase of the cell cycle to ensure the maintenance of correct deoxynucleoside
diphosphate pools [Turner et al., 1968].

Phyrophosporolysis of dUTP by deoxyuridine triphosphatase (DUT, dUTPase) leads to
dUMP, protecting the cell from the dangerous incorporation of dUTP into the DNA
[Ladner et al., 1996] and allowing the bio-synthesis of thymidine triphosphate (dTTP).
Thymidylate (dATMP) is produced through the methylation of dUMP by thymidylate syn-
thetase (TYMS) in the presence of methylene tetrahydrofolate [Davisson et al., 1989].
Subsequently, thymidylate kinase (TMPK) catalyzes the formation of dTDP [Lee and
Cheng, 1977], which is triphosphorylated by nucleoside diphosphate kinase (NDK) to give
TTP [Mourad and Parks, 1966].

It has been shown that bacterial polymerases cannot distinguish between dUTP and dTTP
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in vitro [Bessman et al., 1958], therefore, synthesis enzymes like TYMS and TMPK, to-
gether with DUT, play the major role in the maintenance of cellular nucleotide pools
[Reichard, 1988]. Further supporting this line of evidence, it has been reported that the
inhibition of TMPK is able to sensitize tumor cells to DNA damaging agents, following

dUTP incorporation [Hu et al., 2012].

1.1.2 The salvage pathway

Salvage pathways have primarily been studied in yeast and bacteria, where single gene
deletions have helped to elucidate the chain of events that leads to nucleotide produc-
tion. The salvage route for nucleotide production is energy efficient, as only one mole
of ATP is necessary for one mole equivalent of each purine, whereas de novo synthesis
would require six. Evidence for the presence of a nucleotide salvage pathway in mammals
came from early studies in which radio-labeled bases were fed directly to animals in their
diets, and then traced back into nucleic acids. The functional relevance of the pathway
is manifold, and not only related to energy efficiency. In resting or G1 cells where de
novo synthesis of DNA precursors is absent, the salvage pathway is the sole provider of
deoxyribonucleotides to be used in DNA repair or mitochondrial DNA replication. Some
enzymes (TK and dGK1) of the pathway localize to the mitochondria and provide precur-
sors for mitochondrial DNA replication. Moreover, together with the enzymes of the de
novo pathway, the enzymes of the salvage pathway strive to maintain balanced nucleotide
pools, fundamental for genome stability [Mathews, 2014].

Substrates for the salvage pathway originate from both intracellular and extracellular
sources. Among the intracellular sources of bases, nucleosides and nucleotides there are
catabolic processes such as: the degradation of RNA; nucleotide sanitation mechanisms
responsible for maintaining a balanced cellular nucleotide pool [Nagy et al., 2014]; DNA
damage repair pathways, such as base excision repair; and mitophagy, which facilitates the

selective degradation of mitochondria, documented in some cell types [Youle and Naren-
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dra, 2011]. Diet-derived nucleotides, particularly from foods with a high cellular density
such as legumes and meat, provide an extracellular source of nucleosides and bases. These
foods are digested into nucleotides by pancreatic nucleases and phosphodiesterases, and
to nucleosides by intestinal alkaline phosphatase (ALP) and nucleotidases [Bianchi and
Spychala, 2003]. Tracer studies in animals indicate that 2 to 5% of dietary nucleotides
are incorporated into tissue pools, primarily within the small intestine, which is known
to lack de novo nucleotide synthesis [Carver and Allan Walker, 1995]. These processing
events are necessary since only bases or nucleosides can gain entry into the mammalian
cell through the use of dedicated channels.

Nucleoside transporters fall into two classes: concentrative (CNT) and equilibrative (ENT),
encoded by the SLC28 and SLC29 gene families, respectively. Members of these protein
families are broadly expressed among human tissues. CNTs mediate the unidirectional
flow of nucleosides in an active process coupled to a transmembrane sodium gradient.
SLC28 only contains three members: CNT1 (SLC28A1), CNT2 (SLC28A2), and CNT3
(SLC28A3). All three of these proteins can accept uridine as substrate, but differ with
respect to selectivity for other substrates. Thus, CNT1 prefers pyrimidine nucleosides,
CNT?2 prefers purine nucleosides and CN'T3 transports both pyrimidine and purine nucle-
osides. The sodium/nucleoside coupling ratio of CNT1 and CNT2 seems to be 1:1, while
CNT3 shows a 2:1 stoichiometry [Pastor-Anglada et al., 2008]. The SLC29 gene family has
four members: SLC29A1 (ENT1), SLC29A2 (ENT2), SLC29A3 (ENT3) and SLC29A/
(ENT4). These proteins, except ENT4, mediate the diffusion of natural nucleosides with
broad selectivity but relatively lower affinity than their CNT-counterparts. ENT3 has
been found to be localized on the mitochondrial membrane mediating intracellular nucleo-
side transport. ENT4 is a cation transporter that has poor affinity for nucleosides [Young
et al., 2008]. Studies with nucleoside analog have shown that non-canonical routes can
be responsible for the import of nucleosides into the cell, like peptide transporters of the

SLC15 family, which includes four members, and organic cation and anion transporters



1.1 Nucleotide metabolism 12

of the SLC22 family which has 25 members. The expression and localization of these

channels is mainly limited to the kidney, the liver and the intestine [Cano Soldado and

Pastor-Anglada, 2012].
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Figure 1.5: The deoxyribonucleosides salvage pathway.

Purine nucleosides salvage

The first proof of the existence of a purine salvage pathway came from studies showing
the incorporation of labeled adenine and guanine from diets into nucleic acids [Brown and

Roll, 1948]. Free purines can be converted to ribonucleosides together with PRPP, in a
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reaction catalyzed by phosphoribosyltransferases and then salvaged following the de novo
synthesis route. In particular, adenine is converted to adenylate (dA) by adenine phos-
phoribosyltransferase (APRT) [Holden et al., 1979], with the highest activity observed in
the brain [Rosenbloom, 1967]. Guanylate and inosinate, precursor for AMP and GMP
are formed from guanine or inosine plus PRPP by the action of hypoxanthine-guanine
phosphoribosyltransferase (HGPRT), which shows its greatest activity in brain [Rosen-
bloom, 1967]. Deoxyribonucleosides can be converted by deoxynucleoside kinases to their
monophosphate forms. Adenine is converted by adenosine kinase (AdK) and deoxycy-
tidine kinase (dCK) and guanine by deoxyguanine kinase (dGK), which resides in the
mitochondria [Arnér and Eriksson, 1995]. The subsequent diphosphorylation step is cat-
alyzed by adenine kinase (AK), of which 9 members are known [Panayiotou et al., 2014],
and guanylate kinases (GUK) [Van Rompay et al., 2000]. The last phosphorylation step

is carried out by nucleotide diphospho kinase (Fig. 1.5).

Pyrimidine nucleoside salvage

Given the ability of cells to synthesize pyrimidine bases de novo, pyrimidine salvage was not
elucidated until isotopically-labeled pyrimidines became available. Early studies showed
that uracil and cytosine could be incorporated into nucleic acids if administered to cells or
fed to mice [Lagerkvist et al., 1955]. In particular, a direct link between uracil administra-
tion to cells and the inhibition of the rate of de novo nucleotide synthesis was established
by the discovery of an inhibitory role of dU towards OPRT [Hoogenraad and Lee, 1974].
Uracil can be salvaged to form UMP through the concerted action of uridine phospho-
rylase (UPP) which catalyzes the conversion of uracil to uridine [Pontis et al., 1961]
and uridine kinase (UCK) which produces UMP [Van Rompay et al., 2001]. dU can
be monophosphorylated by TK1 and subsequently by CMPK1-UMPK, which has a vari-
ant in the mitochondria. The salvage of thymine first involves its conversion to thymidine

through a thymidine phosphorylase (TYMP)-catalyzed reaction [Friedkin and Roberts,



1.1 Nucleotide metabolism 14

1954a] [Friedkin and Roberts, 1954b]. Subsequently, monophosphorylation is caused by
thymidine kinase (TK) which produces TMP partly in the mitochondria [Van Rompay
et al., 2000] (Fig. 1.5).

The salvage of deoxycytidine is catalyzed by deoxycytidine kinase (DCK) that converts it
into dCMP [Durham and Ives, 1970]. This enzyme is present mainly in lymphoid tissues
and it is greatly inhibited by its own products [Durham and Ives, 1969]. At the ribonu-
cleotide level, CMP can be formed by UCK which is able to use cytidine as a substrate, as
well as uridine [Van Rompay et al., 2001]. Another route that can be undertaken for the
salvage of dC or dCMP is their respective deamination by cytidine deaminase (CDA) and
deoxycytidylate deaminase (DCTD), which contributes to the formation of DNA by pro-
viding dU and dUMP as substrates for thymidine kinase (TK) and thymidylate synthase
(TYMS). A role for the involvement of CDA in DNA synthesis was suggested from early
studies that noted elevated levels of it in rapidly dividing tissues such as tumors, embryos
and the regenerating liver [Maley and Maley, 1959][Maley and Maley, 1960][Camiener and
Smith, 1965][Laliberté and Momparler, 1994]. Additionally, elevated levels of DCTD were
found in the serum of patients with various disease states associated with cellular prolif-
eration [Miller and Ressler, 1969]. Further emphasizing its potential role in cell division
and the link with thymidine, dC/dCMP deaminases from most sources have been found
to be allosterically regulated by the end-products of their metabolic pathways, dCTP and
dTTP, with the former acting as an activator and the latter as an inhibitor [McFerran
et al., 1969][Maley and Maley, 1972]. This fine degree of control, not only provides a
regulated flow of dCTP and dTTP for DNA synthesis, but also prevents the introduction
of mutations into the DNA, which can result as a consequence of restricted or defec-
tive levels of dCMP deaminase [de Saint Vincent et al., 1980] [Sargent and Mathews,
1987]. CMP/dCMP can be then phosphorylated by UCK/CMPK1-UMPK to produce
CDP/dCDP, which can be converted to triphosphates by nucleoside diphospho-kinases.

Phosphorolysis for dC has never been documented in mammals [De Verdier and Potter,
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1960], therefore dC cannot became part of sugar metabolic sources, but is instead forced

to enter the nucleotide route (Fig. 1.5).

1.1.3 Nucleotide sanitation pathways

De novo nucleotide synthesis has been shown to be mainly coupled to replication and thus
to the synthesis phase (S) of the cell cycle. Nucleotide pools are therefore established
in a critical phase of mitosis. Maintenance of a correct balance of nucleosides triphos-
phates is therefore of fundamental importance for the cell. Responsible of this task in
mammalian cells are the enzymes: SAM domain and HD domain-containing protein 1
(SAMHD1) and dCTP pyrophosphatase (DTTP1) which have been shown to hydrolize
respectively dATP, dCTP, TTP and dCTP [Goldstone et al., 2011|[Requena et al., 2014].
Moreover, it is crucial that canonical nucleoside triphosphates are maintained in the pool
to prevent the erroneous incorporation of non canonical nucleotides into the DNA by DNA
polymerases. Non-canonical nucleotides can originate from reactive oxygen species (ROS)
induced oxidation of nucleotides (generating 8-oxo-GTP or 2-OH-dATP from guanidine
or adenosine), base excision repair of DNA damage byproducts, or from de novo synthe-
sis of nucleotides resulting in small amounts of dUTP and dITP. Moreover, it has been
shown that different variants of DNA polymerase, which incorporate dATP, dGTP, dCTP
and dTTP into the nascent DNA, are highly selective against ribonucleotides, but have
only a limited selectivity with respect to nitrogenous bases, even using substituted ben-
zimidazoles as substrates [Kincaid, 2005]. Therefore, the interception and hydrolysis of
non-canonical dNTPs is a way of directly preventing DNA damage [Galperin et al., 2006].
To perform this task, the cellular machinery has evolved "house-cleaning" NTP pyrophos-
phatases that target non-canonical NTPs. These enzymes belong to at least four structural
superfamilies: MutT- related (Nudix) hydrolases, dUTPase, ITPase (Maf/ HAM1) and
all-a NTP pyrophosphatases (MazG). One of the best studied is MTH1, which in humans

catalyzes the hydrolysis of 8-0xo-dGTP, as well as two more oxidized NTPs, 2-oxo-dATP
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and 8-oxo-dATP, and prevents their incorporation into the DNA. Another well studied
member is dUTPase, which is able to dephosphorylate dUTP, preventing its incorpora-
tion into DNA. In this enzyme, tight contact between the buried dU C5 atom and the
protein atoms ensures specificity towards U and discrimination against the extra 5-methyl
group of thymine, as well as variants of uridine substituted at the fifth carbon position
[Galperin et al., 2006]. The newly discovered Maf proteins display high specificity towards
modifications at the fifth carbon position of cytidine triphosphates [Tchigvintsev et al.,
2013]. Most of the NTPs have been shown to be non-essential if inactivated, but display

a synthetic lethal phenotype if inactivated with other proteins [Galperin et al., 2006].

1.1.4 Erroneous incorporation induces a DNA damage response

The erroneous incorporation of non-canonical nucleotides into DNA results in the induc-
tion of a DNA damage response that facilitates the enzymatic removal of these bases from
the DNA, and the induction of cell cycle arrest to give the cell time to repair it [Branzei and
Foiani, 2008]. Evidence for enzymes catalyzing such active removal from the DNA came
with the discovery of base excision repair activities associated with the aberrant presence
of non-canonical nucleotides in the DNA of glycosylase knockout mice. In Mthl-null mice,
an increase in 8-0xoG content was detected in nuclear DNA, suggesting that MTHI plays
a role in avoiding errors in the nuclear genome caused by the aberrant incorporation of
oxidized purine nucleoside triphosphates such as 8-oxo-dGTP and 2-OH-dATP [Tsuzuki
et al., 2001]. Once incorporated, these bases are recognized by DNA glycosylases, which
excise them, creating abasic sites and initiating the base excision repair (BER) pathway.
8-0xoG DNA glycosylase, encoded by the OGG1 gene, is another glycosylase that is able
to excise 8-0xoG as a free base from DNA. Furthermore, during replication, DNA poly-
merases can insert adenine opposite 8-0xoG in the nascent strand. Therefore, another
glycosylase activity encoded by the MUTYH gene is necessary to excise 8-OxoG in this

context. MUTYH protein also has the ability to excise 2-OH-A incorporated opposite to
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guanine. 2-OH-A in the DNA can only be derived from the incorporation of 2-OH-dATP
at replication, since oxidation of adenine in the DNA is barely detectable [Nakabeppu
et al., 2006].

Uracil, when erroneously incorporated into the DNA or resulting from enzymatic deami-
nation of cytosine, is excised from the genome by uracil-DNA glycosylases (UDGs). Mam-
malian cells contain four classes of UDGs: uracil-DNA glycosylase (UNG1, UNG2), single-
strand-selective mono-functional uracil-DNA glycosylase (SMUG1), T/U mismatch DNA
glycosylase (TDG) and methyl-binding domain 4 protein (MBD4). UNG2 (a nuclear form
of uracil-DNA glycosylase) is the main enzyme involved in the repair of uracil incorpo-
rated into the DNA (as A:U pair), while all UDGs contribute to the repair of U:G pairs.
It was found that, while UNG2 is adapted to the fast and highly coordinated excision of
uracil from U:G and U:A pairs in replicating DNA, the less efficient SMUG1 may be more
important in the repair of deaminated cytosine in non-proliferating cells or proliferating
cells outside S phase. In all these cases an apyrimidinic site is created until the base
excision repair pathway is initiated [Visnes et al., 2009][Olinski et al., 2010][Hashimoto
et al., 2012b][Hashimoto et al., 2012¢|]. Mbd4 deficient mice show a mutator phenotype
with increased C:G to T:A transversions [Millar et al., 2002], while Tdg null mice, which
are embryonic lethal, do not display a mutator phenotype in mouse embryonic fibrob-
last (MEF)-derived cells, highlighting possible alternative roles of this DNA glycosylase

[Cortézar et al., 2012].

1.1.5 Erroneous nucleotide incorporation, mutagenicity and cancer

If an increase in dUTP levels overwhelms cellular dUTPase activity, dUTP may accu-
mulate. Such abnormal accumulation may result in extensive incorporation into DNA,
which may be followed by glycosylase mediated repair. As a consequence AP sites may
be generated, resulting in detrimental DNA damage and increased mutagenesis [Olinski

et al., 2010].



1.1 Nucleotide metabolism 18

Most uracil DNA glycosylase knockout mouse models are viable given their redundant
functions. Although, a combined deficiency of Smugl and Ung exacerbated the cancer
predisposition of Mismatch repair 2 (Msh2) null mice, suggesting that when both base
excision and mismatch repair pathways are defective, the mutagenic effects of dU incorpo-
ration are sufficient to increase cancer incidence but not to preclude mouse development.
It also was shown, that triple knockout mice develop lymphoid tumors [Kemmerich et al.,
2012], while Mbd4-deficient mice develop tumors in the gastrointestinal tract if combined
with the oncogenic adenomatous polyposis coli (Apc) 1638N mutation [Wong et al., 2002].
Given the Tdg-null mice embryonic lethality, its role in carcinogenesis has not yet been
fully explored [Cortazar et al., 2012].

As for uracil incorporation, the oxidation of DNA appears to result in either spontaneous
mutagenesis or cell death and, as a result, has been implicated in various diseases such
as cancer. Among the different types of oxidative damage that affect DNA, 8-oxoguanine
(8-0x0G) and 2-hydroxyadenine (2-OH-A), namely the oxidized forms of guanine and ade-
nine, can form relatively stable base pairs with adenine or guanine in DNA (respectively)
during DNA replication. Thus, this is considered to be a spontaneous cause of mutagen-
esis, such as A:T to C:G and G:C to T:A transversion mutations. Most of the enzymes
responsible for their removal show an increase in tumor development, when ablated in
mice. Mthl efficiently hydrolyzes two forms of oxidized dATP, 2-hydroxy(OH)-dATP and
8-0x0-dATP, as well as 8-0xo-dGTP and 8-oxo-GTP. Null mice, despite their weak muta-
tor phenotype, exhibit a several-fold increased incidence of spontaneous tumorigenesis in
the liver, in which 8-0xoG content in the nuclear DNA is increased, in comparison to the
wild-type [Tsuzuki et al., 2001]. Oggl-null mice were found to develop spontaneous lung
adenocarcinomas, accompanied by an increased accumulation of 8-oxoG in their nuclear
genomes in comparison to wild-type mice [Nakabeppu et al., 2006]. Lastly, Mutyh null
mice show an increased occurrence of intestinal adenoma or adenocarcinoma [Nakabeppu

et al., 2006].
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Given the primary role of DNA glycosylases in the DNA damage response, their thera-
peutic inhibition might sensitize cancer cells, whose nucleotide pools contain high levels
of ROS-induced oxidative lesions, to cell death. Two recent reports have shown that the
inhibition of MTHI1 in cancer increases its susceptibility to incorporation into the DNA of
oxidized nucleotides, resulting in induction of the DNA damage response and cell death

[Gad et al., 2014][Huber et al., 2014].

1.1.6 Approved nucleoside and nucleotide analogs in cancer therapy

A variety of nucleoside and nucleotide analogs are currently FDA approved for the treat-
ment of different kinds of cancer. They usually mimic the structure of canonical nucleotides
(Fig. 1.6), thus interfering with normal DNA synthesis (Table 1.1).

2-Fluoroadenosine phosphate is dephosphorylated by extracellular phosphatases and then

Nucleoside analog Target ‘ Diseases

Purine analogs

2-Chlorodeoxyadenosine DNA Replication HCL, NHL
2-Fluoroadenosine phosphate DNA Replication CLL
Clofarabine DNA Replication ALL
Nelarabine DNA Replication T-cell ALL
2-deoxycoformycin DNA Replication HCL, CLL
Pyrimidine analogs
Cytosine -D-arabinofuranoside | DNA Replication AML, ALL
Gemcitabine DNA Replication PC, LC, BC, BIC
Fluoropyrimidines
Fluorouracil DNA Replication | GIC, HNC, RC, SC , PrC, BC
Capecitabine DNA Replication Relapsed BC and CRC

Table 1.1: FDA-approved nucleoside analogs for cancer treatment. Hairy cell leukemia (HCL),
Chronic lymphocytic leukemia (CLL), Acute myelogenous leukemia (AML), Acute lymphoblastic
leukemia (ALL), non-Hodgkin lymphoma (NHL) Pancreatic cancer (PC), Lung cancer (LC),
Breast cancer (BC), Bladder cancer (BIC), Gastrointestinal cancer (GIC), Head and neck (HNC),
Renal cancer (RC), Skin cancer (SC), Prostate cancer (PrC), Colorectal cancers (CRC)
[Jordheim et al., 2013].

enters the cell. All purine and pyrimidine analogs are monophosphorylated by DCK or
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Figure 1.6: Chemical characteristics of nucleoside and nucleotide analogs. Nucleoside and
nucleotide analogs consist of a nucleobase (a purine or pyrimidine derivative) linked to a sugar
moiety and in case of nucleotides, a phosphate group (P) linked to the sugar moiety. The chemical
diversity of these compounds is based on the modifications shown [Jordheim et al., 2013].

mitochondrial dGK and converted to triphosphate through the canonical purine route.
Once they are incorporated into DNA, chain elongation mediated by DNA polymerases
is terminated, inducing apoptosis in replicating cells. These compounds also indirectly
impair DNA replication by inhibiting ribonucleotide reductase, consequently reducing the
pool of deoxynucleotide triphosphates (ANTPs) available for DNA synthesis [Galmarini
et al., 2002] [Bonate et al., 2006] [Jordheim et al., 2013].

Flourouridine acts as an inhibitor for thymidylate synthase (TS), which is expressed in
highly proliferative cells where it converts dUMP into dTMP. TS inhibition creates an
imbalance in the nucleotide pools toward dUTP, leading to its increased incorporation,
DNA damage and a mutator phenotype [Longley et al., 2003].

Resistance mechanisms in cancer cells are due to the downregulation of nucleoside trans-
porters or intracellular nucleoside kinases such as deoxycytidine kinase (DCK), as well as
increased activity of ribonucleotide reductase and the expression of nucleotidases. The
levels of possible metabolizing enzymes must be carefully checked, because they can medi-
ate the increased toxicity of these drugs. This is the case for decreased cytidine deaminase
activity in clinical blood samples of patients treated with gemcitabine, which results in

increased drug toxicity [Jordheim and Dumontet, 2007].
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1.2 Cytosine biological DN A modifications

After the initial discovery of the canonical base components of nucleic acids [Levene and
Jacobs, 1909] [Levene, 1910] at the beginning of the twentieth century, Hotchkiss reported
the discovery of a variant of cytosine in calf thymus DNA in 1948, which he called "epicy-
tosine" since it migrated in close proximity to cytosine in paper chromatography prepara-
tions. In the paper, he speculated that it might have been 5-methylcytosine (5mC) (Fig.
1.7 a), given its previously documented presence in Bacillus tuberculosis DNA [Johnson
and Coghill, 1925]. In addition, its spectral properties related to cytosine, as the ones of
uracil to thymine, where thymine differs from uracil for the presence of a methyl group
at the fifth carbon position [Hotchkiss, 1948]. Subsequent studies confirmed the find-
ing in plant, in bacterial and mammalian DNA [Wyatt, 1951]. Nowadays we know that
5mC is present throughout the kingdom of life in: the fruit fly Drosophila melanogaster
[Jaenisch et al., 2000][Gowher, 2000][Capuano et al., 2014]; the fish Danio rerio[Yamakoshi
and Shimoda, 2003]; the sea squirt Ciona intestinalis[Simmen et al., 1999], which is the
closest invertebrate to vertebrates; the fungi Neurospara crassa[Bull and Wootton, 1984],
Sporotrichum dimorphosporum and Phycomyces blakesleeanus [Antequera et al., 1984]; in
plants like the algae Chlamydomonas reinhardii[Hattman et al., 1978|; the amoeba Dic-
tyostelium discoidium [Katoh et al., 2006]; the parasitic worm Schistosoma mansoni [Geyer
et al., 2011] and the bacteria Escherichia coli [Capuano et al., 2014]. Both the nematode
worm Caenorhabditis elegans and various species of yeast lack DNA methylation.

Another modified form of cytosine, 5-hydroxymethyldeoxycytosine (5hmC) (Fig. 1.7 b)
was first published in 1972 as being present in brain and liver rat DNA [N W Penn, 1972],
but no paper could reproduce the finding until 2009, when two reports showed the presence
of 5hmC in Purkinje cells, brain [Kriaucionis and Heintz, 2009] and in embryonic stem cells
[Tahiliani et al., 2009]. To date, 5hmC has been detected in mice, humans [Lister et al.,

2013], Danio rerio [Jiang et al., 2013|, Arabidposis thailiana [Liu et al., 2013c], Xenopus
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Figure 1.7: Cytosine variants in mammalian DNA

laevis [Xu et al., 2012] and chicken [Liu et al., 2013c]. In mouse DNA, while 5mC content
is relatively constant across tissues, the highest levels of 5hmC are detected in the brain
cerebral cortex, while medium levels are found in kidney, lung, bladder, and muscle and
low levels in the liver and spleen [Globisch et al., 2010].

Subsequent studies have discovered further oxidative modifications of 5mC such as 5-
formylcytosine (5fC) and 5-carboxylcytosine (5caC) [Ito et al., 2011] (Fig. 1.7 ¢, d),
bringing the total number of cytosine variants detected in DNA to date to four (Fig. 1.7).
5fC and 5caC are present at very low levels in mouse and human DNA [Liu et al., 2013b]

and have also been detected in Arabidposis thailiana DNA [Liu et al., 2013c].

1.2.1 Enzymatic production of cytosine variants

Soon after the discovery of 5mC, research efforts moved towards understanding whether
this widespread base originated from enzymatic synthesis of the nucleotide, or deposition
of the methyl mark onto the genome. The first hints of a possible solution for this dilemma,
came with the discovery that despite 5mdCTP could be incorporated into the DNA there
was no kinase in E. coli that could produce a triphosphate from 5mdC [Bessman et al.,
1958]. Therefore, the focus was soon moved towards identifying the enzymatic activity
responsible for 5mC production [Kornberg et al., 1959]. In the meantime, accumulating
evidence linked 5mC to a variety of functions. Following the purification of a DNA/RNA
methylating enzyme [Gold and Hurwitz, 1964] from E. coli, the first functional implication
for 5mC came with the discovery of a DNA methylation-dependent host restriction mech-

anism in Bacteria upon phage infection [Dussoix and Arber, 1962][Urs Kiihnlein, 1969].
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The path towards the identification of the first mammalian enzymes was tightly linked to
functional studies given the unavailability of genomic technologies. Therefore, following
their activity, S-adenosylmethionine (SAM)-dependent DNA methyltransferases (DNMT)
were isolated in mammalian systems [Shied et al., 1968][Bestor and Ingram, 1983]. With
the advent of restriction enzymes and recombination technologies, the sequence encod-
ing mouse DNMT1 was found through Edman degradation of the corresponding purified

enzyme, oligonucleotide construction and annealing [Bestor et al., 1988].

1.2.1.1 The mammalian DNA methyltransferase family

Three DNMT activities were initially found in mammalian cells (mouse eritroleukemia)
[Bestor and Ingram, 1985], and were found to be strictly linked with cell cycle phases. In
particular, log-phase cells contained DNA methylase III (Mr 190,000), cells approaching
stationary phase contained DNA methylase II (Mr 175,000), and stationary-phase cells
contain DNA methylase T (Mr 150,000) [Bestor and Ingram, 1985]. It is now known that
the DNMT family is composed of 3 active members: DNMT1, DNMT3A and DNMT3B
(Fig. 1.8). During the catalytic reaction, DNMTs binds covalently to position 6 of the
cytosine ring and after transfer of the methyl group, coming from S-adensyl methionine
(SAM), a [-elimination reaction frees the enzyme.

DNMT1 has a preference for hemimethylated DNA and, for this reason, it was assigned
the function of maintaining DNA methylation across each cellular generation [Yoder et al.,
1997a]. It possesses a large N terminal regulatory domain containing a nuclear localization
signal (NLS), replication foci targeting sequences (RFTS) [Leonhardt et al., 1992], a DNA
binding domain (CXXC) and protein interaction domains (BAH). The C-terminal region
possesses the methyltransferase (MTase) domain. It has been found that DNMT1 forms
discrete nuclear foci during replication coherent with its de novo activity tightly linked
to the replication machinery [Leonhardt et al., 1992]. Given its fundamental role, Dnmt1

knockout mice were found to be not viable [Li et al., 1992] and embryonic stem cells de-
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rived from them failed to undergo differentiation. A transcriptional product initiated from
an ATG in exon 4 produces DNMT10 [B E Hayward, 2003], a variant only expressed in
oocytes, where it becomes excluded from the nucleus at fertilization and translocates into
the cytoplasm until re-enters the nucleus transiently at the 8-cell stage. Dnmtlo knockout
oocytes, fail to establish imprinting at the 8-cell stage after fertilization [Howell et al.,
2001].

DNMTS3 activity is encoded by 3 different genes. DNMT3A and DNMT3B were identified
with a homology search in EST databases using full-length bacterial type II cytosine-5
methyltransferase as query [Li et al., 1998]. Later, it was found that both Dnmt3a and
Dnmt3b single knockout mice are embryonic lethal [Okano et al., 1999]. Moreover, regions
that are found unmethylated in ICF patients, with heterozygous mutations in DNMTSB,
are satellite DNA and regions subject to X chromosome inactivation, which are newly
methylated after birth. This group of DNMTs was therefore assigned the role of de novo
DNA methyltransferases. Additional proof for their de novo methylating activity came
from double knockout cell lines, which failed to methylate a retroviral genome after infec-
tion, as opposite to wild type cells [Okano et al., 1999]. A catalytic inactive isoform was
later identified through bioinformatic analysis: DNMT3L [Aapola et al., 2000]. Knockout
mice for Dnmt3l are lethal, due to a failure to develop extraembryonic tissues [Bourc’his
et al., 2001]. Moreover, DNMT3L has been shown to be required for the establishment of
methylation patterns during gametogenesis [Bourc’his and Bestor, 2004]. Furthermore, it
was shown, that DNMT3L binds the tail of histone 3 when K4 is unmethylated [Ooi et al.,
2007]. DNMT3s are quite different from DNMT1, possessing an ATRX-DNMT3-DNMT3L
(ADD) domain which is Cys rich and a Pro-Trp-Trp-Pro motif (PWWP), together with
their methyltransferase domain (MTase). The exception is DNMT3L, which contains only
the ADD domain. The PWWP motif has been shown to be required for the DNA binding
[Qiu et al., 2002] and the ADD domain for the interaction with the H3 histone tail which

is abolished when methylated at lysine 4 [Zhang et al., 2010b].
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Figure 1.8: Schematic representation of mammalian DNA methyltransferases. Nuclear
localization signal (NLS), replication foci targeting sequences (RFTS), DNA binding domain
(CXXC) and bromo adjacent homology (BAH), Pro-Trp-Trp-Pro motif (PWWP), ATRX-
DNMT3-DNMT3L (ADD), DNA methyltransferase (MTase).

1.2.1.2 Mammalian DNA oxygenases: the TET family

The TET family of proteins was named after the ten-eleven translocation found in leukemia,
where the C-terminal part of TET1 on chromosome 11, was found fused to the N-terminal
part of MLL on chromosome 10 [Lorsbach et al., 2003]. More than five years passed until
this protein was assigned, through bioinformatic studies, to the family of 2-oxoglutarate
and iron (II) dependent oxygenases (20GFeDO), which catalyze the oxidation of 5mC
to 5hmC [Iyer et al., 2009]. Previously, this modification had been detected and stud-
ied in the DNA of T-even phages, where, together with 5-hydroxymethyluracil (5hmU)
dedicated synthases exist, derived from the classical thymidylate synthases, that catalyze
their production as nucleoside triphosphates. Thus, phage 5-hydroxymethylpyrimidines
are not derived by direct DNA modifications but by the incorporation of pre-modified
base during viral DNA synthesis. Furthermore, it has been shown that phages are able
to modify them, once they are incorporated into the DNA, via the action of DNA base
glycosyltransferases. The starting point for the assignment of a function to the TET

proteins, was a bioinformatic search for mammalian homologs of enzymes that had been
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shown to produce another similar modification, base J (oxidation of the methyl group
on thymine to generate 5hmU) in trypanosomes. This reaction occurs in situ on DNA
and it is catalyzed by JBP1 and JBP2, enzymes of the 20GFeDO family. Therefore,
through the alignment of sequences to search for homologs of JBP1/2, the Tet subfamily
of protein was found. During the evolution of the gnathostome lineage of vertebrates, the
Tet subfamily underwent a triplication to generate the TETI, TET2 and TETS genes,
which are conserved in all gnathostomes [Iyer et al., 2009]. These proteins possess the
canonical double-stranded (-helix dioxygenase domain (DSBH), which contains three sig-
nature motifs conserved among 20G- and iron (II)-dependent dioxygenases: histidine, any
aminoacid, aspartic acid (HxD); histidine, any aminoacid, small residue (Hxs); arginine,
5 aromatic residues, arginine (Rx5a/R). These motifs mediate their catalytic activity by
binding, respectively, the first, divalent iron and the last a-ketoglutarate [Iyer et al., 2009].
Upstream of the DSBH domain there is a cysteine-rich region (Cys R), which has been
proposed to serve as a redox center for oxidoreductase activity [Zhang et al., 2010a]. More-
over, TET1 and TET3 have been shown to possess CG-containing DNA binding activity
encoded by a CXXC domain [Zhang et al., 2010a][Xu et al., 2011][Xu et al., 2012], char-
acterized by two CGXCXXC repeats. TET2, which lacks this domain, has been shown to
interact with IDAX (CXXC4). IDAX is encoded by a neighboring gene that is thought to
have undergone inversion, and thus separation from the coding region of TET2 following
the triplication of the TET genes [Ko et al., 2013]. The CXXC domain of the TET family
is non-canonical, since it lacks the typical KFGG motif that is found in the majority of
characterized CXXC domains. Furthermore, the CXXC domain of TET1 exhibits greater
binding to CG-methylated DNA oligonucleotides than other CXXC domains, which nor-
mally favor unmethylated CpGs [Zhang et al., 2010a] (Fig. 1.9).

The TET enzymes were experimentally validated, as catalyzing the formation of 5hmC
from 5mC in a reaction dependent on iron and a-ketoglutarate in embryonic stem cells

[Tahiliani et al., 2009]. After this initial validation, many studies followed that tried to
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Figure 1.9: The TET family of proteins. DNA binding domain (CXXC); the cysteine-rich region
(Cys r); double-stranded S-helix domain (DSBH); nuclear localization sequences (NLS).

dissect their involvement in processes where DNA methylation plays a major role, such as
transcription, development and cancer. In particular, the first papers that came out pro-
posed a role for TET-mediated 5hmC production in DNA demethylation, since a global loss
of 5mC was detected when TET proteins were overexpressed [Tahiliani et al., 2009]. Fur-
thermore, it was soon discovered that these proteins catalyzed the additional conversion of
5mC to 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) [Ito et al., 2011]. Recently,
another report came out documenting their role in the oxidation of thymine to produce
5hmU [Pfaffeneder et al., 2014]. The deposition of 5hmC and 5{C has been documented
genome-wide in embryonic stem cells and in the brain where they have been mainly found
across gene bodies, promoters and enhancers [Williams et al., 2011] [Putiri et al., 2014].
Tet family members expression profiles vary upon stem cell differentiation; whereas Tet1
and Tet2 expression is downregulated, the one of Tet3 is upregulated [Koh et al., 2011]. In
mouse embryonic stem cells, TET protein stability has been shown to be controlled by the
calpains, a class of calcium dependent proteases which, if inhibited, extend the half-life of
TET [Wang and Zhang, 2014]. Several groups have reported a direct interaction between
the catalytic domain of TET proteins and nuclear O-linked N-acetylglucosamine (Glc-
NAc) transferase (OGT) [Chen et al., 2012b][Deplus et al., 2013][Vella et al., 2013], which
has been shown to O-GlcNacylate these proteins promoting their chromatin stability [Ito

et al., 2014]. This interaction might promote the O-GlcNAc modification of histones, a
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process important for nucleosome assembly and entry into mitosis [Fong et al., 2012], as
well as transcription [Deplus et al., 2013]. Furthermore, given the documented presence
of 5hmC in the brain, TET proteins are here expressed and have been found to mediate a
variety of phenotypes in this context such as: behavioral adaptation and learning follow-
ing fear conditioning with 5hmC deposition mediated by Tet3 [Li et al., 2014]; memory
formation and extinction together with synaptic plasticity and hypermethylation detected
at genes regulating neuronal activity in Tet1l knockout mice [Kaas et al., 2013][Rudenko
et al., 2013]; neuroneogenesis with a reduction in the pool of neuronal progenitors in the
adult brains of mice deleted for Tetl [Zhang et al., 2013]; and active demethylation in the
adult brain of mice overexpressing Tetl [Guo et al., 2011].

In mESCs, Tetl has been shown to participate in the maintenance of self-renewal through
direct regulation of Nanog expression, an embryonic stem cell transcription factor implied
in the maintenance of pluripotency [Ito et al., 2010]. Furthermore, mapping experiments
have shown that it is present mainly at gene promoters where it interacts with the Sin3A
co-repressor complex and is able to both repress and activate transcription [Williams et al.,
2011] [Wu et al., 2011b]. Consistent with the finding that showed Tet1 downstream of Oct4
in embryonic stem cells (ESC) [Koh et al., 2011], Tetl was implicated in pluripotency. In
ESC it can substitute for Oct4 in the combination of transcription factors (Sox2, Klf4, c-
Myec, Oct-4) that is necessary to induce pluripotent stem cells from fibroblasts [Gao et al.,
2013], mainly through erasure of DNA methylation at imprinted regions [Piccolo et al.,
2013]. Tetl downregulation and knockout in embryos also lead to a bias towards trophec-
toderm differentiation, despite giving rise to viable mice that do not show obvious defects
in development [Ito et al., 2010][Dawlaty et al., 2011]. However, a decreased number of
germ cells was observed in knockout females that failed to activate the genes required for
meiotic progression and gonad development [Yamaguchi et al., 2012]. In connection to
cancer, Tetl downregulation has been linked to increased tumorigenesis and metastasis

through the inhibition of TIMPs (Tissue Inhibitors of Metalloproteinases), which are neg-
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ative regulators of MMPs (metalloproteinases) that are known to promote cancer invasion
and metastasis [Hsu et al., 2012][Liu et al., 2013a].

Tet3 is mainly expressed in oocytes, and in zygotes within the male pronucleus, where it
converts bmC to 5hmC. Consequently, knockouts of Tet3 show neonatal lethality, while
conditional knockouts in the female germ line show reduced fertility and failure to convert
5mC to 5hmC [Gu et al., 2011][Guo et al., 2014]. Additionally, Tet3 has been shown to be
implicated in eye development in Xenopus laevis and mouse. In Xenopus, partial rescue
of this phenotype could be obtained with expression of the catalytically inactive Tet3,
indicating 5hmC independent effects [Xu et al., 2012].

Double knockouts for Tetl and Tet2 are viable, but most die perinatally within the first 2
days. The majority of homozygous Tetl/Tet2 mutants display a variety of malformations
such as exencephaly, hemorrhage in the head and profound growth retardation. The mice
that survive and become adults can be crossed, with females displaying reduced fertility,
concurrent with the observed phenotype in Tetl knockout ovaries [Dawlaty et al., 2013].
Their organs as DKO-derived embryonic stem cells display aberrant DNA methylation
and gene expression profiles and a global reduction in 5hmC levels [Dawlaty et al., 2013].
Triple knockout of the Tet genes (TKO) allows the formation of embryoid bodies, but
results in improper differentiation of the endoderm and mesoderm lineages as compared
to the wild type. TKO ESCs did not contribute to chimera formation when injected into
the blastocyst, indicating defects in pluripotency [Dawlaty et al., 2014].

For 5mC oxidation, the TET proteins use iron (II) and oxygen as cofactors along with
a-ketoglutarate (a-KG), a metabolite of the Krebs cycle [Tahiliani et al., 2009]. a-KG can
be produced and consumed through different metabolic pathways: as a key intermediate
in the TCA cycle for energy metabolism, as an entry point for several 5-carbon amino
acids to enter the TCA cycle after being converted into glutamate; by being reduced
back to isocitrate and then citrate for the eventual synthesis of acetyl-CoA; and by being

used as a co-substrate for multiple a-KG-dependent dioxygenases. Tet enzymes have been
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found inhibited by 2-hydroxyglutarate (2-HG), which is produced by mutant isocitrate
dehydrogenase (IDH) enzymes and has been shown to occupy the same site as a-KG.
Succinate and fumarate can mimic a-KG and mutant fumarate hydrogenase and succi-
nate dehydrogenase have been shown to inhibit Tet function [Xiao et al., 2012]. Another
layer of regulation is provided by the antioxidant ascorbic acid (vitamin C) which induces
rapid formation of 5hmC, 5fC, and 5caC, probably by reducing Fe(III) back to Fe(II) after
enzymatic catalysis [Blaschke et al., 2013]. Lastly, in mice it was shown that injections
of glucose, glutamine or glutamate induced 5hmC and 5fC formation in the DNA [Yang
et al., 2014], without significantly affecting protein levels, indicating that regulation of

these proteins can be tightly dependent on the bio-availability of their cofactors.

TET2

Before being assigned a function, TET2 had been discovered as the member of the TET
family most frequently mutated in cancer, where more than a thousand mutations have
been detected, especially in blood cancers such as acute myeloid leukemia (AML), with an
overall mutation percentage of 15% [Forbes et al., 2001]. The high mutation frequency is
an indication of the primary nature of this mutation in AML [Delhommeau et al., 2009].
Subsequent studies discovered the function of the related protein in the production of
5hmC [Tahiliani et al., 2009], 5fC and 5caC [Ito et al., 2010].

A crystal structure for a portion of Tet2 that comprises its cysteine rich region and the
DSBH domain, in complex with DNA, has been solved. The DSBH domain has a central
core, that is comprised of a double-stranded [-helix, packed between flanking-segments
from both the DSBH and Cys-rich domains. The Cys-rich domain separates into N (Cys-
N) and C-terminal (Cys-C) subdomains. The DNA is located above the DSBH core and
two loops of the Cys-C subdomain, which form a groove for DNA interaction, with a
methylated cytosine (mC6) flipped out and inserted into the catalytic cavity. Three zinc

cations are coordinated by Tet2 residues and help the catalysis in both the interaction
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with DNA and in the assembly of the structure. The Fe(II) is coordinated by conserved
residues H1382, D1384 (HxD motif) and H1881 (Hxs motif) of the DSBH core, whereas
a-ketoglutarate is stabilized by residues R1261, H1416, R1896 and S1898 (R5a motif) of
TET2. All these residues involved in Fe(II) coordination, a-ketoglutarate interaction and
Zn coordination are highly conserved in the TET subfamily members and frequently mu-
tated in cancer [Hu et al., 2013] (Fig. 1.10).
TET?2 stability has been documented to be 10 hours in mouse embryonic stem cells [Wang
and Zhang, 2014] where its expression has been shown to be regulated by Oct4 [Wu et al.,
2013]. Tet2 knockdown in embryonic stem cells affect 5hmC deposition mainly over gene
bodies implying a regulatory role for this protein in transcription [Huang et al., 2014].
Different mouse models deficient for Tet2 displayed an increased number of hematopoi-
etic progenitor cells in the bone marrow, and their skewed differentiation toward the
myelomonocytic lineage [Ko et al., 2011][Moran-Crusio et al., 2011][Quivoron et al., 2011].
Tet2 has been found to interact with a number of proteins in the cell. The first inter-
action partner found is OGT [Chen et al., 2012b][Vella et al., 2013][Deplus et al., 2013],
an O-linked N-acetylglucosamine transferase which is able to add N-acetylglucosamine
to histone 2B on S112 (H2BS112) and to mediate the ubiquitination by BER1 enzymes
at H2BK120 [Fujiki et al., 2011]. Tet2 also promotes the N-GlcNacylation of host cell
factor (HCF1) through this interaction, a modification linked to the recruitment of the
SET/COMPASS complex, which includes the MLL methyltransferase responsible for the
production of H3K4me3 that is also a marker of active promoters [Lee et al., 2007] [Deplus
et al., 2013]. Following OGT, a number of other interacting partners have been found.
The first one is IDAX, a CXXC domain-harboring protein regulated by Wnt signaling,
which is responsible for the binding of TET2 to unmethylated CG-containing DNA and
has been found able to induce TET2 caspase-dependent degradation upon stem cell dif-
ferentiation [Ko et al., 2013]. EBF1 [Guilhamon et al., 2013] is a transcription factor

involved in B-cell differentiation [Treiber et al., 2010], with which TET2 can contribute
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Figure 1.10: Crystal structure of the catalytic domain of TET2 (PDB:4NMG6) [Hu et al., 2013].
Highlighted the domains: Cys-N (1129-1232), Cys-C (1233-1312) and DSBH (1313-1481,
1843-1936). The Fe(II) is coordinated by conserved residues H1382, D1384 (HxD motif) and
H1881 (Hxs motif) of the DSBH core, whereas a-ketoglutarate (OGA) is stabilized by residues
R1896 and S1898 (R5a motif) of TET2.

to DNA demethylation at certain gene promoters [Li et al., 2010]. With NANOG, TET2
mediates the establishment of pluripotency in embryonic stem cells [Costa et al., 2013].
TET2 promotes differentiation with PU.1, which is a transcription factor involved in os-
teoclast [de la Rica et al., 2013], myeloid and lymphoid differentiation and alternative
splicing [Guillouf, 2006]. With PRDM14 TET2 participates in the establishment of DNA
demethylation at pluripotency related genes [Okashita et al., 2014]. Lastly, TET2 also
interacts with proteins of the BER pathway (TDG, MLH, NEIL1,2,3) with which it pro-
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motes DNA demethylation. Among them, it has been reported that Neil3 knockout mice
are viable and NEIL3 expression is elevated in hematopoietic tissues, suggesting a func-
tion in hematopoiesis [Miiller et al., 2014]. TET2 interaction partners, among which the
strongest evidences are for OGT, suggest a functional link between 5hmC deposition and

transcription.

1.2.2 The biological functions of cytosine variants

Since the discovery of 5mC great progress has been made in determining its function in
DNA. After early studies in bacteria, which identified 5mC as a component of the host re-
striction system against invading phages, attention was directed toward the identification
of the context in which 5mC is deposited. Early studies reported a significant deviation
from the random distribution of 5mC dinucleotides obtained from DNA preparation from
mammalian DNA. In particular, the neighboring base of 5mC was found to be mainly gua-
nine. The hypothesis followed that this must have been related to an enzymatic activity
able to recognize this context [Sinsheimer, 1955][Doskoéil and Sorm, 1962]. Later studies
confirmed that 5mC is deposited mainly in the CpG dinucleotide context, with minor
prevalence in the CpH context (especially CpA) [Doskoéil and Sorm, 1962][Salomon and
Kaye, 1970]. This finding was subsequently further validated, first through nearest neigh-
bor analysis [Woodcock et al., 1987|[Ramsahoye et al., 2000] and later by whole genome
bisulfite sequencing [Guo et al., 2013][Lister et al., 2013]. Furthermore, it was soon shown
that other than in the CG context, 5mC was deposited in clusters of DNA (200 bp) that
varied for DNA methylation percentage across the different tissues studied (satellite DNA)
[Sano and Sager, 1982]. Moreover it was found that some segments of DNA rich in CpG
dinucleotides, spanning 1-2 kilobases [D N Cooper, 1983] and present at gene promoters
[Antequera et al., 1989] were largely unmethylated and they were given the name of CpG
islands [Bird, 1987].

With the advent of restriction endonucleases able to differentially cut unmethylated or
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methylated DNA, more studies confirmed the context of DNA methylation and the pres-
ence of symmetric DNA methylation at palyndromic sequences across double stranded
DNA (at CG sites) in Xenopus laevis, which indicated that DNA methylation must be
replicated upon cell division since hemimethylated DNA (e.g. DNA that is methylated
only on one strand) could not be detected [Bird and Southern, 1978][Bird, 1978]. These
observations were soon confirmed in mammalian cells, reinforcing the concept of heritabil-
ity of DNA methylation [Wigler et al., 1981], together with the purification of mammalian
DNA methyltransferases that were shown to be able to methylate hemimethylated se-
quences [Bestor and Ingram, 1983].

Such heritability of CpG methylation suggests a role for 5mC in long-term regulation re-
quired for diverse biological processes, such as the establishment of genomic imprinting,
stable silencing of gene expression and maintenance of genome stability.

Imprinting is defined as the conditioning of the maternal and paternal genomes during
gametogenesis, such that a specific parental allele is more abundantly (or exclusively)
expressed in the offspring. The role of DNA methylation in imprinting soon became
clear after studies investigating early embryogenesis and gametogenesis found that newly
methylated regions appeared in the DNA of sperm suggesting the existence of a mech-
anism that allowed the distinction between maternal and paternal alleles [Groudine and
Conkin, 1985]. It was later found that these modifications could be stably propagated and
could contribute to different allelic expression patterns. Only with the use of an inserted
transgene that became selectively silenced, and with methyltransferases-deficient embryos
that showed a loss of imprinting, it was demonstrated that this phenomenon is dependent
on DNA methylation [Mohandas et al., 1981][Reik et al., 1987][Li et al., 1993]. An example
of imprinted gene is Igrf2, which is expressed from the maternal allele. It has been found
unmethylated in the maternal genome promoter and methylated on the imprinted region
(intron 2), which results in absent expression of an antisense RNA that would block tran-

scription of the sense if present. Paternally inherited alleles showed expression of antisense
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RNA and lack of methylation at the imprinted region, associated with methylation of the
Igf2r promoter and therefore absence of Igf2r mRNA [Wutz et al., 1997].

Having discovered that only one X chromosome is necessary for normal development, Lyon
proposed the hypothesis that one of the copies, which had already been detected as silent
in somatic cells, must be switched off during development by genetic mechanisms [Lyon,
1961]. Studies with the demethylating drug 5-azacytidine pointed to a role for DNA
methylation in silencing gene expression, consequent to the reactivation of genes on the
inactive X chromosome that was achieved by the induction of demethylation [Mohandas
et al., 1981].

The role of DNA methylation in gene silencing was later confirmed in hypomorphs for
DNMT1, where imprinted gene re-expression could be obtained [Li et al., 1993] together
with the disruption of monoallelic expression of imprinted genes. It was later discovered
that DNA methylation represses transcription in a manner that depends on the location
and density of the methyl-CpGs relative to the promoter. A high percentage of DNA
methylation was shown to be generally stronger than a low percentage, and to be present
to silence genomic locations stably [Boyes and Bird, 1992].

Another well-documented consequence of DNA methylation deficiency is the activation
of transposable element-derived promoters. Transposable element-related sequences are
heavily methylated and transcriptionally silent in somatic cells. In mouse embryos lack-
ing Dnmt1, the normally repressed transcription of intracisternal A particle (IAP) ele-
ments, which constitute a homogeneous and transpositionally active family of elements,
is highly induced [Walsh et al., 1998]. The biological significance of transposable-element
re-expression is uncertain; and it has been proposed that it may facilitate genetic insta-
bility by increasing the number of insertional mutagenesis, DNA breaks and chromosome

translocations [Yoder et al., 1997b].
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1.2.2.1 Interplay between DN A modifications and transcription

Approximately 70% of mammalian promoters are associated with CpG islands [Saxonov
et al., 2006], which remain largely unmethylated in somatic cells. When these promoters
are active they are usually characterized by nucleosome-depleted regions at the transcrip-
tion start site, often flanked by nucleosomes containing the histone variant H2A.Z and
marked with trimethylation of histone H3 at lysine 4 (H3K4me3). These have been shown
to be able to exclude DNMTs and to correlate with transcription [Ooi et al., 2007][Zil-
berman et al., 2008]. Due to low levels of 5mC at CpG islands, 5hmC/5fC and 5caC
are generally depleted around transcription start site [Szulwach et al., 2011][Wu et al.,
2011a][Shen et al., 2013]. Conversely, TET has been shown to be enriched at these pro-
moters, thus might contribute to transcription through a catalytic independent function
[Williams et al., 2011][Deplus et al., 2013][Vella et al., 2013][Huang et al., 2014].

5fC and 5caC have been mapped at inactive promoters, in the absence of TDG [Shen
et al., 2013][Song et al., 2013a]. Indeed, TET proteins might contribute both to activation
and repression mechanisms. They have been shown to interact with ODG and to recruit
it to CpG-rich promoters [Deplus et al., 2013] [Vella et al., 2013]. TET depletion reduces
OGT binding to chromatin and its activity to N-GlcNacylate histone H2B at S112, which
has been shown to promote transcription through recruitment of the SET/COMPASS-
complex, which possesses H3K4 methyltransferase activity. A repressive role might be
promoted via its interaction with the SIN3A co-repressor complex [Williams et al., 2011].
Readers for 5hmC/5fC belonging to transcriptional complexes (NuRD) have been detected
in pull-down assays [Spruijt et al., 2013], further highlighting possible roles of these mod-
ifications in transcription.

Another putative role for cytosine modification in transcription might come from gene
bodies. They are mostly CpG-poor, extensively methylated and contain multiple repet-
itive and transposable elements. It has long been known that gene body methylation is

a feature of transcribed genes [Wolf et al., 1984]. Extensive positive correlations between
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active transcription and gene body methylation have recently been confirmed on the active
X chromosome [Hellman and Chess, 2007]. Thus, even though a gene body can become
extensively methylated, this does not block transcription elongation. One of the functions
of gene body methylation might be regulation of splicing, as enrichment of 5mC has been
detected on exon/intron boundaries [Laurent et al., 2010]. 5hmC and 5fC have also been
detected over gene bodies in mouse ESCs and the brain, as well as in the human frontal
cortex and ESCs [Pastor et al., 2011][Szulwach et al., 2011][Wu et al., 2011a][Mellén et al.,
2012][Shen et al., 2013][Lister et al., 2013]. Moreover, high 5hmC levels over gene bodies
have been shown to correlate with high levels of transcription [Mellén et al., 2012], possibly
causing enhanced rates of transcription. Conversely, when 5fC or 5caC are present over
gene bodies, they are able to reduce the processivity of RNA polymerase [Kellinger et al.,
2012].

Enhancers are situated at variable distances from promoters and are key in the control
of gene expression. They are mostly CpG-poor regions and, in the mouse genome, are
not 100% methylated or unmethylated and therefore are termed ‘low-methylated regions’
(LMRs) [Stadler et al., 2011]; these regions also show DNasel hypersensitivity, H3K4mel
and H3K27ac. At these sites 5hmC could be detected [Pastor et al., 2011][Szulwach et al.,
2011][Stroud et al., 2011][Lister et al., 2013] and in the case of poised enhancers, defined
as H3K4mel positive and H3K27ac negative, it was shown enriched together with 5fC, in-
dicating a possible role for DNA demethylation in their activation [Shen et al., 2013|[Song
et al., 2013a).

1.2.3 Possible routes to DNA demethylation

DNA methylation accounts for about 1% of the total bases in our genome [Ehrlich et al.,
1982]. The methylation level characteristic for the mammalian genome is established
around gastrulation. Before gastrulation, there is a wave of genome-wide demethylation

that removes the 5mC present in the zygote, by replication dependent mechanisms in the
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maternal genome and, before replication, in the paternal genome, so that the DNA of
the blastocyst is reduced. Between implantation and gastrulation, a wave of global de
novo methylation re-establishes the overall methylation pattern, which is then maintained
throughout life in the somatic cells of the organism (reviewed in [Wu and Zhang, 2014]).
While mechanisms for the enzymatic establishment of DNA methylation, both mainte-
nance and de novo, have been largely elucidated, DNA demethylation processes were ini-
tially only attributed to replication dependent mechanisms. When 5hmC, 5fC and 5caC
were discovered [Kriaucionis and Heintz, 2009][Tahiliani et al., 2009][Ito et al., 2011}, it was
realized that replication independent mechanism might also occur. Replication dependent
mechanisms of 5mC depletion are mainly explained by a failure of DNMT1, which normally
restores the symmetrical CpG methylation pattern upon DNA replication by methylat-
ing the unmodified cytosine in the nascent DNA strand (red arrows in Fig. 1.11) [Bird
and Southern, 1978|[Bird, 1978|[Bestor and Ingram, 1983]. One example of replication-
dependent loss of 5mC is the global erasure of 5mC in the maternal genome during mouse
preimplantation development. A mechanism that could possibly explain the failure of
DNMT1 could be one through which it fails to recognize hemi-hydroxymethylated DNA
[Hashimoto et al., 2012a].

Different hypotheses still exist to explain the active mechanisms of 5mC removal. Over-
expression of TET proteins has been shown to induce a global decrease in 5mC levels
[Tahiliani et al., 2009]. Therefore, active demethylation mechanisms have been attributed
to an initial oxidative step of 5mC to 5hmC, 5fC and 5caC followed by their enzymatic
removal (blue line Fig. 1.11). 5hmC has been shown to be possibly dehydroxymethy-
lated by the de novo DNMTs (3A and 3B) [Chen et al., 2012a]. Other ways of reversion
to C include the putative decarboxylation of 5cadC [Schiesser et al., 2012] or the DNA-
glycosylase mediated excision of 5fC, 5caC or 5hmU (deamination product of 5hmC by
AID/APOBEC) followed by base excision repair mechanisms [Guo et al., 2011|[He et al.,

2011]. Thymine DNA glycosylase (TDG), normally responsible for the removal of the
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Figure 1.11: Schematic representation of major DNA methylation and demethylation pathways
in mammals. DNA methyltransferases (DNMTs) methylate cytosine to yield 5-methylcytosine
(5mC; 1% of all bases) by transferring the methyl group from S-adenosylmethionine (SAM) to
cytosine. Ten-eleven translocation (TET) enzymes oxidize 5mC to 5-hydroxymethylcytosine
(5hmC; 0.1% of all bases), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). Multiple
pathways can lead to DNA demethylation, including thymine DNA glycosylase (TDG)-mediated
base excision repair (BER) of 5{C:G and 5caC:G base pairs, and replication-dependent passive
demethylation or activation-induced deaminase (AID)/APOBEC that can mediate the
deamination of 5hmC to 5hmU followed by TDG-mediated BER [Wu and Zhang, 2014].

pyrimidine base from T:G or U:G mismatches, has been shown to have great activity
on 5fC:G and 5caC:G base pairs [Maiti and Drohat, 2011]. TDG-deficient mice are not
viable and display embryonic lethality, while derived MEFs show DNA hypermethylation
[Cortellino et al., 2011][Cortézar et al., 2012]. Recent reports indicate that TDG might be
dispensable for the enzymatic removal of 5fC and 5caC as no difference in their amounts
is detected in TDG knockout zygotes relative to wild type zygotes [Guo et al., 2014].
Other data point to the possibility that other DNA glycosylases might compensate for

TDG loss, as NEIL glycosylases, which are responsible for the repair of oxidative cytosine
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lesions [Hazra et al., 2002], have been shown to be able to interact with TETs [Miiller

et al., 2014].

1.2.4 Nucleotide salvage of cytidine derivatives

Following the discovery of 5mC in the DNA [Hotchkiss, 1948], another branch of research
investigated whether this modified cytosine could be produced by nucleotide-metabolism
enzymes. It was discovered that, in E. coli, there was no enzyme able to produce 5mdCTP
[Bessman et al., 1958], therefore, the focus of research was moved towards studies that
looked at the salvage routes for 5mdC. The first reports showed that 5mdC per se could
not be incorporated into the DNA if administered to cells, but instead could be detected in
the form of thymine [Jekunen et al., 1983]. Soon, it was proposed that the barrier for the
incorporation of 5mdC lays in the absence of an enzymatic ability capable of diphosphate
production [Vilpo and Vilpo, 1991]. Therefore, it was concluded that salvage of 5mdC
proceeded through its conversion into thymidine by deamination catalyzed by cytidine
deaminase (CDA) [Vilpo and Vilpo, 1991]. Further support for this idea, came from
in vitro evidence that cytotoxicity induced by 5mdC administration (through conversion
to thymidine that has been shown to be toxic when administered to cells [Akman et al.,
1981]) could be reversed by co-treatment with the CDA inhibitor tetrahydrouridine (THU)
[Jekunen and Vilpo, 1984]. Later it was discovered with purified enzymes, that DCK was
able to produce 5mdCMP [Eriksson et al., 1991] and CMPK1 was unable to catalyze the

subsequent step of 5mdCDP production.
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1.3 Cytosine DNA modifications and producing enzymes in

cancer

DNA methylation can be considered one of the hallmarks of cancer, since it has been found
to be generally deregulated across all cancer types. The first studies that linked cancer
to DNA methylation used Southern blotting to analyze DNA that had been digested
with methylation-sensitive restriction enzymes and found that a substantial proportion
of CpGs that were methylated in normal tissues were unmethylated in primary cancer
tissues [Feinberg and Vogelstein, 1983]. Similar investigations using high-performance lig-
uid chromatography (HPLC) were able to confirm global losses of 5mC across multiple
cancer types [Gama-Sosa et al., 1983]. Following these findings, the oncosuppressor Rb
was found to be silenced by promoter hypermethylation in cancer [Ohtani-Fujita et al.,
1993]. Later, more gene promoters were found to be hypermethylated, such as: the on-
cosuppressors pl6 [Gonzalez-Zulueta et al., 1995] and von Hippel-Lindau (VHL) [Herman
et al., 1994], and the base excision repair MutL homolog 1 (MLH1) [Cunningham et al.,
1998]. Subsequently, it was discovered that promoter CpG-islands associated silencing
was widespread in different cancers, and this general phenomena was given the name of
CpG-island methylator phenotype (CIMP) [Toyota et al., 1999]. Other genes that have
been found to be deregulated in cancer through hypermethylation are imprinted genes in
their expressed unmethylated allele such as H19, which has been found aberrantly silenced
in Wilms’ tumor [Steenman et al., 1994].

Other than gene silencing, another role that can be attributed to DNA methylation in the
promotion of oncogenesis is the increased mutagenic potential of 5mC compared to un-
methylated C. Evolutionarily a CpG depletion due to methylation of CpG in the germline,
has been suggested. This is thought to be due to the more frequent spontaneous hydrolytic
deamination of 5-methylcytosine (5mC) compared to cytosine, which gives rise to thymine

rather than uracil, generating a T:G mismatch that is less efficiently repaired compared
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to the U:G one [Ehrlich et al., 1986][Lutsenko and Bhagwat, 1999]. As an example of
this, it was found that most mutations in pb53 occur in the coding region at CG sites,
causing hotspots in somatic cells that are thought to be cancer causing [Rideout et al.,
1990]. Generally, mutation frequency has been found to be significantly higher at CpG
dinucleotides [Alexandrov et al., 2013].

Following large sequencing projects of cancer genomes, DNA methylation enzymes have
been found to be mutated. DNMT3A is mutated in about 20% of AML cases [Ley et al.,
2010]. DNMT1 has been found mutated in colon cancer [Kanai et al., 2003] and other
solid cancers (breast, cervix and lung) [Forbes et al., 2001]. Concordant with these reports,
Dnmt3a knockout mice in the hematopoietic compartment results in impaired differentia-
tion over serial transplantation, and expansion of stem cells numbers in the bone marrow
[Challen et al., 2012], while Dnmt1-deficient hematopoietic stem cells (HSC) showed a
marked increase in apoptosis and defective self-renewal and repopulating capacity. Fur-
thermore, Dnmt1l hypomorph expression in the hematopoietic compartment leads to a
normal ability to form myeloid and erythroid progeny, but impairment in the ability to
commit to lymphoid differentiation [Broske et al., 2009]. Recently, it has been shown that
the prevailing mutation of DNMT3A R882H, lying in the catalytic domain, disturbs gene
expression and promotes the proliferation of HSC transplanted in a mouse model, resulting
in expansion of the myeloid compartment and monocytic lineage in a way that resembles
chronic myelomonocytic leukemia (CMML) [Xu et al., 2014].

5hmC has been found to be generally depleted in cancer (leukemias, breast, lung, pan-
creas, liver, colorectal), sometimes in association with Tet2 mutations [Ko et al., 2010],
but other times in association with decreased expression of Tet genes [Yang et al., 2012]
and sometimes without any of the two [Kudo et al., 2012]. The decrease of 5hmC has
been proposed to be a biomarker for melanoma [Lian et al., 2012]. Recently, a causative
relationship between tumor progression and 5hmC amount has been established through

a report that documented the loss of 5hmC and the insurgence of tumors in the liver of
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rats exposed to the genotoxic agents riddelliine and aristolochic acid, which was paralleled
by decreased Tet2 expression [Lian et al., 2014]. Tetl expression is decreased in a cellular
model of transformation [Kudo et al., 2012] and in vivo during prostate cancer progres-
sion, where it promotes invasion and metastasis [Hsu et al., 2012]. In breast cancer Tetl
upregulation gives rise to smaller tumors and suppresses invasion, while its downregulation
correlates with poor prognosis [Hsu et al., 2012]. Microarray analysis found that genes
responsible for this phenotype are the inhibitors of the metalloproteinases (TIMP) [Hsu
et al., 2012], which are negative regulators of MMPs (metalloproteinases) that are known
to promote cancer invasion and metastasis. In another case, the high mobility group
AT-hook (HMGA)2 was shown to inhibit TET1 and homeobox A (HOXA) expression
in breast cancer cells and breast cancer tumors, where high levels of HMGA2 correlated
with poor survival [Sun et al., 2013]. MLL-rearranged tumors display induction of TET1,
which cooperates with MLL activity to activate target genes such as HoxA9 and Meisl,
which have been shown to be sufficient for the development of leukemia [Kroon et al.,
1998] [Huang et al., 2013].

TET (especially TET?2) levels, other than being regulated at the transcriptional level, have
been shown to be diminished by several miRNAs (including miR-125b, miR-~29b, miR-29c,
miR-101, and miR~7) that disrupted normal hematopoiesis and were overexpressed in AML
patients harboring wild type TET2 [Huang and Rao, 2014]. The pro-metastatic microRNA
miR-22 suppressed TET expression and thus demethylation of the promoter of the anti-
metastatic microRNA miR-200 in a mouse breast cancer model. This correlated with
high-grade cancers and the expression of genes involved in metastasis and poor survival
in human patients [Song et al., 2013c]. miR-22 is upregulated in MDS and its overexpres-
sion leads to hematopoietic cancers in mice in which decreased levels of Tet2 have been
shown to be paralleled by a decrease in 5hmC. Tet2 re-expression can rescue the phenotype
and reduce the repopulating ability of miR-22 overexpressing HSCs [Song et al., 2013b].

Other than at the translational level, TET proteins can be regulated by metabolites that
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can interfere with the role of the cofactor a-ketoglutarate (a-KG). IDH mutant cancers
(lymphomas and gliomas), which show the accumulation of 2-hydroxyglutarate (2-HG), a
competitive inhibitor for Tet2 that occupies the same site as a-KG, have been shown to
display an hypermethylator phenotype [Sasaki et al., 2012][Lu et al., 2012][Turcan et al.,
2012] correlating with a hypothetical disruption of TET?2 function [Figueroa et al., 2010].
Aberrant DNA methylation is also observed in succinate dehydrogenase (SDH) mutant
cancers [Letouzé et al., 2013], in which succinate accumulates and competes with a-KG
[Xiao et al., 2012]. In vivo evidence for FH mutant cancers that display accumulation of

fumarate, behaving as a competitive inhibitor of a-KG for TET, is yet to be obtained.

TET family genes mutations in cancer

The TETI1 catalytic domain has been found translocated with the N terminal part of
MLL in t(10;11) [Lorsbach et al., 2003] and TET2 has been found extensively mutated
in AML [Delhommeau et al., 2009], CMLL, myelodysplastic syndromes (MDS) and T-cell
lymphoma [Langemeijer et al., 2009][Tefferi, 2010] [Bacher et al., 2010][Rocquain et al.,
2010][Busque et al., 2012][Brecqueville et al., 2012][Couronné et al., 2012]. Mouse mod-
els carrying HSC deleted for Tet2 show characteristics resembling AML, with expansion
of HSCs and their skewed differentiation toward the myelomonocytic lineage [Quivoron
et al., 2011][Yang et al., 2011]. So far, more than a thousand TET2 mutations have been
identified in cancer, mainly of hematopoietic origin (Fig. 1.12). Some missense muta-
tions impair the enzymatic activity of TET2, with a resultant decrease in 5hmC levels
and aberrant DNA methylation [Ko et al., 2010]. Human cord blood-derived stem cells
depleted of TET2, or stem cells isolated from leukemia patients bearing TET2 muta-
tions, showed a consistent phenotype in in vitro differentiation assays, with an increased
myeloid-lineage and decreased erythroid-lineage cells [Pronier et al., 2011]. The missense

mutations tend to be clustered in two highly conserved regions of the human TET2 protein
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(amino acids 1104-1478 and 1845-2002) that correspond to the Cys rich region and the
catalytic DSBH core (Fig. 1.12). Based on the crystal structure, many of the residues af-
fected by the missense mutations are located on the surface of the TET2 catalytic domain.
These residues might be important for protein—protein interactions and/or may be subject
to post-translational modifications [Hu et al., 2013][Huang and Rao, 2014]. Analysis of
the clonal architecture and mutation frequency of myeloid disorders indicates that TET2
mutations often occur as an early oncogenic event and lead to the clonal expansion of
leukemic cells. A second hit is then necessary for the development of leukemia. Genes fre-
quently found mutated with Tet2 include the polycomb protein enhancer of zeste homolog
2 (EZH2), which represents the catalytic component of polycomb repressive complex 2
(PRC2) [Muto et al., 2013]; additional sex combs like 1 (ASXL1), which is the regula-
tory subunit of the ASXL1-BAP1 complex [Rocquain et al., 2010], a deubiquitinase for
H2AK119Ub [Brecqueville et al., 2012]; Dnmt3A in T-cell lymphoma [Couronné et al.,
2012]; and Janus Kinase 2 (JAK2) implicated in erythropoiesis [Rocquain et al., 2010].
Less frequently, Tet genes have been found mutated in colon [Seshagiri et al., 2012], kidney

and thyroid cancer [Forbes et al., 2001].

1.4 FDA-approved DNA methylation inhibitors for cancer

therapy

Aberrant DNA methylation has been targeted in cancer therapy by DNA methylation
inhibitors. 5-azacytidine (5azaC) and 5-azadeoxycytidine (5azadC) are DNMT inhibitors
that are currently FDA approved for the treatment of MDS, AML and CMML (Fig. 1.13).
They were synthesized in the Czech Republic at the beginning of the 1960s [Pliml and
Sorm, 1964] as anticancer agents that, like other nucleoside analogs, could interfere with
nucleotide metabolism processes. These compounds are cytidine analogs that bear ni-

trogen instead of carbon at the fifth position of the pyrimidine ring. They are salvaged
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Figure 1.12: TET2 mutations observed in cancer. Most of the missense mutations cluster in the
functional Cys-rich and DSBH domains of Tet2 [Forbes et al., 2001]. Frequency is indicated on
the y-axis as total number of cases detected. X-axes indicate protein aminoacids.
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through the canonical cytidine route to produce the respective nucleosides triphosphates.
They can then be incorporated into DNA, or RNA in the case of 5-azacytidine, being
indistinguishable from cytosine for the DNA polymerase [Patel et al., 2010]. When main-
tenance DNMTs initiate the methylation reaction on hemimethylated cytosines following
replication, they establish a covalent bond between the carbon-6 atom of the cytosine ring
and the enzyme [Santi et al., 1984][Song et al., 2012]. Normally this is resolved through
a [-elimination reaction, which cannot happen for the presence of a nitrogen instead of a
carbon at position 5 of the ring (i.e. lack of a proton), resulting in the covalent trapping of
DNMTT1 [Schermelleh et al., 2005] and the formation of protein-DNA complexes that are
resolved through proteasomal degradation [Patel et al., 2010]. In addition, the covalent
protein bound to the DNA also compromises its functionality by inducing double strand
breaks and the DNA damage response [Palii et al., 2008].

Various studies led to the discovery of the mechanism of action of 5azaC and 5azadC.
It was first shown that the compounds are able to transform and kill cultured cells by
inducing their differentiation [Taylor and Jones, 1979], and later revealed that the effect
was dependent on DNA demethylation [Jones and Taylor, 1980][Jones, 1984]. Subsequent
studies with Dnmt1 knockout cells showed that the mechanism of action of bazadC might
be due to the trapping, and thus the depletion of Dnmt1 since resistance to the compounds
was detected in cells depleted for Dnmts [Jiittermann et al., 1994]. It has been reported
that the loss of imprinting observed in cancer can be reversed by bazadC treatment, which
reactivates the expression of imprinted genes from the silenced allele [Barletta et al., 1997].
Numerous clinical trials led to the FDA approval of these drugs for clinical use in patients
with myelodysplastic syndrome and leukemia [Fenaux et al., 2009][Garcia-Manero et al.,
2013]. Crucial in this process was the recognition that low dosages of these drugs showed

better efficacy and increased tolerability [Fenaux et al., 2009][Garcia-Manero et al., 2013].
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Figure 1.13: DNA methylation inhibitors FDA-approved in the clinic for treatment of AML,
MDS and CMLL.

Common resistance mechanisms

The applicability of these drugs has been largely restricted to hematopoietic cancers be-
cause of the expression of cytidine deaminase (CDA) in the kidney and liver [Camiener
and Smith, 1965] which quickly converts them into the inactive DNA methylation in-
hibitors 5-azauridine (5-azalU) and 5-azadeoxyuridine (5-azadU) [Chabner et al., 1973].
Another drawback limiting their application, is the inherent chemical instability of these
molecules in the aqueous environment, resulting in a half-life of less than 24 hours [Lin
et al., 1981]. Therefore, strategies to overcome their enzymatic inactivation by CDA have
been [Camiener, 1968|[Driscoll et al., 1991], or are being attempted [Ferraris et al., 2014]
with the development of CDA inhibitors (tetrahydrouridine (THU) or zebularine derived).
To provide a solution to their chemical instability, different formulations might prove useful
in the clinic, like the conjugation of 5azadC to another nucleoside in the form of oligonu-
cleosides [Stresemann and Lyko, 2008].

Other than inactivation by deamination in the liver and kidney, CDA overexpression in
cancer cells has been shown to decrease their sensitivity to the cytotoxic effects of these nu-
cleoside analogues [Eliopoulos et al., 1998][Kanno et al., 2007]. CDA overexpressing cells

display decreased sensitivity to the toxicity induced by 5azadC, and only co-treatment
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with CDA inhibitors, like THU [Eliopoulos et al., 1998] or zebularine, is able to increase
cellular death following 5azadC treatment [Lemaire et al., 2008]. In the clinic, a number
of reports link CDA overexpression, to poor clinical response upon 5azadC treatment, and
poor survival following treatment [Qin et al., 2011|[Mercier et al., 2013]. However, CDA
downregulation can induce increased toxicity of bazadC treatment, until documented death
[Mercier et al., 2007]. Moreover, another factor to consider is the genetic variants of CDA.
Two variants are known and have been characterized enzymatically: K27Q and A70T
(associated with the polymorphism 79A>C and 208G>A) [Kiihn et al., 1993][Laliberté
and Momparler, 1994][Yue et al., 2003]. A70T displays a generally low catalytic activity;
while K27Q has enhanced catalytic activity towards dC and 5azaC, but not in respect to
5azadC, compared to the K27 variant. Moreover, K27Q displayed enhanced inhibition by
THU and zebularine [Micozzi et al., 2014]. In agreement with these findings, CDA A70T
has been associated with higher sensitivity to 5azadC together with enhanced toxicity in
the clinic [Mercier et al., 2007][Giovannetti et al., 2008]; while CDA K27Q treated pa-
tients normally display lower efficacy of 5azaC treatment [Bhatla et al., 2009][Falk et al.,
2013]. Interestingly, Down’s syndrome AML patients display a high cure rate compared to
non-Down’s syndrome patients. This has been proposed to be linked to the consequences
of low CDA expression, due to inactivating mutations in the transcription factor GATAL,
which has been shown to bind the CDA promoter. Moreover, the downregulation of CDA
is paralleled by a high expression of DCK in AML cases in Down’s syndrome patients [Ge
et al., 2004][Ge et al., 2005]. In addition, a SNP on the promoter (-451C>T) of CDA that
results in loss of the transcription factor ETS1 binding site and the gain of a binding site
for the transcriptional repressor LYF1, has been found to promote increased efficacy for
cytarabine treatment, another analog of cytidine, linked to decreased expression of CDA
[Fitzgerald et al., 2006][Mahlknecht et al., 2009].

The success of these therapies against hematologic malignancies has prompted at desire to

employ these compounds in the treatment of solid tumors. Historically these drugs have
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shown limited efficacy in this context, but new developments might come with the use of
combinations of DNA methylation and HDAC inhibitors, both mechanisms that govern
gene silencing [Cameron et al., 1999][Gore, 2006]. Moreover, other possible avenues might
come from combination therapy with immunomodulators, as it has been shown the 5azadC
can positively boost immune function by activating the expression of immunomodulators

such as interferon [Li et al., 2015].



Chapter 2

Aims of the study

5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5{C) and 5-carboxycytosine (5caC)
are products of TET enzyme activity, which initiates at 5-methylcytosine (5mC) in DNA.
5hmC, has been found to be globally depleted in cancer while TETZ2 is highly mutated,

particularly in blood cancers. In this setting, the aims of this study were:

1. the investigation of the fate of 5hmdC, 5fdC and 5cadC in the context of nucleotide

metabolism, with a particular focus on the salvage pathway (Chapter 4);

2. the assessment of the effects on proliferation induced by the administration of nu-

cleosides with bases implicated in DNA demethylation (Chapter 5 and 6);

3. the description of the molecular function of TET2 in haematopoiesis by identification

of interacting proteins (Chapter 7).



Chapter 3

Materials and methods

3.1 Nucleic acid procedures

3.1.1 Plasmid cloning

The plasmids that were utilized in this study are listed in Table 3.1, with sources outlined
in each case. For the ones for which cloning was necessary, we mainly utilized a cloning
strategy from PCR products. Whenever it was necessary to switch vector or protein tag,

subcloning strategies were adopted.

3.1.2 Polymerase chain reaction (PCR)

The primers utilized for the amplification of target sequences, with their respective an-
nealing temperatures, are listed in Table 3.2. TET2A and TET2B were amplified from
hematopoietic stem cell cDNA (kindly provided by Dr. Higgs’ lab) with the oligonu-
cleotides indicated in Table 3.2. Reaction and polymerase conditions were set up according
to manufacturers’ instructions (FailSafe™PCR PreMix Selection Kit, FS99060, Cambio)

with a Piko™Thermal Cycler (Thermo Scientific).
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Name Vector Insert Host | Selection Source
pCMV-Tet2h pCDNA3 TET2 h,m Neo Schofield lab
pGBKT7 DNA-BD pGBKT7 - y Trp Clontech
pGBKT7-53 pGBKT7 p53 y Trp Clontech
PGADT7-T pGADT7 TAg SV40 y Leu Clontech
pGBKT7-Lam PGBKT7 Lam y Trp Clontech
pGBKTT7-Tet2A pGBKT7 TET2(1-732AA) y Trp cloned
pGBKT7-Tet2B pGBKT7 TET2(733-2002AA) y Trp cloned
pGADT7-Lib pGADT7 Library y Leu Clontech
pET28-CDA PET28a CDA b Kan cloned
pET28-DCK PET28a DCK b Kan cloned
pET28-CMPK1 PET28a CMPK1 b Kan cloned
IMAGE-CDA pCMV-SPORT6 BC054036 b Amp SGC
IMAGE-DCK pCMV-SPORT6 BC103764 b Kan SGC
IMAGE-CMPK1 pOTB7 BC014961 b Cam SGC
IMAGE-WDR61 pOTB7 BC010080.2 b Cam SGC
pCMV-FITet2h pCDNA3 FI-TET?2 m,h Neo cloned
TRCNO0000051288 pLKO.1 sh-CDA_ 8 h puro Sigma
TRCN0000051290 pLKO.1 sh-CDA_ 0 h puro Sigma
pLKO.1-Luc pLKO.1 sh-Luc - puro Lu lab
pCMV-V-SVG pCMV V-SVG - - Amati lab
pCMV-dR8.9 pCMV dR8.9 - - Amati lab
pEFIresdsRed pEF dsRed h,m puro Goding lab
pLdsRed_ CDA pLenti dsRed__ CDA h, m puro cloned
pGFP pCMV GFP h, m - Christianson lab
39481 pLentiCMV - h, m puro Addgene
pET-28a(+) pET-28-a - b Kan Novagen
pcDNA5/FRT pcDNA5/FRT - Flp IN hygro Christianson lab
pC3xFINTet2 pcDNA5/FRT | 3xFITET2(1-732AA) h hygro cloned
pC3xF1F1Tet2 pcDNA5/FRT TET2(1-188AA) h hygro cloned
pC3xF1F2Tet2 pcDNA5/FRT TET2(189-406AA) h hygro cloned
pC3xF1F3Tet2 pcDNA5/FRT TET2(407-552AA) h hygro cloned
pC3xF1F4Tet2 pcDNA5/FRT TET2(553-732AA) h hygro cloned
pOG44 pOG44 Flippase - - Christianson lab
pL3xFINTet2 pLenti TET2(1-732AA) h puro cloned
pLGFP-S-WDR61 pLenti GFP-S-WDR61 h puro cloned
pIC113 pBabe GFP-S h, m Neo Cheeseman lab
pL3xF1Tet2 pLenti 3xFI-TET2 h, m puro cloned

Table 3.1: List of plasmids used in the study
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For all the other constructs, PCRs were done with proofreading DNA polymerase (Phu-

PP Sequence Tann Target Template Plasmid cloned RE
SK13 GCGTCGACCTGAACAGGATAGAACCAACC Sall
56°C TET2(1-2196 bp) c¢DNA) pGBKTT7Tet2A
SK14 GCGCGGCCGCTTATGGTTGTGTTTGTGCTG NotI
SK15 GCGTCGACCTTCCCAGAGTTCACATCTCC pGBKTT7Tet2B Sall
56°C | TET2(2196-6009 bp) c¢DNA)
SK16 GCGCGGCCGCTCATATATATCTGTTGTAAGG NotI
SK243 GCCATATGATGGCCCAGAAGCGT Xhol
48 °C CDA IMAGE-CDA) pET28-CDA
SK244 GCCTCGAGTCACTGAGTCTTCTGC Ndel
SK363 CGGATTCATGGCCACCCCGC Xhol
52 °C DCK IMAGE-DCK) pET28-DCK
SK315 CTCGAGTCACAAAGTACTCAAAAAC BamHI
SK560 GCGGATCCATGCTGAGCCGCTGCC Xhol
54 °C CMPK1 IMAGE-CMPK1 pET28-CMPK1
SK561 GCCTCGAGTTAGCCTTCCTTGTCAAAAATC BamHI
SK273 GCGTTAACATGGACTACAAGGATGACG- Hoal
S : a)
ATGACAAAATGGAACAGGATAGAAC 50°C TET2(1-1040 bp) pCMV-Tet2 pCMV-FITet2 P
SK274 CGGCTAGCTTTGTGGTTC Nhel
GCGGATCCGATTACAAGGATGACG-
SK637 BamHI
ACGATAAGATGGAACAGGATAGAACCAAC 50°C TET2(1-564 bp) pCMV-Tet2 pC1xFIF1Tet2
SK638 GCCTCGAGTTATTTCCCCTCCTGCTCATTC Xhol
GCGGATCCGATTACAAGGATGACGACG-
SK639 BamHI
ATAAGATGAGTGCTAATTACCATGACAAGAA 50°C | TET2(565-1218 bp) pCMV-Tet2 pC1xFIF2Tet2
SK640 | GCCTCGAGTTAAAGAAGCAATTGTGATGGTGGT Xhol
GCGGATCCGATTACAAGGATGACG-
SK641 BamHI
ACGATAAGATGTCTCCCCCTCCTCCTC 50°C | TET2(1219-1656 bp) pCMV-Tet2 pC1xFIF3Tet2
SK642 GCCTCGAGTTAAAGATCTCGTGTTTGCTCC Xhol
GCGGATCCGATTACAAGGATGACG-
SK643 BamHI
ACGATAAGATGGTGCCCCCAACACAGC 50°C | TET2(1657-2196 bp) pCMV-Tet2 pC1xFIF4Tet2
SK644 GCCTCGAGTTAGGATGGTTGTGTTTGTGCT Xhol
GCGGATCCGATTACAAGGATGACG-
SK637 pCI1xFIFNTet2 BamHI
ACGATAAGATGGAACAGGATAGAACCAAC 50°C TET2(1-2196bp) pCMV-Tet2
SK644 GCCTCGAGTTAGGATGGTTGTGTTTGTGCT pL1xFIFNTet2 Xhol
SK118 ACTCACCCATCGCATACCTC Nhel
54°C | Tet2h (1035-6009 bp) pCMV-Tet2 pL3xF1Tet2
SK503 GCGGGCCCTCATATATATCTGTTGTAAGG Apal
SK277 GCCTCGAGATGGCCCAGAAGCGT Xhol
50°C CDA pET28-CDA pEFCDA _ IresdsRed
SK278 GCGAATTCTCACTGGGTCTTCTGC EcoRI
SK728 GCCTCGAGATGACCAACCAGTACGGTATT B R Xhol
54°C ‘WDR61 pIC116-WDR61 pIC113-WDR61
SK729 | GCGGATCCTTAAATTGGACAATCATAGATGTG BamHI

Table 3.2: Primer pairs (PP) used to clone plasmids utilized in the study. Sequences,
annealing temperatures (T, ), plasmids cloned, templates and restriction enzymes (RE)
used are indicated.

sion High Fidelity DNA polymerase, F-530S) according to the manufacturer’s instructions

for cycling parameters, with 10 ng of template and 0.5 uM of each primer. The reactions

were performed in a Piko™Thermal Cycler (Thermo Scientific). After PCR, the size of

one tenth of the products was assessed via agarose gel electrophoresis by adding 1X of

DNA loading buffer (6 X: 2.5 g Ficoll 400, 400 L 0.5 M EDTA, 18 uL 10% SDS, H20 to

10 mL).
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3.1.3 Restriction digest of DNA and dephosphorylation

For cloning, 1 pug of plasmid and the product of a PCR reaction, were digested with 1
uL of one of the restriction enzymes listed in Table 3.3 and the appropriate buffer, as

suggested in the manufacturer’s instructions. The reaction were carried at 37 °C for 1 h

in an incubator (Heratherm, Thermo Scientific).

The digested plasmid was then dephosphorylated with 1 uL alkaline phosphatase (CIP,

Restriction enzymes | Manufacturer | Temperature
Apal NEB, R0114S 37 °C
BamHI NEB, R0136S 37 °C
EcoRI NEB, R3101S 37 °C
Hpal NEB, R0105S 37 °C
Kpnl NEB, R0142S 37 °C
Ndel NEB, R0111S 37 °C
Nhel NEB, R0131S 37 °C
Sall NEB, R0138S 37 °C
Spel NEB, R0133S 37 °C
Xhol NEB, R0146S 37 °C

Table 3.3: Restriction endonucleases utilized in the study

M0290S, NEB) for 1 h at 37 °C. The products were then checked on an agarose gel and

purified via a PCR purification kit (Qiagen) according to manufacturer’s instructions,

prior to ligation.

3.1.4 Ligation and transformation

The digested vector and inserts were then ligated overnight with T4 Ligase (Thermo
Scientific) in a 16 °C water bath (Thermo scientific), according to the manufacturer’s

instructions. Reactions were assembled with 10 ng of vector, and insert amount determined

using the following formula:

insert

insert amount in ng = (
vector

)MR X

insert length (bp)

vector length (bp)

X vector mass (ng)
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with a insert vector molar ratio (MR) of 5. A vector only sample, was always included
as a negative control. Subsequently, the ligation was transformed into chemocompetent
cells (XL-10 Gold) by keeping them on ice for 20 minutes, before transferring them to a
42 °C water bath (Thermo Scientific) for 1 minute, following incubation again on ice for
2 minutes. After transformation, the bacteria were resuspended in 1 mL prewarmed SOC
media (0.5% (w/v) yeast extract, 2% (w/v) tryptone, 10 mM NaCl, 2.5 mM KCl, 20 mM
MgSOy4 and 20 mM glucose) and left to grow for 1 h at 37 °C in a shaking incubator (Stu-
art). After this, the bacteria were plated on LB agar plates with the appropriate antibiotic
and left to grow overnight at 37 °C in an incubator (Heratherm, Thermo Scientific). The

next morning, colonies were checked for the presence of the insert by colony PCR.

3.1.5 Colony PCR

A PCR reaction was assembled with 0.5 pM primers and reaction mix as indicated in
the DreamTaq (Thermo Scientific) manufacturer’s instructions. Each colony was picked
with a pipette tip that was first streaked onto an LB agarose plate with the appropriate
antibiotic, then swirled and soaked in the reaction mix previously assembled. The PCR
reactions were then run in a Piko thermo cycler (Thermo scientific). 10-20 colonies were
screened each time. PCR products were then loaded on an agarose gel to assess the

presence of the product of the desired size.

3.1.6 Sequence validation of the insert and plasmid amplification

Positive colonies, from colony PCR, were grown overnight in 5 mLi LB and the plas-
mid isolated via Miniprep kit (Qiagen) according to the manufacturer’s instructions. All
constructs were sent for sequence verification following the sample submission guidelines
of the sequencing service (Source bioscience). Sequences were aligned to reference ones

downloaded from UCSC Genome Browser, using ApE software. Subsequently, the cor-
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rect plasmids were amplified and purified using a MaxiPrep kit (Qiagen) according to
the manufacturer’s instructions. The purified plasmid was then quantified with Nanodrop
(Thermo Scientific) and stored in T buffer (10 mM Tris-HCI pH 8) at -20 °C at a working

dilution of 1 pg/uL.

3.1.7 Annealing of oligonucleotides for cloning

In order to add a double Flag tag to single Flag vectors (p1xFI(N, F1, F2, F3, F4, empty)
Tet2) obtained in table 3.2, we used annealed oligos in Table 3.4 with respective restriction
site compatible ends: Kpnl-BamHI for pcDNA5-based vectors and Spel-BamHI for pLenti-
based vectors. Annealing was performed by resuspending equimolar amounts of each oligo
in annealing buffer (10 mM Tris, pH 7.5; 50 mM NaCl; 1 mM EDTA) and putting them in
a heat block at 95°C, which was then slowly left to cool down slowly at room temperature.
The annealed oligos were then ligated to the pLenti and pCDNAS vectors produced, which

were screened and sent for sequencing, to verify the absence of mutations.

Oligo pair Sequence Target RE
SK676 CATGGACTACAAAGACCATGACGGTGATTATAAAGATCATGACG
2xFlag | Kpnl-BamHI
SK677 | GATCCGTCATGATCTTTATAATCACCGTCATGGTCTTTGTAGTCCATGGTAC
SK678 CTAGTATGGACTACAAAGACCATGACGGTGATTATAAAGATCATGACG sxFlan | SoelBaml
X. ag cl-bam
SK679 GATCCGTCATGATCTTTATAATCACCGTCATGGTCTTTGTAGTCCATA a8 | o

Table 3.4: Oligos used to insert 2xFlag into pcDNA5- and pLenti-based vectors.
Restriction endonucleases (RE) compatible ends are indicated.

3.1.8 Subcloning strategies for the insertion of a tag or for vector switch

To obtain pL3xFITet2h, we took advantage of pL3xF1Tet2N. A portion of Tet2 was am-
plified from pCMVTet2h with the primers listed in Table 3.2, before double digesting this
and pL3xF1Tet2N with the unique restriction enzymes Nhel and Apal. Subsequently, the
digested products were ligated, and positive colonies screened, with one clone sent for

verification via sequencing (Source Bioscience).
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To clone pLdsRed_CDA, CDA was first PCR amplified and digested using the primers
and strategy indicated in Table 3.2. Subsequently it was ligated in pEFIresdsRed up-
stream of Ires dsRed. The tagged version of CDA was double digested with Xhol and
Xbal. The product was then ligated into pLenti to obtain pLdsRed_CDA.

WDR61 was first cloned in pIC113 (Cheeseman lab), which contains a GFP-S tag, as in-
dicated in Table 3.2. The vector was sent for sequencing (Source Bioscience) to verify the
absence of mutations. Subsequently, the vector was switched by digesting pIC113-WDR61
with Ndel-BamHI, then ligating the product into pLenti to obtain pLGFP-S-WDR61.

3.1.9 Genomic DNA extraction

After transfection or nucleoporation, DNA was extracted with a Gene Jet Genomic DNA
extraction Kit (Thermo Fisher), following the manufacturer’s instructions. RNase A/T1
treatment was done on a column following the kit manufacturer’s instructions.

After 5hmdC, dC and 5fdC treatments, DNA was extracted from cells with TRI®Reagent
(T9424 Sigma Aldrich), according to the manufacturer’s instructions. 5 ug of DNA were
subsequently treated with 20 uL. RNase A/T1 (Thermo Fisher) in digestion buffer (10 mM
Tris pH 7.5, 300mM NaCl) for 1 hour at 37 °C and phenol-chloroform extracted via the
following procedure. The sample volume was brought up to 300 pL, an equal volume of
TE (10mM Tris pH 8, ImM EDTA) saturated Phenol:Chloroform:Isoamyl Alcohol 25:24:1
(77617, Sigma Aldrich) was added and the sample centrifuged at 15,871 rcf (Eppendorf,
5424, 24 tubes) for 5 minutes. The aqueous phase was subsequently transferred to a new
tube, with care taken not to transfer any of the protein at the interphase, and the DNA
precipitated by adding 1/10 volume of 3M sodium acetate pH 5.2 and 2.5 volumes of
100% ethanol. The mixture was incubated at -80 °C for an hour. The sample was then
centrifuged at 4 °C at 20,000 rcf and the supernatant aspirated. The pellet was washed
once with 75% ethanol and then air dried.

DNA from organs or tumor samples was extracted with TRI Reagent (Sigma Aldrich),
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according to the manufacturer’s instructions. DNA was subsequently treated twice with
RNase A/T1 (Thermo Fisher) and phenol-chloroform extracted as indicated previously.
The purified DNA was always resuspended in T buffer (10mM Tris pH 8) and stored at

-20°C, with concentrations ranging from: 100-1000 ng/uL.

3.1.10 DNA hydrolysis for HPLC analysis

DNA was quantified spectrophotometrically in triplicate using Nanodrop (Thermo Sci-
entific), which allowed additional assessment of the homogeneity of the solution and the
quality of the DNA. 3-5 ug were digested for HPLC (high performance liquid chromatogra-
phy) analysis. DNA was hydrolyzed as described [Kriaucionis and Heintz, 2009]. Briefly, it
was incubated overnight in the hydrolysis solution (100 mM NaCl, 20 mM MgC'l,, 20 mM
Tris pH 7.9, 1000 U/mL Benzonase, 600 mU/mL Phosphodiesterase I, 80 U/mL Alkaline
phosphatase, 36 pg/mL EHNA hydrochloride, 2.7 mM deferoxamine). Protein compo-
nents were removed by centrifugation through an Amicon Microcoon centrifugal filter
unit (3 kDa cut-off, Millipore). Hydrolysates were lyophilized (SpeedVac), re-suspended
in 30 pL of 100 mM ammonium acetate pH 6 and automatically injected into HPLC.
HPLC was done as described [Kriaucionis and Heintz, 2009], using an Agilent UHPLC
1290 instrument fitted with an Eclipse Plus C18 RRHD 1.8 um, 2.12150 mm column and
detected with an Agilent 1290 DAD fitted with a Max-Light 60 mm cell. Buffer A was
100 mM ammonium acetate pH 6.5, and buffer B 40% acetonitrile. The run conditions
were: 100mM ammonium acetate and a gradient between 1.8-100% of 40% acetonitrile
(1-2 min, 100% A; 2-16 min 98.2% A - 1.8% B; 16-18 min 70% A - 30% B; 18-20 min 50%
A - 50% B; 20-21.5 min 25% A - 75% B; 21.5-24.5 min 100% B) with a flow rate of 0.4
mL/min. The signal was detected at 260 nm, 280 nm and 254 nm and the data analyzed

at 260 nm.



3.1 Nucleic acid procedures 60

3.1.10.1 Determination of nucleoside extinction coefficients ¢ for our HPLC

system

Nucleosides retention times, that is the amount of time spent by the nucleoside inside
the column from the time of injection, were previously determined, by separately running
each one of them. A representative chromatogram with a nucleotide mixture is shown in
Figure 3.1.

The linear range of the instrument detector was assessed by injecting serial dilutions of

Norm ]

5fdCQO

R A

Figure 3.1: Representative HPLC chromatogram, from a Cg column, of all the nucleosides used
in the study: names are indicated close to the respective peaks. Norm: absorbance unit. Min:
minutes.

each nucleoside. It was determined to be up to 2000 AU (absorbance units) in peak height.
Moreover, to be able to calculate the concentration (c) of nucleosides in DNA from the
optic measurements given by the peak integration of an HPLC chromatogram, we needed
to refer to the Lambert-Beer law, which relates the absorbance (A) of a certain molecule
to the path length (b) that it crosses and to its relative extinction coefficient (€) according
to the following equation:

A=exbxc (3.2)
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where absorbance is equal to the integrated peak measure (peak area) [Moldoveanu and

David, 2002]. We made use of the equation in 3.2 and determined ¢ as:

Peak area
= 3.3
‘ bxec (3:3)

where the path length of the instrument is 0.6 cm (b). Therefore, by injecting a known
amount of each nucleoside, we determined their e. The ones for the nucleosides for the
HPLC instrument (Agilent 1290 Infinity) used in this study are outlined in Table 3.5.

For quantification, the peaks corresponding to 5-methyldeoxycytidine, 5-hydroxymethyl-

Nucleoside | €[1/uM/cm)]
dC 8.87
5hmdC 7.49
5dU 43.8
5hmdU 16.9
5{dC 18.49
5mdC 6.61
dG 13.3
T 9.36
dA 18.2

Table 3.5: Extinction coefficients for the nucleosides used in the study, determined by

HPLC

deoxycytidine, deoxyguanidine, deoxythymidine and 5-hydroxymethyldeoxyuridine were
automatically or manually defined, when the amount of them was closer to detection
limit, and software integrated. The levels of 5mdC were calculated with the following

equation:

Asmdc * €ic

* 100
Adc * €smdc

Yosmdc = (3.4)

where A is the area of the peaks and the percentage of 5mdC is calculated relative to the

percentage of the pairing base dG.
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The amount of 5hmdU was calculated instead with the following equation:

A
Yoshmay =~V = 100 (3.5)

At * €shmdu

relative to the base that substitutes when incorporated [Miyashita et al., 2002].

The amount of 5hmdC was calculated using the following formula:

Ashmdc * €4a

* 100 3.6
Adc * €shmadc (8:6)

%5hde =

3.1.11 RNA extraction and cDNA analysis

Total RNA was purified onto RNeasy columns (Qiagen) and treated on-column with
DNase (Qiagen) according to the manufacturer’s instructions. RNA concentration was
determined at Nanodrop (Thermo Scientific) and RNA stored in RNAse free Water at
-80°C. Complementary DNA (cDNA) was produced using the reverse-transcriptase MuLV
(Thermo Scientific, EP0352). The first step of the reaction was assembled with 1-2 ug
RNA, 1 pL of 0.5 pg/pL oligo dT (Thermo Scientific, SO131), 0.25 uL of 300 ng/uL
random hexamers (Thermo Scientific, SO141) and RNA and RNase free water (Qiagen)
up to 11.5 uL.

Samples were incubated at 65°C for 15 minutes following which, with the tubes kept on ice,
9.5 puL of the second mixture was added, which was composed of: 4 uL MuLV buffer 5X
(Thermo Scientific); 2 pL of 10 mM each dNTP Mix (Thermo Scientific); 0.5 uL RiboLock
RNase Inhibitor (Thermo Scientific, EO0381), 2L MuLV retro-transcriptase (Thermo Sci-
entific). The samples were incubated at 42°C for 50 minutes and subsequently at 70°C for
15 minutes. Finally, the cDNA was diluted in T Buffer (TrisHCI pH 8 10mM) and kept
at -20°C.

A total of 20 ng of cDNA was used for real-time PCR reactions with FAST SYBR Green

Master Mix (Qiagen) in an Applied Biosystems 7500 Real-Time PCR System, as in the
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SYBR manufacturer’s instructions. The primers utilized for QPCR in gene expression
studies are detailed in Table 3.6. Primers were designed with Primer 3 [Untergasser et al.,
2012] to have a melting temperature of 60°C and a 50-60% GC content, to obtain an
amplicon of 75-150 bp, spanning an exon-intron boundary. Data analysis was performed
according to the AACT method which relies on the relative quantification of the sample
tested by direct comparison of its value both to the control of the experiment and to an
internal standard, which in our case was GAPDH. In order to apply this method, it was
checked that primers were amplifying with linear efficiency, by using them with a 6 points
serial dilution of cDNA. By plotting the amount of cDNA (Log(cDNA)) on the x axis and
the C; (threshold cycle) of amplification, that is the intersection between an amplification
curve and a threshold line, on the y axis, a linear relation (R? = 0.99) could be established,
from which a slope was calculated. The slope (s) of this line relates to the efficiency (e)
of amplification as:

e=10"Y5—1 (3.7)

If e was between 90 and 105 %, i.e. there would be an approximate two-fold increase in
the number of copies with each cycle, therefore primers were selected for further steps.
Only with this condition valid, could the relative quantification be performed with the
AAC7T method, which assumes an efficiency of amplification of 100% of primers for both
the housekeeping gene and test gene. The first step determines the ACT with the following

equations:

ACT(control, housekeeping) = Cr(control) — Cr(housekeeping) (3.8)

AC7(sample, housekeeping) = Cr(sample) — Cp(housekeeping) (3.9)
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for the control and the test sample (e.g. treated and untreated) relative to a housekeeping

gene. Subsequently the AACT is calculated with:
AACT(sample, control) = ACr(sample) — AC7(control) (3.10)
Finally, the change in gene expression is calculated with:
Fold change = 244¢T (3.11)

that expresses the fold change of gene expression of the target gene in the test sample
relative to the same gene in a control sample, both normalized to the expression of a

housekeeping gene.

Primer Pair Sequence Target
SK70 GGAAAACACCGAGTCGGAATAC TGF33
SK71 GCGGAAAACCTTGGAGGTAAT
SK60 AGACATTATGACACCGCCAAAT PTEN
SK61 GGTGGGTTATGGTCTTCAAAAGG
SK66 TTATCCAGCGGCCAGCTAATG MLH1
SK67 GCCTCCCTCTTTAACAATCACTT
SK64 AAGGTGAAGGTCGGAGTCAAC GAPDH
SK65 GGGGTCATTGATGGCAACAATA
SK68 CGCCAGGAGGAGATTCTGA DERMO1
SK69 GTAGCAGAAGGTCTGGCAATG

SK260 CTGGGCATCTGTGCTGAAC CDA
SK261 GCCCCACATGGAGAGATAAA

SK262 GCAAGTCATGAGAGAGAGATGATT CDA
SK263 CATCCGGCTTGGTCATGTA

Table 3.6: Primers used for QPCR.

3.2 Yeast two-hybrid assay

For the yeast two hybrid (Y2H) assay, we used the Matchmaker Gold Yeast Two-Hybrid
System (Clontech, 630489), following the manufacturer’s instructions. Our bait was gen-

erated by cloning into pGBKT7 the cDNA correspondent of TET2, which was divided into
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two parts: TET2 (1-732AA) and TET2(733-2002AA) (see Table 3.1). The exact breakage
position (see Appendix 8.2, Fig. 6, 7) was determined considering sequence conservation
among species and secondary structure predictions (BLAST, Clustal W and Dompred), in
order to avoid breaking the protein on conserved, and thus potentially functional, residues
involved in secondary structure formation. Our prey came from a pre-transformed library

derived from human bone marrow (Clontech, 630477), having the following characteristics:

« number of independent clones: 8.8 * 10°;
e insert size range: 0.5 to > 3 kb;

o titer: > 5% 107 cfu/mL.

The genotypes of the yeast strains used are indicated in Table 3.7.

Y2HGold was transformed with pGBKT7TET2A and TET2B as in the kit instructions

Strai R t
rain eporters Transformation Genotype
markers

MATea, ura3-52, his3-200,
ade2-101, trpl1-901, leu2-3,
Y187 MEL1, LacZ trpl, leu2 112,gal4A, gal80A, met—,
URA3 : GALlyas —
GALlrara — LacZ, MEL1

MATa,  trpl-901, leu2-
3, 112,ura3-52, his3-200,
galdA,  gal80A,LYS2
Y2HGOLD | AbA", HIS3, ADE2, MEL1 trpl, leu2 His3, GAL20as  —
GAL27rara — Ade2, URA3 :
: MEL1yas — Mellpara —
LacZAURI1-C MEL1

Table 3.7: Genotype of the yeast strains used

and their expression checked by PCR on their complementary ¢cDNA. The reverse tran-
scription was performed as previously described, and PCR on the cDNA performed with
the primers indicated in Table 3.8. Control and mating experiments were performed ac-

cording to the kit manual. Positive clones, able to grow on QDO/X/AbA media, were iso-
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PP Sequence Target Tann
- TATC AT AT
SK25 GCCATATGATGGAACAGGATAGAACC TET2A(1-900 bp) 5900
SK26 GCGAATTCTTAATCATCAGCATCACAGG
K72 TCAATTCTCATTGAGTGT
SK7 ¢ CTe GAGTGTGC TET2B(5600-6006 bp) | 52°C
SK16 | GCGCGGCCGCTCATATATATCTGTTGTAAGG

Table 3.8: Primers to check expression of constructs TET2A and TET2B in transformed
yeast.

lated and DNA extracted with QIAprep Spin Miniprep kit (Qiagen, 27104) as in the man-
ufacturer’s instructions, with the following modifications: the colony was grown overnight
in 5 mL of selective yeast media (SD-Leu). Subsequently, cells were harvested by centrifu-
gation at 5,000 rcf and re-suspended in 250 pL of P1 buffer containing 0.1 mg/mL RNase
A. 50 uL of acid-washed glass beads (Sigma Aldrich G-8772) were added and the sample
vortexed for 5 min. The supernatant was transferred to a fresh 1.5 mL microcentrifuge
tube and the isolation carried on as in the kit manual. Once isolated, the plasmids were
sent for sequencing. A subsequent screen was carried out to check for autoactivation of
the positive clones, by mating them with empty bait vector containing the DNA binding
domain and screening them on DDO/X and QDO/X/AbA media.

3.3 Cell culture materials and methods

3.3.1 Cell lines utilized in the study

The cell lines utilized in the study are listed in Table 3.9. The following ones belong to
the NCI60 panel, a collection of cell lines with different cancer origins [Shoemaker et al.,
1988]: HOP-92, MDA-MB-231, DU-145, HCC-116, PC-3, SN12C, HCC-2998, HS578T,
MDA-MB-435, BT-549, SW-620, NCI-H522, MCF-7, OVCAR-5. This is a useful public
resource which associates cell lines with profiles of gene [Pfister et al., 2009][Scherf et al.,
2000] and protein expression [Gholami et al., 2013]. The other cancer cell lines belong
to the Cancer Cell Line Encyclopedia (CCLE) [Barretina et al., 2012], a more recent and

comprehensive set of cancer cell lines.
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Cell line Source Splitting ratio | Cancer/tissue origin
Capan-2 S. Lunardi, Grey Institute 1:2, 1:5 Pancreas
BT-549 Dr. Bond lab, Ludwig Institute 1:2, 1:6 Breast
MDA-MB-231 Dr. Bond lab , Ludwig Institute 1:2, 1:5 Breast
MCF7 Dr. Bond lab, Ludwig Institute 1:3, 1:6 Breast
HS578T Dr. Bond lab, Ludwig Institute 1:2, 1:5 Breast
HCC-116 Dr. Bond lab, Ludwig Institute 1:3, 1:8 Colon
HCC-2998 Dr. Bond lab, Ludwig Institute 1:2, 1:4 Colon
SW-620 Dr. Bond lab, Ludwig Institute 1:3, 1:8 Colon
Colo-320 Dr. Lu lab, Ludwig Institute 1:3, 1:5 Colon
DU-145 Dr. Bond lab, Ludwig Institute 1:4, 1:6 Prostate
PC-3 Dr. Bond lab, Ludwig Institute 1:3, 1:6 Prostate
SN12C Dr. Bond lab, Ludwig Institute 1:2, 1:5 Kidney
MDA-MB-435 Dr. Bond lab, Ludwig Institute 1:3, 1:6 Melanoma
A375 Dr. Lu lab, Ludwig Institute 1:3, 1:8 Melanoma
HOP-92 Dr. Bond lab, Ludwig Institute 1:2, 1:4 Lung
NCI-H522 Dr. Bond lab, Ludwig Institute 1:3, 1:6 Lung
NCI-H1299 Dr. Lu lab, Ludwig Institute 1:3, 1:10 Lung
OVCAR-5 Dr. Bond lab, Ludwig Institute 1:3, 1:6 Ovarian
HeLa Dr. Lu lab, Ludwig Institute 1:5, 1:10 Ovarian
LN18 Dr. Lu lab, Ludwig Institute 1:4, 1:6 Glioma
BL-70 Dr. Lu lab, Ludwig Institute 1:3, 1:5 Lymphoma
THP-1 Dr. Lu lab, Ludwig Institute 1:3, 1:5 Leukemia
293T Dr. Klose lab, Biochemistry Department 1:5, 1:10 Embryonic kidney
FLP-IN"™M_T-Rex™-293 Dr. Christianson lab, Ludwig institute 1:5, 1:10 Embryonic kidney

Table 3.9: Cell lines utilized in the study.

3.3.2 Growth conditions of cell lines

Capan-2, MDA-MB-231, DU-145, HCC-116, HCC-2998, HS-578T, MDA-MB-435, BT-
549, SW-620, NCI-H522, MCF-7, OVCAR-5, LN18, A375, HeLa and 293T cells were
cultured in DMEM medium (Lonza). PC-3, SN12C, Colo-320, BL-70 and THP-1 were
grown in RPMI medium (Lonza). Both media were supplemented with 10% fetal bovine
serum (Biosera), 2 mM L-GIn (Lonza), 1% penicillin/streptomycin (Lonza) (Complete
media). All cell lines were grown at 37°C in 5% COy atmosphere. For adherent cells,
passaging was performed by removing the media, washing the plate once with PBS and
adding a sufficient amount of Trypsin/EDTA (Lonza, Life Technologies) to cover the plate
surface. The plate was then incubated at 37 °C until the cells were detached. Trypsin
was subsequently inactivated by the addition of culture media and cells centrifuged at

2,000 rcf for 3 minutes. The supernatant was then aspirated and cells resuspended in
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fresh media, prior to seeding according to the splitting ratios in Table 3.9. To thaw cells
from liquid nitrogen stock, vials were placed in a 37 °C water bath (Thermo Scientific)
for 2 minutes. Addition of pre-warmed growth medium and centrifugation for 5 minutes
at 2,000 rcf enabled the removal of the freezing medium. The pellet of cells was then
re-suspended in pre-warmed growth medium and seeded in a 10 cm dish. The cells were
passaged at least once, prior to any manipulation.

For freezing, cells were allowed to grow in a 10 cm dish to about 80% confluency before
collection by trypsinization (as described above). Cells were centrifuged for 5 min at 2000
rcf and the supernatant discarded. The cell pellet was re-suspended in 1 mL of freezing
media (Complete media, 10% DMSO) and aliquoted in cryovials (Corning). The vials
were labeled and cooled, at a rate of 1 °C per minute, in a Mr Frosty (Nalgene) freezing
container placed in a -80 °C freezer for at least 24 hours, before being transferred to a

liquid nitrogen tank for long term storage.

3.3.3 Cell culture treatment and proliferation analysis

An appropriate number of cells were seeded in a p60 cell plate or in a T25 flask and treated
with the indicated concentration of 5hmdC, 5fdC or dC at day 0, day 1, day 3, day 5,
day 7 and day 9. Cells were passaged and pelleted at day 3, day 5, day 7 and day 10
with splitting ratios as outlined in Table 3.9. At the same days (3, 5, 7, 10) 1 Volume of
Trypan blue staining solution (Lonza) was added to an aliquot of live cells in a 50% ratio,
to exclude dead cells, and the cells counted with a TC-20 Cell Counter (Biorad). The cells
treated at day 3 were used for further assays such as HPLC, immunofluorescence and cell

cycle analysis (Figure 3.2).
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dC
/ 5hmdC } 0,1uM

Treatments \ 5fdC 1uM
e 5azadC 10uM
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do d3 d5 d7 d10 time
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Figure 3.2: Cell culture treatment scheme (d indicates day).

3.3.4 E(C5, determination

The half maximal effective concentration (EC5g) of a compound is defined as the amount
of it that inhibits cellular growth by half, between the baseline and maximum, at a defined
time point. To determine the EC5p for 5hmdC and 5fdC in SN12C, MDA-MB-231 and
H1299 cells, a CellTox Green (CTG) (Promega) kit was used following the manufacturer’s
instructions. To apply the method, it was first necessary to establish the number of cells
which, when plated, would be able to grow for the treatment period (3 days) without being
confluent and would be sufficient for a signal to be detected. Therefore, a 2-fold serial
dilution of cells was made and plated on a 96-well plate (Corning). Growth was monitored
until day 3, after which, 6 ranges of serial dilution were selected with cell numbers giving
80% confluency. Subsequently, cytotoxicity assay were performed, as in the kit manual,
at day zero and day three, to check whether a signal was detected and if it was linear at
the beginning and end points. All cytotoxicity measurements were performed with black
tissue culture grade 96-well plates (Greiner). The experiment was performed, as in the
kit manual, for 10 serial dilutions of 5hmdC, 5fdC and dC (negative control). Fluorescent
signals were detected with a GloMax microplate reader (Promega). Measurements were
taken at day 3 after treatment and at day 0 to quantify the starting number of cells. CTG

values obtained after 3 days of treatment with 5hmdC and 5fdC were normalized to the
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values obtained for dC treatment, were expressed as a percentage of the day 0 value and
plotted against compounds concentrations. Data were fitted with a non-linear sigmoidal
relation and the concentration of drugs necessary to inhibit 50% of growth (EC5) was

determined with Prism (Graph Pad).

3.3.5 Transfection of adherent cells

10% cells (MDAMB231) were nucleofected with Amaxa nucleofector kit (Lonza), using
GFP plasmid as a positive control (2 pg) and 2 mM dNTPs (5hmdCTP) in a 100 pL
volume, following the manufacturer’s instructions. Soon after transfection, the cells were
seeded in a 6-well plate. After 24 h, cells were washed twice with PBS to remove excess
triphosphates and collected for DNA extraction for HPLC analysis at 48 h.

109 cells (H1299) were transfected with Lipofectamine 2000 (Life Technologies) according
to the manufacturer’s instructions, using GFP plasmid as a positive control (2 pg) and
50mM dNTPs (5hmdCTP) in a 100 pL volume. After 24 h, cells were washed twice with
PBS to remove excess triphosphates and, after 48 h, were collected and DNA extracted
for HPLC analysis.

293T were transfected via the calcium phosphate method. Sixteen hours prior to transfec-
tion, 2% 108 cells were seeded in a 10 cm dish. A first mixture containing 1-20 pg of DNA,
428 plL water, 62 pL calcium chloride (2 M CaCly) was assembled. Slowly (drop-wise)
500 pL of 2x HBS (50 mM HEPES, pH 7.05; 10 mM KCI; 12 mM dextrose; 280 mM
NaCl; 1.5 mM NasPOy4. pH adjusted to 7.05 with 1 N HCI. Filtered using .22 micron
filter. Aliquoted in 50 mL Falcon tubes. Stored at -20 °C) were added, while vortexing.
The resulting mixture was added slowly to the cells. Medium was changed after 16 h

incubation.
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3.3.6 Generation of stable cell lines: FLP-N system

Stable cell lines were generated by making use of FLP-INT.T-Rex™™-293 (R780-07, Life
Technologies) cells, which carry a FRT recombination site and a Tet repressor to silence the
integrated transgene in the absence of doxycycline. The transgenes inserted were from the
pcDNAS5/FRT vectors generated (p3xF1(N,F1,F2,F3,F4,empty)Tet2) (see Table 3.1). The
plasmids were cotransfected with pOG44, which expresses the Flippase gene, in the host
cell lines, according to the manufacturers’ instructions. After hygromycin selection (100
pg/mL) and induction of transgene expression with doxycycline (1 pg/mL), the expression
of the target was checked via western blot for the FLAG tag. This project was carried out

with the help of a summer student, Rapolas Zilionis.

3.3.7 Lentiviral infection

Lentiviral infection was utilized to generate stable cell lines for:

1. CDA knock down;
2. CDA overexpression;
3. 3xFlag TET2 overexpression;

4. GFP-S-WDRG61 overexpression.

A general procedure was utilized for all the cell lines generated. In brief, 293T cells were
used as a packaging cell line for lentiviral particle production with lentiviral plasmid and
second generation packaging plasmids (pCMV-VSVG, pCMV-dR8.9: a generous gift from
the Dr. Amati lab, IIT, Milan) [MacKenzie and Shioda, 2011]. At 24 h post-transfection
with calcium phosphate precipitation, the medium was changed. The lentiviral particles
were collected at 48 h post-transfection for infection. 24 h post-infection (p.i.) the medium

was changed, and at 36 h p.i. cells were put under appropriate selection, until cells in the
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non-infected plate were all dead.

MDA-MB-231 and SN12C were infected for CDA knockdown with five different hairpins
in pLKO.1 vectors (SHCLND-NM__ 001785, Sigma-Aldrich) plus a control vector against
Luciferase (a generous gift of the Dr. Lu lab, Oxford Ludwig Institute for Cancer Re-
search) and selected with 1.5 pg/mL puromycin (Sigma) for 48h. The 2 that gave the
best efficiencies (TRCN0000051290, TRCN0000051288), according to QPCR data, were
selected for the experiment. The knock down was further assessed by immunoblot.

For overexpression of CDA, a lentiviral strategy was used with pLdsRed_CDA. H1299
and MCF7 were infected with the same procedure described for knockdown infections. A
puromycin selection of 2 ug/ml was applied until all the cells in the control plate were
dead. The overexpression was assessed by immunoblot.

Furthermore, a stable 293T cell line overexpressing 3xFlag-Tet2 was generated through
lentiviral infection with pL3xF1Tet2, which was confirmed by immunoblot.
GFP-S-WDR61 was stably overexpressed in FLP-N cells with pLGFP-S-WDR61 by adopt-

ing the same procedure described above.

3.3.8 FACS

FACS was utilized to study the cell cycle and to count fluorescent populations of cells.

3.3.8.1 FACS cell cycle analysis

At 3 days of treatment, 5 * 105 cells were trypsinized (Gibco, Life Technologies) and re-
suspended in 1 mL of PBS. They were then pelleted and re-suspended in 70% ethanol,
and fixed for 1 h on ice. After centrifugation, the pellet was re-suspended in 250 ul
staining solution (50 pg/mL propidium iodide (Sigma), 0.1 mg/mL RNaseA (Qiagen) and

0.05% Triton-X100) and incubated at 37° C for 40 min. Controls were used for G1 (serum
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starvation overnight) and G2 (0.1 pg/pL nocodazole overnight). Data for 10,000 cells were
collected with a FACS Canto flow cytometer (BD Biosciences) equipped with 630 nm laser
and then analyzed using FlowJo software (TreeStar) with gates set with the use of the

controls.

3.3.8.2 Competitive cell growth assay

An equal number of H1299 and H1299 dsRedCDA cells were seeded in wells of a 24-well
plate and treated with 5hmdC and 5fdC for 10 days at days 0, 1, 3, 5, 7, 9. Cells were
passaged at days 3, 5 and 7. Upon passaging, a fraction of cells was subjected to FACS
measurements to count the red and non fluorescent populations. Therefore, data were
collected at days 0, 3, 5, 7 and 10, with a FACS Canto flow cytometer (BD Biosciences)

equipped with 630 nm laser for 10,000 cells and analyzed with FlowJo software (TreeStar).

3.4 In vitro assay materials and methods

3.4.1 Nucleosides and nucleotides utilized in the study

The following nucleotides and nucleosides were utilized in the study: 5hmdC (PY-7588,
Berry & Associates), 5(dC (PY-7589, Berry & Associates), 5cadC (PY-7593, Berry &
Associates), bazadC (A3656, Sigma Aldrich), ATP solution (Thermo Fisher), [y-32P]-ATP
(Perkin Elmer), dC (D3897, Sigma Aldrich), dCMP (D7625, Sigma Aldrich), 5hmdCTP
(BIO-39046, Bioline).

3.4.2 Nucleoside stability assay

100 uM solutions of 5hmdC, 5fdC and bazadC were prepared in HPLC grade water

(Thermo Fisher) or in DMEM medium (Lonza). The solutions were incubated at 37°C
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for 10 days and a sample taken every 24 h and subjected to HPLC-UV analysis.

3.4.3 Enzyme purification

Human DCK was cloned in pET28a(+) and expressed in E. coli BL21-(DE3)RIPL (Life
Technologies) for 4 h at 37° C following induction with 1 mM IPTG. The resulting bacte-
rial pellet was re-suspended in 50 mM sodium phosphate pH 8, 300 mM NaCl and protease
inhibitors (Complete Mini, Roche) and lyzed by sonication with 5 cycles of 1 minute on,
1 minute off at 60 amplitude settings (Soncis Vibra Cell™) [Johansson and Karlsson,
1995][Hazra et al., 2010]. The supernatant was cleared by centrifugation at 10,000 rcf for
20 minutes at 4°C and loaded onto a HisTRAP HP 5 mL Column (GE Healthcare) on an
AKTA purifier. After washing for 20 column volumes (CV), the protein was eluted with
a linear gradient of imidazole (0-500 mM: 30 CV) in 50 mM sodium phosphate pH 6, 300
mM NaCl and 10% glycerol. The fractions were assessed by SDS gel electrophoresis and
subsequent staining with Gel Code Blue reagent (Pierce) according to the manufacturer’s
instructions. The fractions containing the protein were pooled, concentrated with Amicon
3 kDa centrifugal filter units (UFC900324, Millipore) and further purified on a HiPrep
16/60 Sephacryl S-200 gel filtration column (GE Healthcare) with 2 CV of equilibration
and 1.5 CV of elution in 50 mM sodium phosphate pH 6, 300 mM NaCl and 10% glycerol.
The fractions containing proteins were again concentrated using Amicon columns, supple-
mented with final 10 mM DTT and 40% glycerol, snap frozen and stored in aliquots at
-80°C. The purity was assessed by SDS-PAGE electrophoresis followed by Gel Code Blue
staining (Figure 3.3 A).

CMPKI1 was cloned into pET28a(+) and expressed in E. coli BL21-(DE3)RIPL for 4 h
at 37°C through 0.5 mM IPTG induction [Johansson and Karlsson, 1997]. Bacteria were
lyzed by sonication, as previously described, in 50 mM Tris pH 7.5, 10 mM NaCl and pro-
tease inhibitors (Complete Mini, Roche) [Liou et al., 2002]. The supernatant was cleared

by centrifugation at 10,000 rcf for 20 minutes at 4°C, and loaded onto a HisTRAP HP
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5 mL column. The protein was eluted with an increasing concentration of imidazole, as
indicated above. A subsequent step was gel filtration with HiPrep 16/60 Sephacryl S-200
Column as described before. Lastly followed an anion exchange column step with a HiTrap
Q HP 5 mL (GE Healthcare), from which the protein was washed with 10 CV and eluted
with a 20 CV linear gradient of 0-1 M NaCl. The salt was removed by dialysis in 50 mM
Tris pH &, the protein concentrated and 10 mM DTT added to the final preparation, prior
to storage in 40% glycerol at -80°C. The purity was assessed by SDS-PAGE followed by
gel Code Blue staining (Figure 3.3 B).

CDA was cloned into pET28a(+) and expressed in E coli BL21-(DE3)RIPL at 37°C
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Figure 3.3: Purified enzymes: A. DCK; B. CMPK1; C. CDA

through 0.6 mM IPTG induction at late exponential growth (A435 = 1) for 19 h [Vincen-
zetti, 1996]. Cells were harvested by centrifugation at 5,000 rcf and washed with 0.9%
NaCl. They were then re-suspended in buffer A (Tris—HCI 50 mM, pH 7.5; 1 mM DTT;
1 mM EDTA) supplemented with protease inhibitors (Complete Mini, Roche) and lysed
by sonication, as described before [Vincenzetti, 1996]. Supernatant was cleared by cen-
trifugation at 10,000 rcf for 20 min and loaded onto a HisTRAP HP 5 mL Column (GE
Healthcare). After washing, the protein was eluted with a linear gradient of imidazole

(0-500 mM) in 50 mM Tris-HCI pH 7.5, 300 mM NaCl and 10% glycerol. Imidazole was
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removed by dialyzing the protein overnight in 20 mM Tris-HCI1 pH 8, 150 mM NaCl. His
Tag was cut by the addition of 10 U of thrombin (Sigma, T513) per mg of protein in cleav-
age buffer (20 mM Tris-HC1 pH 8, 150 mM NaCl, 2.5 mM CaCly and 0.5 mM TCEP)
and overnight incubation at 4°C. This was followed by HisTRAP HP 5 mL Column pu-
rification, to remove the cleaved tag. A second step of purification was performed by gel
filtration with a HiPrep 16/60 Sephacryl S-200 Column, as previously described. 10 mM
DTT was added to the final preparation and the protein solution stored in 40% glycerol at
-80°C. The purity was assessed by SDS-PAGE followed by gel Code Blue staining (Figure
3.3 C) and identity by mass spectrometry with a collaboration done by G. Berridge (TDI,
Oxford).

3.4.4 Enzyme assay

The purified enzymes were assessed for activity via different methods. Kinase (DCK,
CMPK1) activities were assayed by thin layer chromatography (TLC). Deamination by

CDA was assayed spectrophotometrically.

3.4.4.1 Kinase activity assays and TLC separation

The activity of 1ug DCK was determined at 37°C for 2 h via a radiochemical method in a
buffer containing 100 mM Tris pH 7.5, 100 mM KCl, 10 mM MgCls, 1 mM [y-32P]-ATP
and a nucleoside concentration of 200 uM in 50 uL. 1 pL of products was separated on
2D TLC on a glass backed AVICEL cellulose plate (Analtech) by following the protocol in
[Ramsahoye et al., 2000]. Briefly, 1 uL of product was spotted onto 20 x 20 cm plates, 1.5
cm from each corner, and allowed to let dry. A fresh solution of 33 volumes (1 volume is
equal to 1 mL) of isobutyric acid, 9 volumes of water and 1.5 volumes of 30% ammonium
hydroxide solution was prepared and added to the TLC tank (Analtech). Plates were

placed, by keeping the same inclination angle, in a TLC tank and the lid closed. The
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first dimension was allowed to run until the mobile phase reaches the top of the plate,
which was then dried overnight in a fume hood. The next morning, a solution to run
the second dimension was prepared with: 40 volumes of saturated ammonium sulphate,
9 volumes of 1 M sodium acetate and 1 volume of isopropanol. The plates were oriented
with the first dimension at the bottom and the second dimension run, fully, for around
4 h. Subsequently, they were dried for 2 h in a fume hood, wrapped in saran wrap and
incubated with a phosphor screen overnight. The TLC sheets were auto radiographed
using a Phosphoimager (Biorad) and images analyzed via ImageLab software (Biorad).

CMPK1 was assayed through a coupled assay with DCK following conditions outlined in
[Van Rompay et al., 1999b] with 1 pug DCK, 1 pg CMPKI1 and 1 mM substrate in 50 uL
for 2 h at 37°C. In this case, the products were analyzed via 1D TLC. 1 uL of reaction was
spotted onto 20 x 20 cm glass backed TLC sheets (PEI Cellulose F, Millipore) 2 cm from
the bottom. 13 samples were loaded onto each plate, allowed to dry and then put in the
tank to develop fully, for approximately 1 h, in 50 mL 0.5 M ammonium formate pH 3.5.
The plates were then dried and exposed to storage phosphor screen (Biorad) which was

scanned via a Phosphoimager (Biorad), and the images analyzed via ImageLab software

(Biorad).

3.4.4.2 CDA kinetic activity: assessment of linear range and extinction coef-

ficients

CDA kinetic activity was assayed as described [Vincenzetti, 1996][Vincenzetti et al., 2004].

In order to start with our kinetic analysis we needed to determine:

o the linearity of the relationship between substrate concentration and measured ab-

sorbance;

o the extinction coefficients of product and substrate and their difference (Ae¢), to be
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able to derive concentrations from the absorbance value of a determined reaction,

according to the Lambert-Beer law;

e the linear range of product conversion.

Linear range of the substrate concentration versus absorbance To assess the lin-
ear range of the concentration of substrates versus absorbance, we measured their different
absorbances at 260 nm at various concentrations. The range and the values are plotted
in Figure 3.4. A good linear range was achieved between 5 M and 200 M, therefore we

could use these substrates concentrations to run the assay.

dC | ShmdC
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Figure 3.4: Linear range of two of the substrate used for CDA conversion. The square fit values
of the linear range are indicated.

Extinction coefficient difference between product and substrate To be able to
assess the concentration from absorbance readings in a reaction in which a product is
formed, we needed to determine the difference between the extinction coeflicient of the
product and substrate (Ae), according to the Lambert-Beer law (mentioned before for
HPLC). We assessed their readings at 260 nm. The path lenght (b) was the cuvette

length, which is 1 cm. The values determined are indicated in Table 3.10

Linear range of the product formation We needed to assess the amount of enzyme

that we could use to get a linear signal under initial velocity conditions. Initial velocity
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Reaction Ae[l/(M*cm)]
dC — dU 1274
5mdC — dT 4165.5
5hmdC — 5hmdU 5760.5
5fdC — 5fdU -714
bazadC — HazadU -2071

Table 3.10: Extinction coefficient (Ae) differences between products and substrates of
CDA

is satisfied when the substrate concentration is still unlimited and when there is no reac-
tion inhibition by product, therefore the rate of product formation is proportional to the
activity of the enzyme. To achieve this, we made different dilutions of the enzyme with a
fixed concentration of the substrate and fixed assay conditions and plotted the absorbance
versus time. Initial velocity conditions could be achieved in a time frame of 2 minutes
with 45 ng of CDA for all the nucleosides, and 500 ng for 5hmdC. The results of the initial

velocities are outlined in Figure 3.5.
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Figure 3.5: Linear range of the enzyme used for CDA conversion. Plotted are the linear
relationships established between absorbance values and time. In the table square fit values of
the linear range for 45 ng enzyme for dC and 500 ng for 5hmdC are indicated.

3.4.4.3 CDA Kkinetic activity: Michaelis-Menten

After having determined initial velocity and substrate concentrations from which we could
get a proportional absorbance reading, according to the Lambert-Beer law, and the ex-

tinction coefficient difference at 260nm (Aec), we proceeded with our kinetic measure-
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ments. Collected data were fitted to the following Michaelis-Menten equation [Michaelis
and Menten, 1913] with Prism (GraphPad):

az[S]

Vin
V= 7Km 5] (3.12)

where [S] is substrate concentration in M, V;,,4, is expressed as M/min and K, as M.

3.4.5 Molecular modeling

A tetramer was generated with CDA structure 1IMQO [Chung et al., 2005] and subject to
DockPrep in Chimera 1.8 (www.cgl.ucsf.edu/chimera). Substrates were dC (ZINC18286013)
[Irwin et al., 2012], 5hmdC [Irwin et al., 2012] (ZINC77300654) and 5fdC (CSID:10291642)
(www.chemspider.com) downloaded as .mol files and subjected to .mol2 files conver-
sion in Chimera. Docking was subsequently performed with the online tool SwissDock
(www.swissdock.ch/docking) [Grosdidier et al., 2011]. The file was then visualized with

Chimera and a picture generated with the lowest AG docked ligand.

3.4.6 In vitro replication assay

The assay was carried out following [Planck and Mueller, 1977] for nuclear extract and
cytoplasmic fraction preparation and [Hershey et al., 2005] for the replication assay. The
assay mixture contained 0.3 mM of each canonical nucleotide, except in test case when
dCTP was substituted by 5hmdCTP (Bioline). The reaction was stopped with the ad-
diction of 0.1 M EDTA final. DNA was extracted with Phenol chloroform, RNase A/T1
(Thermo Fisher) treated, as described in the DNA extraction section and free nucleotides

removed with a Mini Quick Spin DNA column (Roche) prior to HPLC assay.
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3.5 Protein analysis

3.5.1 Protein extraction

10° cells were lysed with RIPA buffer (20 mM HEPES at pH 7.5, 300 mM NaCl, 5 mM
EDTA, 10% glycerol, 1% Triton X-100), supplemented with protease inhibitors (Mini,
Roche) and sonicated (Diagenode), 30 s on/off for 5 minutes at high settings. The lysate
was incubated for 20 minutes on ice and then cleared by spinning the cells at 10,000 rcf
for 10 min at 4 °C. Mouse tumors were lysed as cells, with the exception of the use of a
Dounce homogenizer with approximately 10 strokes of pestle B and 10 strokes of pestle
A, to homogenize the sample before sonication and preclearing. Protein was quantified by

Bradford assay, as detailed below.

3.5.2 Protein quantification

Protein was quantified by Bradford assay (B6916, Sigma) in a 96-well plate format. In
brief, 200uLL of reagent were used per well. A standard curve was produced with BSA
(Molecular Biology Grade, NEB, B9000S), by diluting it in water to 1 ug/ulL, ranging
from 1 to 6 pg/pl and with the addition of 1 pL of lysis buffer. 1 uL of sample were
measured in triplicate. Absorbance was measured in a plate reader (Magellan, Tecan) at

595 nm with previous 5 s shaking.

3.5.3 SDS-PAGE electrophoresis

20-100 pg of protein were dissolved in sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE) loading buffer (5X: 200 mM Tris-Cl (pH 6.8), 400 mM DTT,
8% SDS, 0.4% bromophenol blue, 40% glycerol) and boiled at 100°C for 5 minutes. SDS-
electrophoresis was performed on 4-20% precast gradient gels (Invitrogen, Novex Tris-

Glycine). Gels were assembled, loaded and run at 200 V for 1 h in 1 X SDS-running buffer
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(25 mM of Tris base, 192 mM of glycine, and 0.1% of SDS) using an Invitrogen tank
(Nupage). Pre-stained protein marker (Page Ruler Plus, Thermo Scientific) was used as

a size standard.

3.5.4 Immunoblot analysis

Gels were transferred to a wet transfer cassette unit (Biorad) and the proteins blotted
onto nitrocellulose membrane, previously activated with water, for 1.5 h at a constant
voltage of 110 V, or 30 V at 4 °C when the transfer was run overnight. The transfer
tank was filled with 1 X transfer buffer (25 mM Tris-HCI pH 7.6, 192 mM glycine, 20%
methanol, 0.05% sodium dodecyl sulfate (SDS)). When the transfer process was complete,
the membrane was stained with Ponceau S solution (P7170, Sigma) to determine the suc-
cess of the protein transfer. The membranes were then washed in water and blocked in 5%
fat-free powder milk (Marvel, UK) dissolved in 1 X TBST (137 mM NaCl, 2.7 mM KCl,
19 mM Tris base pH 7.4 and 0.05% Tween-20), at room temperature for 1 h. They were
then incubated overnight at 4°C with the primary antibodies listed in Table 3.11 diluted
in 5% milk-TBST solution. The following day, the membranes were washed 3 times in
TBST buffer for 5 minutes, by shaking them on an orbital shaker (Stuart) at medium
speed. Subsequently, they were incubated with peroxidase conjugated appropriate sec-
ondary antibody (a-mouse, Santa Cruz sc-2005 1 : 20,000; a-rabbit, Santa Cruz sc-2004,
1:20,000) for half an hour at room temperature. Membranes were successively washed
for 5 minutes in TBST buffer, by shaking them on an orbital shaker (Stuart) at medium
speed, three times. Subsequently, chemiluminescent detection was performed with ECL
Select (GE Healthcare) peroxidase substrate as in the manufacturer’s manual, through a
CCD camera using the ChemiDoc System (BioRad) with Image Lab software (BioRad,
version 4.0). If it was necessary to probe the same membrane with another primary anti-
body, the membrane was immediately incubated with stripping solution (Restore Western

Blot Stripping Buffer, Thermo Scientific) for 30 min at room temperature on an orbital
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Antibody Catalog number WB Dilution Species
a-CDA Sigma, SAB1300717 1:250 rabbit
a-actin Abcam, ab185058 1:75,000 HRP conjugated

a-vinculin Sigma, V9264 1:10,000 mouse

a-F-tubulin Sigma, T8328 1:10,000 mouse
a-TET?2 Active Motif, 61389 1:1,000 mouse
a-Flag Sigma, F3165 1:1,000 mouse
a-S Thermo-Fisher, MA1-981 1:10,000 mouse
a-GFP Abcam, ab290 1:1,000 rabbit
a-PAF1 Bethyl, A300-172A 1:500 rabbit
a-CTR9 Bethyl/ A301-395A 1:10,000 rabbit
a-LEO1 Bethyl/ A300-175A 1:1,000 rabbit
a-RTF1 Bethyl/ A300-179A 1:10,000 rabbit
a-CDC73 Bethyl/ A300-170A 1:10,000 rabbit
a-PollI-PS5 Abcam/ ab5131 1:1,000 rabbit

Table 3.11: Primary antibodies used in Western Blot analysis with relative dilutions and
catalog numbers.

shaker. Following these steps, the membrane was re-blocked in 5% milk/TBST, before

being incubated with a new primary antibody.

3.5.5 Immunoprecipitation

Cells growing on plates were washed three times with cold PBS, then scraped and lysed in
IP buffer (20 mM Tris-HCI1 pH 8, 10% glycerol, 300 mM KCl, 1 mM EDTA, 0.1% NP-40)
containing protease inhibitors (Mini, Roche) according to [Muntean et al., 2010]. The
lysate was then placed on an eppendorf rotating wheel at 20 rpm speed (Stuart, SB3)
for 20 minutes, prior to centrifugation at 20,000 rcf at 4°C for 20 minutes (Eppendorf).
The resulting supernatant was transferred to a new eppendorf, and protein concentration
determined by Bradford assay. 50-100 ug (1% of the total IP) of protein was removed to
be used as input. For each immunoprecipitation, 1-2 mg of protein were pre-cleared with
30 uL of 50% protein G/A beads mix (Roche), previously equilibrated in IP buffer, for 1 h

at 4°C on an eppendorf rotating wheel. The protein lysate was then centrifuged at 12,000
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rcf and the supernatant moved to a new eppendorf, to which the blocked beads and 1-2
ug of purified antibody or 30 uL of 50% Flag affinity resin (Sigma M2, A2220) or anti
S-tag coated agarose beads (69704 Millipore, Novagen) were added. The tubes were left
rotating overnight at 4 °on a wheel. The next morning, the beads were washed four times
with cold IP wash buffer (50 mM Tris-HCI pH 7.9, 500 mM KCl, 0.3% NP-40) [Muntean
et al.,, 2010] and centrifuged at 5,000 rcf for 3 minutes at 4°C. The supernatant was
aspirated and the bound fraction eluted either with SDS-PAGE sample buffer or, in case
of FLAG tagged protein, competitively with FLAG peptide, following the manufacturer’s
instructions (F3290, Sigma Aldrich). The samples were then boiled at 100°C, centrifuged
once again at 12,000 rcf for 1 minute, and the supernatant analyzed by SDS-PAGE gel

electrophoresis and Western Blot.

3.5.6 Large scale affinity purification for MS analysis

Affinity purification for MS analysis was carried out as previously described (IP), but with
4 mg of protein extract. 50 pL of 50% anti S-tag coated agarose beads (69704 Millipore,
Novagen) were used for each AP. The elution was carried out with 400 1 100 mM glycine
pH 2.5 for 30 minutes on a rotating wheel at 4 °C. 1/20 of the elute fraction was analyzed
by SDS-PAGE followed by Ruby-Pro gel staining (Biorad) according to the manufacturer’s
instructions; 1/20 was analyzed by western blot and the rest was sent for MS analysis to
Dr. Kessler’s laboratory (Target Discovery Institute, Oxford University). The results
obtained from the Kessler lab were analyzed with the STRING online tool (http://string-
db.org) [Franceschini et al., 2012] to generate network maps and background subtraction
for the most common contaminants in MS analysis was performed with the CRAPPOME
database [Mellacheruvu et al., 2013] by setting a threshold of 100 of observed proteins over

their total database entries.
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3.5.7 Sucrose gradient

A 60% sucrose stock solution was prepared in water. Sucrose stock solution was diluted
in IP buffer without glycerol (20 mM Tri-HCI1 pH 8.0, 300 mM KCI, 1 mM EDTA, 0.1%
NP-40), supplemented with protease inhibitors to prepare a 5% and a 20% dilution. A
5-20% sucrose gradient was pre-assembled in polyallomer tubes (Beckman, 14 x 89 mm,
331372), with 6.3 mL of 20% sucrose at the bottom and 6.3 mL of 5% sucrose at the top.
The gradient was made with Gradient master (BIOCOMP) by selecting rotor SW41 and
program SHORT SUCROSE 5-20%. 1 mg of protein extract, prepared with IP buffer,
without glycerol (20 mM Tri-HCL pH 8, 300 mM KCIl, 1 mM EDTA, 0.1% NP-40),
supplemented with protease inhibitors, was loaded on top of the assembled gradient. A
1% input was saved as a loading control. The tubes were centrifuged at 260,343 rcf for 15 h
at 4°C with maxiumum acceleration and no brakes (Beckman, SW41 rotor). 24 fractions of
500 pL were subsequently collected with care from top to bottom, with numbering starting
from the top. Proteins were extracted by the trichloroacetic acid (TCA) precipitation
method. In brief, 89 uL of TCA (T6399, Sigma) was added to the fractions, followed by
vigorous shaking and incubation at 4°C for 1 h. The fractions were then centrifuged at
20,000 rcf for 15 minutes at 4°C. Supernatant was aspirated and the protein-containing
pellet washed with 500 pL acetone before being pelleted at 20,000 rcf for 15 minutes.
Supernatant was discarded, the pellet air dried and resuspended in 50 ul. SDS-PAGE
loading buffer. 10 uL were loaded on 4-20% MIDI-Protean®Tris-glycine™Stain free gels
(Biorad), electrophoresed and immunoblotted as before. A protein standard, composed of
6 different proteins of molecular weights comprised between 29 and 700 kDa (MWGF1000,
Sigma Aldrich) was run under the same conditions as the samples and visualized by CCD
camera on a ChemiDoc imager (Biorad), through Image Lab software (BioRad, version

4.0).
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3.5.8 Chromatin immunoprecipitation

Chromatin immunoprecipitation was performed according to previous protocols [Frank
et al., 2001]. Formaldehyde dissolved in phosphate buffered saline (PBS) to a final concen-
tration of 1%, was added to cultured cells (approx. 10x10° cells per immunoprecipitation)
to fix them at room temperature for 10 minutes. Fixation was stopped by the addition of
glycine to a final concentration of 0.125 M for 5 minutes. Plates were then rinsed twice
with room temperature PBS. PBS was aspirated completely, and cells harvested in SDS
buffer (100 mM NaCl, 50 mM Tris/HCL pH 8.1, 5 mM EDTA pH 8.0, 0.2% sodium azide,
0.5% SDS) containing protease inhibitors (10X, Roche). Cells were pelleted by spinning
in a tabletop centrifuge for 10 min at 6,000 rcf at room temperature, and resuspended in
4 mL of ice-cold IP Buffer for sonication (IP buffer: 1 volume SDS Buffer + 0.5 volume
Triton Dilution Buffer. Triton Dilution Buffer: 100 mM Tris/HCI1 pH 8.6, 100 mM NaCl,
5 mM EDTA, 0.2% sodium azide, 5.0% Triton X-100).

Samples were sonicated to an average length of chromatin of 500-1,000 bp according to
the manufacturer’s instructions (Covaris). To check the average length of the sonicated
DNA, crosslinks were reverted by incubating a 50 plL aliquot of the sample for 30 min at
65°C, purifying the DNA with a QIAquick PCR Purification Kit (Qiagen) following the
manufacturer’s instructions, and loading it on a 2% agarose gel. Subsequently, the volume
of the extract, was adjusted with IP buffer to 1 mL per IP. Lysates were pre-cleared with
30 uL of Protein-A beads (50% v/v in TE) for 1 hour at 4°C on a rotating wheel; then
centrifuged for 10 minutes at 12,000 rcf on a tabletop centrifuge. After pre-clearing, 50
uL of each lysate was removed to be used as total input and stored at 4°C (5%).

The primary antibody was added (3 ug for each IP) and the mix incubated overnight at
4°C on a rotating wheel. After centrifugation for 20 minutes at 15,000 rcf at 4°C, the
supernatant was added to 30 pL of 50% Protein-G beads, and incubated on a rotating
wheel for three hours at 4°C. Beads were washed 3 times in 1 mL of Mixed Micelle Wash

Buffer (150 mM NaCl, 20 mM Tris/HCI pH 8.1, 5 mM EDTA pH 8.0, 5.2% w/v sucrose,
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0.02% sodium azide, 1% Triton X-100, 0.2% SDS), 2 times in 1 mL Buffer 500 (0.1% w/v
deoxycholic acid, 1 mM EDTA, 50 mM HEPES pH 7.5, 500 mM NaCl, 1% v/v Triton
X-100, 0.2% sodium azide), 2 times in 1 mL LiCl/detergent buffer (0.5% w/v deoxycholic
acid (sodium salt), 1 mM EDTA, 250 mM LiCl, 0.5% v/v NP-40, 10 mM Tris/HCI pH 8,
0.2% sodium azide) and once in 1 mL Tris/EDTA pH 7.4.

120 pL of 2% SDS solution was added to both beads and input and samples were incubated
overnight at 65°C to elute immune complexes and to reverse the crosslinks. Eluted DNA
was purified with a QIAquick PCR Purification Kit (Qiagen) following the manufacturer’s
instruction. Samples were resuspended in 300 pL and the input in 600 puL of 10 mM
Tris/HCI pH 8.0.

The antibody used was a-Flag (Sigma, F3165). For the negative control, a mouse anti-IgG
antibody (sc-2004, Santa Cruz Biotechnologies) was used.

Bound regions were identified by running QPCR on 6 yL of the immunoprecipitated DNA
with conditions as as outlined in the previous QPCR method section. Data analysis was
performed using the ACT method; in particular, fold enrichment in the IP was calculated
as a percentage of the total DNA present in the input (see Fig. 3.6).

Initially the ACr is calculated as follows:

ACT = CT (z’nput) — CT (IP) . (3.13)

Then, the quantity of DNA immunoprecipitated is derived, as a percentage of the total
DNA in the input, as:

Ytotal = 2°°T x 2.5. (3.14)

The list of primers used for ChIP-QPCR are listed in Table 3.12.
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Figure 3.6: Quantification of chromatin immunoprecipitation by real-time PCR (adapted from

[Frank et al., 2001]).

Primer Pair Sequence Target
SK615 TCTAACCTTTCCAAGTCCTCGTAAA HOXA9
SK616 GGCGGGAAGTCGGAAACG
SK619 ACGTTGGCCACAATTAAAACA HOXA9
SK620 AAATCACTCCGCACGCTATT
SK621 CCTGTGTGGCTTCTGAAACA HOXA9
SK622 CAAATCGCATTGTCGCTCTA
SK623 GGGAGACGGGAGAGTACAGA HOXA9
SK624 GGCCAACGACGATTAAAAGA
SK631 AGGCGTCTAACGCTATGCTC MLLL
SK632 AAGAAGGAGGCGAGTTAGGG
SK633 TTTGGAAAGAGCTCCAGCAT MLL1
SK634 AAGCGCTGCCCAGTTTACTA

Table 3.12: Primers used for ChIP-QPCR.
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3.6 Microscopy techniques

3.6.1 Immunofluorescence

Cells were seeded on coverslips and stained by immunofluorescence with antibodies listed
in Table 3.13, with their relative dilution. In brief, cells were first washed in PBS and
fixed for 20 min at room temperature with 4% PFA. Cells were washed twice in PBS and
permeabilized for 10 minutes in 0.2% Triton X-100. After 2 washes in PBS, cells were
blocked for 1 h in 3% BSA solution prepared in PBS (Sigma Aldrich) and incubated with
primary antibody overnight at 4°C in a humidified chamber. The following day, cells were
washed 3 times in PBS and incubated with the appropriate Alexa conjugated secondary
antibody (Table 3.13) and DAPI (Sigma Aldrich). Coverslips were then washed 3 times in
PBS and mounted with mounting media (Vectashield). Tiled pictures were automatically

taken with a Zeiss 710 microscope with a 20x lens.

Antibody Catalog number ‘WB Dilution | Species raised
a —v-H2AX Millipore, 05-636 1:500 mouse
a-TET2 Active Motif, 61389 1:200 mouse
a-Flag Sigma, F3165 1:400 mouse
a-S Thermo-Fisher, MA1-981 1:400 mouse
a-GFP Abcam, ab290 1:400 rabbit
Alexa Fluor®488 a-rabbit | Life Technologies, A-11008 1:400 goat
Alexa Fluor®488a-mouse | Life Technologies, A-11001 1:400 goat
Alexa Fluor®546a-mouse | Life Technologies, A-11003 1:400 goat
Alexa Fluor®546a-rabbit | Life Technologies, A-11003 1:400 goat
Alexa Fluor®647a-rabbit | Life Technologies, A-21244 1:400 goat

Table 3.13: Antibodies used in immunofluorescence.

3.6.2 Proximity ligation assay

The proximity ligation assay (PLA) [Soderberg et al., 2006] is based on the direct recog-
nition of a target protein by two primary antibodies raised in different species, and on
their recognition by two respective secondary antibodies called PLA probes. PLA probes

have a unique DNA strand attached to them which, when the secondary antibodies are in
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close proximity, can be ligated and amplified through rolling circle amplification (RCA)
by a DNA polymerase [Gusev et al., 2001], while incorporating a fluorochrome in the so-
formed double stranded DNA. This results in the formation of bright spots that can be
easily detected by confocal microscopy (Fig. 3.7).

To conduct the assay, we used a-S-tag (Thermo-Fisher - MA1-981, 1 : 400, mouse) and

Figure 3.7: Proximity ligation assay: the method. A spot is generated when the two antibodies
recognizing the target protein get in close proximity. They are conjugated to oligonucleotides
that are ligated and amplified through rolling circle amplification (RCA). The amplified double
stranded DNA can incorporate the fluorescent dye, resulting in the formation of localized dots in
proximity of the detected proteins.

a-GFP (Abcam - ab290, 1 : 400, rabbit) antibodies against GFP-S-tagged WDR-61 as
positive controls and a-GFP, a-Flag (Sigma - F3165, 1 : 400, mouse) to assess the in-
teraction between Tet2 and WDR-61. Different antibody concentrations were assessed to
determine which one would give the best signal/noise ratio; where noise was defined as
the presence of a fluorescent signal in a negative control sample. The reaction progressed
as for the immunofluorescence protocol outlined earlier up until the addition of the sec-

ondary antibodies. After this point, conditions specified in the datasheet of the Duolink®
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In Situ Red Starter Kit Mouse/Rabbit (Du092106, Sigma Aldrich) were used. Images
were acquired with a 63x lens on a Zeiss 710 confocal microscope. For quantification,
tiled images with 30 Z stacks were acquired and quantification was performed on their
maximum intensity projection generated through ZEN software by overlaying all of the Z

stacks. The number of dots was counted with ImageJ software [Schneider et al., 2012].

3.6.3 Histology

Organs and tumors were collected and immediately 10% formalin fixed for 48 h. They were
then dehydrated in an ethanol series, cleared in xylene (Leica, TP1020) and embedded in
paraffin wax (VWR, 361427G). 4 pum thick sections were cut with a microtome (Microme
HM355S) with the help of I. Ratnayaka (Ludwig Institute). All sections were stained with
hematoxylin and eosin. In brief, tissue sections were dewaxed with HistoClear (National
Diagnostics) for 5 minutes, rehydrated through an ethanol series, immersed in Harris
hematoxylin (Sigma, HHS128) for 3 minutes, differentiated with acid alcohol for 5 dips,
blued in Scott Water for 30 seconds and then immersed in eosin for 5 minutes, with washes
in water between each step. Sections were then dehydrated and permanently mounted
(Vectamount — Vector Labs, CA, USA). To grade the level of fibrosis in the samples, a
scale was created with the following criteria: 1 (fibrosis < 5), 2 (< 5 fibrosis > 25), 3
(< 26 fibrosis > 50) and 4 (fibrosis > 51) (Fig. 3.8). The tumor grading was done double
blind in collaboration with Prof. R. Goldin (Imperial College, London). Tumors were
additionally stained with Masson’s Trichrome Stain Kit (Sigma Aldrich) according to the

manufacturer’s instructions.

3.6.4 Immunofluorescence on paraffin embedded samples

4 pm thick sections were re-hydrated through a series of alcohols and subjected to antigen

retrieval, by boiling them for 2 minutes in a pressure cooker (Lacor, ES) in Tris buffer
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4

Figure 3.8: Histology fibrosis grading scale. Done in collaboration with Prof. R. Goldin
(Imperial College).

pH 9 (10 mM Tris base, 0.05% Tween 20). They were then blocked in 3% BSA in PBS
for 30 minutes and incubated overnight in a humidified chamber at 4°C with o — yH2A.X
(1:200, Millipore, 05-636), «—PH3 (1:200 Millipore, 06-570) or a — S—catenin (1:250 BD
Transduction Laboratories, 610153) and a—CDA (1: 100 Sigma Aldrich, SAB1300717).
The slides were then washed vigorously 3 times in PBS, and incubated for 1 h at room
temperature with an appropriate Alexab46 and Alexad88 conjugated secondary antibody
(1:400, Life Technologies) and DAPT (Sigma Aldrich). Coverslips were then washed 3 times
in PBS and mounted with mounting media (Vectashield - Vector Labs, CA, USA). Images
were acquired with a Zeiss 710 confocal microscope with a 20x lens. For quantification
of the percentage of DNA damage and proliferation in tumors, tiled images with Z stacks

were acquired to cover the entire central section of the tumor.

3.6.5 Microscopy quantification with Image J

All microscopy quantification was performed through Image J, with the help of M. Shipman
(Ludwig Institute).
The amount of nuclear fluorescence for a—~-H2AX was quantified through ImageJ through

the following steps:
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1. Drag & drop .Ism file to ImageJ;

2. Image>Color>Split Channels;

3. Select the DAPI Channel;

4. Process>Filters>Gaussian Blur, 2px radius;

5. Image>Adjust>Threshold, Default, Check the Dark Background option;
6. Process>Binary>Fill Holes;

7. Process>Binary>Watershed;

8. Analyze>Analyze Particles>size=100-Infinity, circularity=0-1, show=nothing, ex-

clude on edges, clear results, add to ROI;
9. Select the red channel image;
10. In the Region Manager window click measure;

11. Save the measurements from the menu in the results window.

An equal number of nuclei data were subsequently processed in Excel (Microsoft) by first
generating an histogram of the frequency distribution of the values of signal intensities.
Subsequently, the threshold was set after the most frequent intensities which appeared
equally in all samples, independently of treatment. Percentages were then calculated by
dividing the events counted after threshold subtraction for the number of events measured.
The number of nuclei was quantified through the DAPI signal and the number of those
positive for H3P signal (green) and o —yH2AX (red) was counted with ImageJ (Fig. 3.9).

The following steps were used to count the DAPI signal:

1. Image>Properties (channels=1 slices=1 frames=1 unit=pm pixel _width =.415

pixel__height=.415 voxel _depth=.415);
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10.

11.

12.

13

. Image>Color>Split Channels;

Select the DAPI Channel;

. Duplicate the image;

Process>Filters>Gaussian Blur, 2px radius;

Image>Adjust>Threshold, Default, Check the Dark Background option;

Process>Binary>Convert to Mask;

Process>Binary>Fill Holes;

Process>Binary>Watershed;

Analyze>Analyze Particles>size=20-140, circularity=0-1, show=nothing, clear re-

sults, add to ROI;

Select the original DAPI Channel;

In the Region Manager window click measure;

Save the measurements from the menu in the results window.

For the green (H3P) and the red (yYH2AX) channels, the same steps were run as for DAPI,

except that the Threshold step was Yen dark and the particle size analyzed was 20-1400.

The frequency of events was then calculated, by dividing the number of red and green

measures for the total number of nuclei measured.

To count the number of spots in PLA stainings the following steps were used in Image J:

1.

2.

3.

Drag & drop .Ism file to ImagelJ,
Image>Color>Split Channels;

Select the Red Channel ( PLA spots);
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H3PS10

Figure 3.9: Quantification of o — yH2AX and a—PH3: the method

4. Tmage>Adjust>Threshold, Default, Check the Dark Background option;
5. Save as ImageC3_ threshold;
6. Select the Green Channel (GFP-S-WDR61);
7. Process>Filters>Gaussian Blur, 2px radius;
8. Image>Adjust>Threshold, Default, Check the Dark Background option;
9. Save as ImageC2_ threshold;
10. Select the DAPI Channel;
11. Process>Filters>Gaussian Blur, 2px radius;
12. Image>Adjust>Threshold, Yen, Check the Dark Background option;

13. Save as ImageC3_ threshold;

To measure the PLA spot numbers, we used the following steps:

1. Drag & drop .Ism file to ImageJ

(\V)

. Image>Color>Split Channels;
3. Select the RED Channel (PLA spots);
4. Open ImageC3_ threshold;

5. Analyze>Analyze Particles>size=0.1-Infinity, clear results, add to ROI;
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6. Select RED channel;
7. Analyze>Analyze Particles>size=0.1-Infinity, clear results, add to ROI;

8. In the Region Manager window uncheck and recheck Show All then click Measure.

3.7 Animal work

3.7.1 Toxicology and dose determination

Animal work was done after approval by the UK Home Office and University of Oxford
Local Ethical review. The project license number was 30/3033 and personal license number
was 30/10162. The compounds were dissolved in PBS and intraperitoneally (IP) injected
in 3 animals (Athymic Nude: BALB/cOlaHsd-F oxnl1™/™  females, 5-7 week old from
Harlan) per dosage in 200 pL volume. Animals were monitored for any deviation in normal
behavior and sacrificed after 5 days for histopathology. At 30 minutes post injection, a
few drops of blood were collected through tail vein bleeding with a Microvette CB300
(Sarstedt) collection device. The serum fraction was isolated by centrifugation according

to the Microvette CB300 (Sarstedt) manufacturer’s instructions.

3.7.2 MS analysis of serum samples

The molecules present in serum samples were extracted via methanol chloroform precipi-
tation. In brief, samples were brought up to 200 uL. with double distilled sterile water. 3
volumes of methanol and 150 ul. of chloroform were added. The samples were vortexed
and 450 pl of water added. After vortexing, they were centrifuged at maximum speed
for 1 min. The aqueous phase containing the water soluble molecules was collected and
dried in a Speedvac. In the same way, a standard curve was produced by dissolving known

amounts of 5ShmdC and 5{dC in fetal bovine serum (Biosera) and extracting them (Fig
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3.10). The dried pellets were then sent for MS analysis to G. Berridge (TDI, Oxford).
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Figure 3.10: Mass spectrum of 5hmdC and 5fdC standards. This analysis was performed in
collaboration with G. Berridge (TDI, Oxford).

3.7.3 Tumor growth assessment using xenograft assay

10° cells in a 50% suspension with MatriGel (200 pL) were subcutaneously injected into
BALB/cOlaHsd-Foxn1™/™ (Harlan, 5-7 week old) mice, 8 animals per group, in each
flank following the scheme: SN12C_ H1299 (left), SN12CshCDAS, H1299 dsRedCDA
(right). When the tumors reached palpable size, 8 mice were assigned to each treatment
group: PBS, 100 mg/kg of 5hmdC and 100 mg/kg 5fdC. The drugs were dissolved in PBS
and administered intraperitoneally in a volume of 0.2 mL per body weight every 72 h for
a total of 4 injections. Tumor size was measured every 3 days by Vernier caliper (Sigma
Aldrich) and the animal cohort sacrificed when the cumulative tumor diameter in the first
animal reached 12 mm. Tumor volume was calculated assuming that the tumors were

spheres with the following formula: 4/37(D/2)3, in which D represents the diameter of
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the tumor. Tumors were dissected and genotyped by PCR with primers amplifying the

lentivirus genome used to transduce the originating cell lines (Table 3.14).

PP Sequence Target Tann
SK301 | CTCAAATTCACGGTAAATGGCCCGCCTGG dsRedCDA | s6°C
SK489 GAGTCAAACCGCTATCCACGC

oo Y
SK251 AAACCCAGGGCTGCCTTGGAAAAG shCDA_s | 56°C
SK847 GAGGGCCTATTTCCCATGATTCC

Table 3.14: Primers to genotype cancer cell line derived tumor xenografts.

3.8 Datasets used for the analysis of gene expression

To assess CDA expression levels in all the cell lines utilized in the study, the following
datasets were mined: GSE36139 (GPL15308) [Barretina et al., 2012], GSE32474 (GPL570)
[Pfister et al., 2009] and GSE1133 [Su et al., 2004].

GPL15308, GPL570 and GSE16515 [Pei et al., 2009] were analyzed directly on the NCBI
portal with GEO2R to extract normalized values for CDA expression for all the cell lines
included in the study. For cluster analysis, GSE32474 was analyzed directly on the GEO2R
portal and the data analysis performed via t test, with Benjamini-Hochberg correction.
Expression values of CDA were obtained searching among human tissues datasets in GENT
database (medical-genome.kribb.re.kr/GENT) and the plot was downloaded [Kim et al.,
2011].



Chapter 4

Mammalian salvage of

deoxycytidine derivatives

In mammalian DNA, cytosine can have different variables at the fifth position on its car-
bon ring. The first one to be discovered was 5-methylcytosine (5mC) in calf thymus DNA
[Hotchkiss, 1948]. Following this discovery, much research was directed towards establish-
ing the biological meaning of the modification. Consequently, several reports shed light on
the repressive role of DNA methylation in gene expression, first ¢n vivo -such as in the case
of the promoter of the 5-globin gene in multiple tissues [van der Ploeg and Flavell, 1980]-
and later in cell lines transfected with methylated constructs [Busslinger et al., 1983].
Around the same time, DNA methylating enzymes were discovered: DNMT1 was purified
from mammalian cells [Bestor and Ingram, 1983] and the gene later isolated [Bestor et al.,
1988] and DNMT3 [Li et al., 1998] was subsequently identified through genomic studies.
We now know significantly more about the role of 5mC and its involvement in signaling
events that lie outside the coding DNA sequence, such as transcriptional repression, X
chromosome inactivation, transposon and retroelement promoter silencing [Bestor, 2000].

More recently, it has been discovered through large genomic studies that DNA methylation
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plays major roles in diseases, such as cancer, where its levels were observed to be globally
decreased [Feinberg and Vogelstein, 1983][Gama-Sosa et al., 1983] or locally increased at
promoters of oncosuppressors, such as pl6 [Gonzalez-Zulueta et al., 1995]. Given the fun-
damental roles of 5mC mentioned above, strategies targeting DNA methylation pathways,
have been investigated for their potential as anti-cancer therapies [Jones, 1984][Matsuda
and Sasaki, 2004]. They are mainly pursued via the use of DNA methylation inhibitors,
with the rationale of reactivating the expression of oncosuppressors, such as pl6, that
have become aberrantly silenced. While major research focus was on the role of DNA
methylation in signaling events, another branch of research was directed towards iden-
tifying enzymes of the nucleotide salvage pathway that could have 5mC as a substrate,
such as: cytidine deaminase (CDA), which would produce dT [Cacciamani et al., 1991];
and deoxycytidine kinase (DCK), which would produce 5mdCMP [Eriksson et al., 1991].
However, although 5mdCMP could be detected, a diphosphate form (5mdCDP) could not
be produced [Vilpo and Vilpo, 1991].

In 2009, two seminal papers [Kriaucionis and Heintz, 2009][Tahiliani et al., 2009] were pub-
lished that showed the presence of 5-hydroxymethylcytosine (5hmC) in mammalian DNA.
Later, another two modifications were added: 5-formylcytosine (5{C) and 5-carboxylcytosine
(5cadC) [Ito et al., 2011]. Since their discovery, a number of papers have related these new
forms of cytosine to a possible DNA demethylation pathway [Tahiliani et al., 2009][Ha-
jkova et al., 2010][Guo et al., 2011]. Other studies have focused their efforts on trying to
understand the link between 5hmC and cancer. 5hmC is produced from 5mC by oxidation
of its methyl group at the fifth position of the carbon ring, by the TET family of proteins
[Iyer et al., 2009][Tahiliani et al., 2009], whose genes (TETI and TET?2) are found to be
mutated in cancer [Delhommeau et al., 2009][Lorsbach et al., 2003]. Moreover, levels of
5hmC in cancer have been found to be globally reduced [Yang et al., 2012][Kraus et al.,
2012]. A few studies have investigated the effects that these modifications have on tran-

scription elongation rate and DNA replication. It was shown, both with mammalian and
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yeast RNA Polymerase 11, that 5fC and 5caC are able to inhibit transcription elongation
and promote pausing on templates containing these modified bases [Kellinger et al., 2012].
Moreover, in a tissue culture model it was demonstrated that templates containing 5fC
and 5caC modestly inhibited replication, while 5ShmC-containing plasmids showed no sig-
nificant impairment [Ji et al., 2014].

Nucleotides are produced either de novo or recycled through the salvage pathway. Since
de novo production of modified cytosines had never been demonstrated, it was decided
to exclude the possibility that these modified cytosines could be derived from dC in the
cell. Another possible source of nucleosides is the nucleotide salvage pathway. Therefore,
there was a theoretical possibility of having external sources of 5hmC and 5fC, either
unphosphorylated or in monophosphate forms, from intracellular sources such as DNA
repair processes, with 5fC amount being negligible as compared to 5hmC, given its low
abundance in the DNA [Ito et al., 2011]. Thus, it was first investigated whether the barrier
to the incorporation of these newly discovered cytosines could lie in their incorporation
into the DNA of replicating cells. Given the fact that nucleoside triphosphates cannot be
imported by mammalian cells, whether or not 5hmdC, 5fdC and 5cadC could be produced
by the nucleotide salvage pathway enzymes involved in the metabolism of dC, such as

CDA, DCK and CMPKI1, was also addressed.

4.1 Results

4.1.0.1 Evaluating the possibility of 5hmmdCTP incorporation into the DNA

during replication

Nucleotide production in cells is dependent on de novo biosynthesis or salvage pathways.
Possible intracellular sources for nucleotide recycling lie on byproducts of DNA damage

[Cooke et al., 2009], cellular nucleotide sanitation pathways [Mo et al., 1992][Tchigvintsev
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et al., 2013], which both act as protective mechanisms against erroneous incorporation,
or mitophagy, that is selective degradation of mitochondria upon starvation [Youle and
Narendra, 2011]. External sources of nucleotides were excluded because mammalian cells
have not evolved the ability to import nucleotide triphosphates. Nucleotide transporters
have only been identified in Bacteria [Winkler, 1976], Plants [Kampfenkel et al., 1995] and
Algae [Ast et al., 2009]. Conversely, mammalian cells possess a variety of nucleoside trans-
porters that are divided into two families: concentrative nucleoside transporters (CNT)
and equilibrative nucleoside transporters (ENT). The CNT family consists of 3 members
that are responsible for nucleosides transport coupled to a sodium flux, while the ENT
family has four members that mediate the diffusion of nucleosides and therefore display
lower substrate specificity (reviewed in [Cano Soldado and Pastor-Anglada, 2012][Molina-
Arcas et al., 2008]). It has been shown that both cellular proliferation [Soler et al., 2001]
and fasting [Valdés et al., 2000] can upregulate nucleoside transport mechanisms, linking
their regulation to increased nucleoside recycling and de movo biosynthesis. Given the
sources of intracellular nucleotide recycling, it was speculated that 5hmdCTP could be
found in actively replicating cells and thus, first it was investigated whether there is a
barrier to 5ShmdCTP incorporation in the replication machinery. To answer this question,
given the lack of mammalian nucleotide triphosphates transporters, nucleotides had to be

artificially delivered into the cells. Hence, three systems were established:

1. In vitro replication assay (IVRA);
2. Nucleoporation of 5hmdCTP in MDA-MB-231;

3. Lipofection of 5hmdCTP in H1299.

In vitro replication assay (IVRA) The first system adopted [Planck and Mueller,
1977|[Hershey et al., 2005] enabled the investigation of the research question in a cell free

system, as isolated nuclei, that are permeable to nucleotides, from synchronized HeLa cells
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that were actively replicating. A detectable amount of 5hmdC was measured by HPLC as
compared to dCTP-treated nuclei (Figure 4.1).

In summary, IVRA showed that 5hmdCTP can be incorporated by the replication ma-
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Figure 4.1: IVRA. A. Representative HPLC chromatograms from IVRA. 5hindC is highlighted
in the chromatograms with elution time. Norm. absorbance units; Min, minutes. B.
Quantification of the amount of 5hmC incorporated in HeLa DNA. n.d. not detectable. (n =3.
Whiskers indicate standard deviation).

chinery when it is available. No detectable amount of 5hmC was found in dCTP-treated

samples.

Nucleoporation of 5ShmdCTP in MDA-MB-231 The second system investigated
was the nucleoporation of the triphosphate in MDA-MB-231 cells, a breast cancer cell line.
In this case, small pores were created in the cell membrane via electric charges, enabling
the triphosphates to enter the cells. With this method, 5hmdC could be detected in DNA
48 hours post nucleoporation, when at least one round of replication had occurred (Figure
4.2), and at a similar percentage to that shown in Figure 4.1 for IVRA.

Another difference that could be noticed on the HPLC chromatograms was a peak for
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Figure 4.2: Nucleoporation of 5hmdCTP in MDA-MB-231. A. Representative HPLC
chromatogram of GFP- and 5hmdCTP-transfected cells. Norm. absorbance units; Min. minutes.
5hmdC and 5hmdU are highlighted in the chromatograms with elution time. B. Quantification of
the amount of 5hmdC incorporated into MDA-MB-231 DNA (n =3. Whiskers indicate standard
deviation).

5hmdU. 5hmU has been shown to be present in mammalian DNA, originating from the
oxidation of thymine both upon exposure of DNA to damaging agents, like ionizing radi-
ation [Frenkel et al., 1985] or free oxygen radicals [Mouret et al., 1991], or from enzymatic
conversion by the TET family enzymes [Pfaffeneder et al., 2014] or from 5hmC deamina-
tion by AID/APOBEC enzymes [Guo et al., 2011]. Furthermore, 5hmU has been shown
to be incorporated in the DNA when cells are treated with 5hmdU [Kaufman, 1986].
Additionally, it has been demonstrated ex vivo that spontaneous deamination of 5hmdC
is unlikely to occur in solution [Schiesser et al., 2013]. Among all of them, it could be
speculated that 5hmU in the DNA of MDA-MB-231 cells may come from two routes: the
enzymatic deamination of 5hmdC by CDA, which would generate 5hmdU that would then
be incorporated; and the enzymatic deamination of 5hmdCMP to generate 5hmdUMP by
DCTD. DNA damage could be excluded as a possible source of 5hmU, since such a peak

was not observed on the chromatogram of untreated cells and cell death was not seen
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following electroporation.

Lipofection of 5hmdCTP in H1299 The third system investigated was classical lipo-
fection, which is known to give a high transfection efficiency, in H1299 cells, a lung cancer
cell line. This method relies on the formation of positively charged liposomes around neg-
atively charged particles, allowing them to cross the negatively charged plasma membrane
[Chu et al., 2009]. The presence of 5hmC in DNA was confirmed at 48 hours post trans-
fection, when at least one round of replication had occurred (see Fig. 4.3). This indicated
that DNA polymerase was not a barrier for 5hmdCTP incorporation.

Lower incorporation of 5hmdC was observed in this cell line compared to electroporated
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Figure 4.3: Lipofection of 5hmdCTP in H1299. A. Representative HPLC chromatograms of
GFP- and 5hmdCTP-transfected cells. 5hmdC and 5hmdU are highlighted in the chromatograms
with elution time. Norm. absorbance units; Min. minutes. B. Quantification of the amount of
5hmdC incorporated into H1299 DNA (n =3. Whiskers indicate standard deviation).

cells (Fig. 4.2). This reduced incorporation could be explained by the faster replication
time of H1299 [Chan et al., 2012], which would dilute the incorporated nucleotide, and
by the lower efficiency of lipofection, as compared to nucleofection [Maurisse et al., 2010].

5hmdU could also be detected in the chromatograms of these 5hmdCTP-treated cell lines
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(Fig. 4.3). Again, the possibility that it derived from DNA damage could be excluded, as
it was not present in dCTP-treated cell lines.
From these sets of experiments, it could therefore be concluded that when 5hmdCTP is

present, it can be incorporated by actively replicating cells.

4.1.0.2 Assessment of the possibility of monophosphate production

Having validated 5hmdCTP incorporation in the DNA of actively replicating cells, the
decision was made to investigate whether 5hmdCTP could be produced in the cells. De
novo pathways have never been shown to produce cytidine triphosphates modified at
the fifth position. Therefore, attention was directed to the salvage pathway. An ideal
candidate to understand whether the route of nucleoside triphosphate production could be
undertaken, was deoxycytidine kinase (DCK), a protein of the nucleoside salvage pathway,
which, in mammals, is responsible for the production of deoxycytidine monophosphate in
the cytoplasm (dCMP) [Bohman and Eriksson, 1986][Hatzis et al., 1998] by catalyzing

this reaction:

dC + NTP == dCMP + NDP

where NTP indicates any phosphate donor.

After purifying the enzyme, a radioactivity-based assay [Hazra et al., 2010] was adopted
to enable the detection of product formation by 2D TLC, since the HPLC column avail-
able did not allow the separation of nucleoside phosphate forms. This method has the
advantage of allowing the fast qualitative characterization of substrates of DCK, with
the disadvantage of not being able to measure enzyme rates. Monophosphate production
needs to be coupled to pyruvate kinase and lactate dehydrogenase reactions, resulting
in the oxidation of NADH, to be able it to be monitored spectrophotometrically in real
time [Agarwal et al., 1978]. Otherwise, mass spectrometry could be employed to quantify

products as they were formed, thus allowing to additionally calculate live production rates.
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Since we wanted to assess whether DCK could use 5hmdC, and the newly discovered forms
of cytidine 5fdC and 5cadC as substrates, the radioactivity assay was suitable. 2D TLC
allowed the separation of different phosphate forms (Fig. 4.4).

DCK was able to produce monophosphates from all of the cytidine variants assayed ex-

dC + ATP[yP32] = 5mdC + ATP[yP32] = 5hmdC + ATP[yP32] =
dCMP[aP32] + ADP 5mdCMP[aP32] + ADP 5hmdCMP[aP32] + ADP

5dC + ATP[yP32] NO 5fdC + ATP[yP32] = 5cadC + ATP[yP32] =
ENZYME 5fdCMP[aP32] + ADP 5cadC + ATP[yP32]

Figure 4.4: 2D TLC showing the DCK assay. A. dC conversion. B. 5mdC conversion. C.5hmdC
conversion D. Background (no enzyme) E. 5fdC conversion F. 5cadC reaction. Black circles
indicate reference points, including dCMP (top). Red circles indicate the product formed by each
reaction (n =3).

cept for HcadC. To try to qualitatively assess substrate preferences, DCK was incubated
with all of the substrates in one reaction. Only dCMP and, in minor quantities, 5mdCMP
could be obtained (Fig. 4.5). These data are in agreement with the current literature,

indicating that DCK displays lower activity on cytosine when modified at the fifth carbon

position [Eriksson et al., 1991].
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dC + 5mdC + 5hmdC + dC + 5mdC + 5hmdC +
5fdC+ 5cadC ATP[yP32] =  5fdC+ 5cadC + ATP[yP32] NO
dCMP[aP32] + 5mdCMP +ADP ENZYME

Figure 4.5: 2D TLC showing a DCK substrate competition assay. dC, 5mdC, 5hmdC, 5fdC and
5cadC are substrates. On the right is shown the relative no enzyme control. Black circles indicate
reference points, including dCMP (top). Red circles show 5mdCMP (n =3).

4.1.0.3 Assessing the possibility of diphosphate production

In order to obtain triphosphates, a further step is necessary: diphosphate production. Sub-
sequent to monophosphate production, diphosphates can be formed by CMPK enzymes

[Maness and Orengo, 1975], which are able to catalyze the following reaction:

(d)CMP + ATP == (d)CDP + ADP

There are two variants of CMPK: one is cytosolic (CMPK1) [Van Rompay et al., 1999b]
while the other resides in the mitochondria (CMPK2) [Xu et al., 2008]. CMPK1 was se-
lected for further analysis, since we were interested in the cytosolic salvage of nucleotides,
which is the main source for nucleotides for the DNA replication machinery [Pontarin
et al., 2003]. After purification of the human enzyme from E. coli, its functionality was
tested on cytosine derivatives (5hmdC, 5fdC and 5cadC) in a coupled assay with DCK,
needed to obtain the eventual corresponding monophosphates. A radioactivity method
was employed followed by 1D TLC, which allowed the visualization of multiple reactions
on the same TLC plate, thus enabling the direct comparison of products (Fig. 4.6).

As indicated by the results, the enzyme CMPK1 was not able to produce diphosphates
from cytosine modified at the fifth position, such as 5bmdC, 5hmdC and 5fdC, while pro-

ducing it from dCMP. Therefore, it can be concluded that 5hmdCTP and 5fdCTP can
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Figure 4.6: 1D TLC showing coupled DCK/CMPKI1 assay. +/- indicate the presence/absence of
the enzyme or substrate. MP indicates the migration level of monophosphates and DP the
migration level of diphosphates (n =3).

not be obtained from 5hmdC.

4.1.0.4 Brief summary

The nucleotide salvage pathway is an important process by which cells recycle nucleosides
and bases, to avoid the energy expenditure required for the de novo production of nu-
cleotides. Studies suggest that the energy balance that governs protein and nucleotide
biosynthesis can drive the evolution of gene expression [Wagner, 2005]. Moreover, the
metabolic homeostasis between protein synthesis and nucleotide production can have an

important role in the development and growth of tumors. For example, Myc driven lym-
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phomas are dependent on PRPS2, a central player of the nucleotide synthesis pathway that
is able to produce 5-phosphoribosyl-1-pyrophosphate (PRPP), the first step for de novo
nucleotide biosynthesis and the purine salvage pathway [Cunningham et al., 2014]. In light
of these hypotheses, any uncontrolled incorporation of crucial regulators of gene expres-
sion into the DNA, like modified forms of cytosines, could have devastating effects on the
cell. To regulate this process, we and others [Vilpo and Vilpo, 1991] tested whether bases
like 5mdC, 5hmdC, 5fdC and 5cadC could not be incorporated into the DNA of actively
replicating cells, because of the inability of the salvage pathway to produce triphosphates
from them.

The results presented here support this hypothesis. First, the capacity of the cellular
polymerases to function as a barrier for the incorporation of these nucleotides was eval-
uated. Others have already shown that, when 5fdC and 5cadC are present in plasmid
DNA transfected into mammalian cells, they can reduce the amount of its replication by
30%, while for 5hmdC there was no difference [Ji et al., 2014]. Additional lines of evi-
dence have shown that 5fdC and 5cadC can reduce the rate of both mammalian and yeast
RNA PollI elongation by 3-fold, when a single modification was present on the template
DNA that was transcribed [Kellinger et al., 2012]. To provide additional insights into
the regulation of these nucleotides in the cellular landscape, we decided to test whether
5hmdCTP could be incorporated into the replicating DNA. All of the systems that were
employed to test this hypothesis - in vitro replication assay, nucleoporation and transfec-
tion of triphosphates - demonstrated the incorporation of 5hmdCTP in the DNA (Fig. 4.1,
4.2, 4.3). Consequently, it could be concluded that the polymerase in itself was not able
to discriminate between dC and 5hmdCTP. The possibility that the rate of incorporation
of 5BhmdCTP is slower than that of dCTP cannot be excluded, as our experimental assay
did not allow us to monitor the kinetics of incorporation. Further studies will be neces-
sary to validate this finding, for example by employing a purified replication machinery

or by repeating IVRA with a definite number of S-phase synchronized replicating cells
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and labeled or radioactive 5hmdCTP, the levels of which can be quantified and discrim-
inated from the endogenous form. Having established that the replication machinery is
not able to exclude 5hmdCTP incorporation from the DNA, the possibility of whether
nucleotides can be produced from 5mdC, 5hmdC, 5fdC and 5cadC by enzymes of the
salvage pathway was assessed. DCK was the first enzyme examined, as it is known to
generate monophosphate from dC. After purifying deoxycytidine kinase, it was verified
that monophosphates were produced from all the nucleosides tested, except for 5cadC, for
which a monophosphate was never observed (Fig. 4.4). The next step was to test for the
production of the respective diphosphates (5mdCDP, 5hmdCDP and 5{dCDP) from 5md-
CMP, 5hmdCMP and 5fdCMP. CMPKI1 is the enzyme responsible of the production of
cytidine diphosphates in the cytoplasm, where the majority of the nucleotides needed for
replication are synthesized. Using this enzyme, diphosphates formation was not detected
for 5hmdC and 5fdC, and the data obtained previously by Vilpo et al. [Vilpo and Vilpo,
1991], concerning the absence of 5mdCDP formation in competent HL-60 extracts, were
confirmed. Therefore, triphosphate formation from cytosines modified at the fifth position
via the cytosine salvage pathway was excluded. Consequently, their presence in DNA can
only result from the enzymatic conversion of dC to 5bmdC by DNMT enzymes and sub-
sequent conversions of 5mdC to 5hmdC, 5fdC and 5cadC on polymerized chains, such as
DNA, by the TET family of enzymes. It has been shown that DNMT accommodates and
adapts to interact with the unmethylated DNA [Song et al., 2012], for which it possesses
a DNA CXXC binding domain that mediates its recognition [Lee et al., 2001], making the
conversion of single nucleosides unlikely. Moreover, 5mdC-treated cells incorporate dT
[Jekunen et al., 1983], therefore cells are not able to produce triphosphates from 5mdC,
limiting the presence of this base to the DNA chain only. For the TET family of enzymes,
both their substrate dependency for 5mdC and the presence (for TET1 and TET3 [Iyer
et al., 2009]) or the interaction (for TET2 [Ko et al., 2013]) with the CXXC domain, make

the probability of these enzymes acting on 5mdC very low.



Chapter 5

5hmdC and 5fdC can impair

cancer cell growth

A variety of nucleoside analogues and nucleobases are currently approved for the treat-
ment of different kinds of cancer. The majority inhibit DNA replication, while others
target epigenetic functions. For example, among the purine analogues there are: 2-
Chlorodeoxyadenosine (cladribine) and 2-Fluororiboxyadenosine-monophosphate (fludara-
bine), used in low grade blood malignancies; 2-Chloro-arabinofluoro-2-deoxyadenosine
(clofarabine), 2-amino-9-5-D arabinofuranosyl-6-methoxy-9H-purine (nelarabine) and 2-
deoxycoformycin approved for different kinds of leukemia. Among the pyrimidine ana-
logues, find treatment use: cytosine S-D-arabinofuranoside (cytarabine) in leukemia; 2,2-
Difluorodeoxycytidine (gemcitabine) in different solid tumors; fluorouracil and 5-Deoxy-
5-fluoro-N-[(pentyloxy)carbonyl]cytidine (capecitabine) in colorectal and breast cancer;
5-Fluoro-2-deoxyuridine in colon and kidney cancer; and 5-aza-2-cytidine (5azaC) and
5-aza-2-deoxycytidine (5azadC) in blood cancers. They exploit the same metabolic path-
ways as endogenous nucleosides or nucleotides, sometimes acting as antimetabolites and

interfering with normal nucleotide metabolism, such as in the case of 5-Fluorouracil, which
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is classified as a pyrimidine antagonist. Nucleoside and nucleotide analogs enter the cell
via specific nucleoside transporters, through both passive and active mechanisms, in the
latter case via processes coupled to sodium pumps. Inside the cells, the drugs depend upon
nucleotide salvage pathway enzymes, such as nucleoside kinases like deoxycytidine kinase
(DCK), for their phosphorylation. Furthermore, enzymes such as cytidine deaminase
(CDA), can process pyrimidine based compounds rendering them inactive. The resistance
of some cancer cells to the effects of nucleoside analogues is thought to be largely due to
somatic changes in the tumor cells. In cancer cells, a deficiency in nucleoside transporters
such as equilibrative nucleoside transporter 1 (ENT1) and intracellular nucleoside kinases
such as DCK, or increased expression of CDA, are all correlated with reduced cytotoxicity
of nucleoside analogues observed both in vitro and in the clinic [Jordheim and Dumon-
tet, 2007]. Most of these mechanisms limit the time frame in which nucleoside analogs
can be effectively used. Therefore, there is an unmet need for new drugs that have new
mechanisms of action that can overcome, or exploit, resistance mechanisms as second line
treatments (reviewed in[Jordheim et al., 2013]).

The earliest indications of a link between DNA methylation and cancer were derived from
gene expression studies. In particular, it was found that some oncosuppressors, like p16,
displayed abnormal promoter silencing caused by DNA methylation [Gonzalez-Zulueta
et al., 1995]. Therapies inhibiting DNA methylation found a rationale for employment
in cancer and are currently FDA approved. 5azaC and its deoxyribose analogue bazadC,
have been studied for their ability to inhibit DNA methylating enzymes (DNMT) [Tay-
lor and Jones, 1982], treatment with them resulting in DNA demethylation [Jones and
Taylor, 1980]. Resistance to these nucleoside analogs is seen in the clinic, with increasing
evidences pointing towards the overexpression of CDA [Mercier et al., 2013], which would
convert 5azaC in its inactive analogue 5-azauridine (5azaU), preventing it from mediating
the inhibition of DNMTs. Another well known drawback of the treatment with 5azaC, is

its chemical instability when in solution [Lin et al., 1981]. The increased rate of resistance
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mechanisms and the poor bio-availability of the drug, make research for new nucleoside
analogues that act on DNA methylation a high priority.

In 2009 5hmC had just been published as a base present in mammalian DNA [Kriaucionis
and Heintz, 2009][Tahiliani et al., 2009] and there were numerous suggestions about its
potential role as an intermediate of DNA demethylation [Tahiliani et al., 2009][Hajkova
et al., 2010][Guo et al., 2011]. Evidences toward this direction have shown that, when TET
enzymes are overexpressed, a global DNA demethylation occurs [Tahiliani et al., 2009]. As
global DNA demethylation is also a consequence of 5azaC and 5azadC treatment [Jones
and Taylor, 1980], it was speculated that 5hmdC could be incorporated into DNA and
induce DNA demethylation. In order to investigate its suitability as a demethylating com-
pound, it was first necessary to test the stability of 5hmdC compared to that of 5azadC,
and later its biological effects on the proliferation of cancer cell lines. 5f{dC and 5cadC

were published at a later date, thus were included at a later point in the study.

5.1 Results

5.1.1 Assessment of the stability of the molecules

5-aza-deoxycytidine (5azadC), a cytosine analogue approved for the treatment of myelodys-
plastic syndrome, is very unstable at alkaline pH at 37°C, being almost fully degraded after
24 hours. The hydrolysis of 5-azacytidine in water and at alkaline pH progresses in few
steps: first, with the opening of the triazine ring between C-6 and N-1, followed by loss
of the formyl group that results in 1-3-D-ribofuranosyl-3-guanylurea [Lin et al., 1981].
Furthermore, the measured half-life of 5azadC in the blood is 20 minutes, due to clearance
by liver and spleen cytidine deaminases [Karahoca and Momparler, 2013]. We therefore
set out to compare the stability of dC, 5hmdC, 5f{dC and 5cadC with that of 5azadC

in water and in tissue culture medium (DMEM), through HPLC measurements, at 37°C
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over a period of 10 days. This established the treatment conditions for the subsequent cell

culture experiment.

The chromatograms for days 0, 1 and 10 are shown in the Fig. 5.1. The results obtained
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Figure 5.1: HPLC chromatograms highlighting the behavior of nucleosides in water at days 0, 1
and 10 at 37°C. Norm. absorbance units; Min. minutes. Representative picture (n =3).

showed that, except from 5fdC, the molecules were stable at the conditions assessed when

compared to bazadC, of which only 30% of the initial amount was left after 24 hours (Fig.

5.2). After 10 days, a 30% decrease of 5fdC was detected compared with day 0.

The results were reproduced for DMEM (Fig. 5.3), except for 5{dC which looked stable
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Figure 5.2: Stability of nucleosides in water at 37°C. Quantification of HPLC signal (Peak area)
relative to day 0 ( n=3. Whiskers indicate standard deviation).

over the period assessed. This might be due to a dependence of 5fdC on pH. DMEM is
mildly alkaline (pH 7.4 which tends to increase upon exposure to carbon dioxide), com-
pared to the HPLC grade water used in this analysis which is at pH 7.

With this study, it was established that the compounds could be tested in a tissue culture

setting without them having to be replaced every day.

5.1.2 5hmdC inhibits cell growth in a subset of cancer cell lines tested

Initially, five cancer cell lines with different origins were tested that were readily available
in the laboratory: LN18, Colo320, H1299, MDA-MB-231 and A375. Their characteristics
are outlined in Table 5.1.

We sought to assess the biological effect of 5hmdC treatment over a different range of
concentrations (0.1, 1 and 10 xM) that were determined based on the published literature

on bazadC treatment in the NCI60 cancer cell lines [Holbeck et al., 2010] where 50% growth
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Figure 5.3: Stability of nucleosides in DMEM at 37°C. Quantification of HPLC signal (Peak
area) relative to day 0 ( n=3. Whiskers indicate standard deviation).

inhibition (GI50) over a 2 day period was observed with 100 uM. Growth was monitored
over a 10 days period by measuring the growth rate of the 5ShmdC-treated cells, compared
to the ones treated with deoxycytidine (dC) to act as a negative control, as dC is the
unmodified version of 5hmdC and the nucleotide that would be substituted if 5hmdC was
incorporated into the DNA. A 10 days period was adopted to allow for replication and
eventual DNA demethylation to occur. 5azadC was the positive control, as it is known
to induce cell death via a DNA methylation targeting mechanism [Bender et al., 1998].
Compounds were replaced at day 1, 3, 5, 7, 9 and 10, on average every 48 h, as they had
been assessed as being stable over this time frame.

Different behaviors could be observed (Fig. 5.4) in the cell line tested. Significant growth
inhibition was observed in MDA-MB-231 and A375 cells. In particular, cells treated
with 10 pM showed the most pronounced effects with death of MDA-MB-231 and an

approximate 50% growth inhibition of A375 after 10 days. No significant growth inhibition
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Cell line Cancer origin p53 status | p53 mutation | Doubling time (h) | Collection
Capan-2 Pancreatic adenocarcinoma WT n.a. 34 CCLE
BT-549 Breast ductal carcinoma MUT R249S 53.9 NCI60

MDA-MB-231 Breast adenocarcinoma MUT R280L 41.9 NCI60
MCF7 Breast adenocarcinoma WT n.a. 25.4 NCI60

HS578T Breast carcinoma MUT VI157F 53.8 NCI60
HCT-116 Colorectal carcinoma WT n.a. 17.4 NCI60

HCC-2998 Colon carcinoma MUT R213X 31.5 NCI60
SW-620 Colorectal carcinoma MUT R273H 20.4 NCI60
Colo-320 Colorectal carcinoma MUT R248W 24 CCLE
DU-145 Prostate adenocarcinoma MUT P223L + V274F 32.3 NCI60

PC-3 Prostate adenocarcinoma MUT A138X 27.1 NCI60
SN12C Renal cell carcinoma MUT E336X 29.5 NCI60
MDA-MB-435 Melanoma MUT G266E 25.8 NCI60
A375 Melanoma WT n.a. 16 CCLE
HOP-92 Lung carcinoma MUT R175L 79.5 NCI60
NCI-H522 Lung adenocarcinoma MUT p-P191fs%57 38.2 NCI60
NCI-H1299 Lung carcinoma NULL DEL 25 CCLE
OVCAR-5 Ovarian carcinoma WT n.a. 48.8 NCI60
LN18 Glioblastoma MUT C238S 72 CCLE
BL-70 Burkitt lymphoma MUT R273C 42 CCLE
THP-1 Myeloid leukemia DEL DEL26A 42 CCLE

Table 5.1: Characteristics of the cell lines studied. p53 status is derived from the TARC p53
database [Petitjean et al., 2007]. Doubling time from the DTP-NIH screen for NCI-60 panel cell
lines; Capan-2 [Sipos et al., 2003], LN-18 [Diserens et al., 1981], H1299 [Suzuki, 2004], BL-70
[Baran-Marszak et al., 2002], A375 [Benga, 2001], THP-1 [Tsuchiya et al., 1980], Colo-320
[Ahmed et al., 2013]. Collection: NCI60 [Shoemaker et al., 1988],CCLE [Barretina et al., 2012].

was observed for Colo320, H1299 and LN18 cells. A375 and MDA-MB-231 showed a dose
dependent response, with MDA-MB-231 showing the most pronounced inhibition among
the cells analyzed. bazadC induced cell death at both 10 and 1 uM for all the cell lines
tested, and approximately 50% growth inhibition after 10 days with 0.1 uM treatment.
At this point, it was decided that a dosage of 10 uM would be used for the rest of the
experiments, as this concentration had shown the greater efficacy in the first experiment
for all the compounds tested.

bazadC is FDA approved for the treatment of acute myeloid leukemia and has shown
greater success in blood tumors, compared to solid cancers. Therefore, 5hmdC was tested

in a few cell lines of blood cancer origins, to understand whether it would show greater
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Figure 5.4: Growth rate of different cell lines at 0.1, 1 and 10 uM of dC, 5hmdC and 5azadC.
2-way ANOVA with Holm Sidak correction p (MDA-MB-231)=0.0016; p (A375) =0.0354. (n =3.

Whiskers indicate standard deviation).

efficacy in this setting. BL-70 and THP-1 were selected due to their availability in the

laboratory (Table 5.1).

Growth inhibition was not observed in these two blood cancer cell lines (Fig. 5.5).

However, having found a cell line that had its growth inhibited by the treatment (MDA-



5.1 Results 120

BL-70 THP-1

1.0 2.5
=) 0.8 2.0
3 0.61 15
% 0.4 1.0 - dC
= & 5hmdC
o 0.2 0.5 -®- 5azadC

0.0 ’ ? ; ) 0.0

3 5 7 10 3 5 7 10
Day

Figure 5.5: Growth rate at 10 uM of dC, 5hmdC and 5azadC of blood cancer cell lines (n =3.
Whiskers indicate standard deviation).

MB-231), and even more importantly, belonging to the well characterized NCI60 panel of
cancer cell lines [Scherf et al., 2000], the analysis was extended to more cancer cell lines
belonging to the NCI60 panel. The NCI60 panel is a selection of 60 representative cancer
cell lines that have been characterized in terms of their gene expression [Pfister et al.,
2009], response to a wide variety of compounds, and methylation levels of promoters that
are associated with CpG islands of genes that are relevant for cancer progression and
development [Shen et al., 2007]. This would permit an eventual gene expression analysis
with the available datasets, as a mean to identify the mechanism of response to 5hmdC
treatment. Therefore, cell lines in the NCI60 panel that are related to MDA-MB-231 were

selected for having common:

1. tumor subtype (breast cancer);
2. CpG islands methylation profile [Shen et al., 2007];
3. gene expression profile [Scherf et al., 2000];

4. drug response profile [Scherf et al., 2000].

Breast cancer cell lines

The following breast cancer cell lines were included: MCF7 and BT-549 (Table 5.1).

Upon treatment, a significant reduction of approximately 40% was observed in the growth
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of these cell lines after 10 days, indicating a slow sensitization of these cells to the action
of the compound (Fig. 5.6). MCF7 cells did not show any proliferation impairment over
the course of the treatment. Therefore, it was concluded that cancer type was not the

main factor involved in the sensitization of MDA-MB-231 upon 5hmdC treatment.
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Figure 5.6: Growth rate of breast cancer cell lines at 10 uM of dC, 5hmmdC and 5azadC . 2-way
ANOVA with Holm Sidak correction, p= 0.0140 (n =3. Whiskers indicate standard deviation).

Cell lines with a common methylation profile on promoters-associated CpG

islands

Next, given the suggested role of 5hmC in DNA demethylation [Tahiliani et al., 2009][Ha-~
jkova et al., 2010][Guo et al., 2011], it was hypothesized that the response was mediated by
the reactivation of gene expression upon global DNA demethylation, as previously shown
for bazadC [Bender et al., 1998]. Therefore, for the next screen, cell lines were selected
that displayed a similar promoter methylation status to that of MDA-MB-231 (Fig. 5.7):
MDA-MB-435, HCC-2998, SW-620 and PC-3 (Table 5.1). In this reference study, the
CpG islands of the promoters of 32 genes, which take part in different cellular processes,
were bisulfite treated to understand their methylation status. In the group of cell lines
selected, the cell cycle regulatory genes (p16INK4a, pl/ARF, p15INK4b, p57KIP) and
angiogenesis-related genes (THBS1, THBS4, TIMPS3, E-cadherin, DAPK) were mostly
unmethylated, while the genes mediating apoptosis (TMS1, RIL, p73, BNIP3) were

mostly methylated. Other genes, including DNA repair genes (MGMT, hMLH1), drug
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metabolism genes (GSTP1, MDR1), signal transduction genes (ERa, RARb2, COX2,
cABL, RASSF1A, p101, MINT31, MINT25), transcription regulator genes (RIZ1, KR18),
and others (CD10, LPHS3, Megalin, MINT1) displayed more variable patterns [Shen et al.,
2007] (Fig. 5.7).

Significant inhibition of growth after 10 days of treatment was detected in only in 2 can-
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Figure 5.7: DNA methylation of 32 promoter associated CpG islands in selected cell lines of the
NCI60 panel. Adapted from [Shen et al., 2007]. Red indicates methylation.

cer cell lines: PC-3 (60% inhibition) and HCC-2998 (50% inhibition) (Fig.5.8). These had
common DNA methylation profiles on the CpG islands of promoters associated with genes
involved in angiogenesis, drug metabolism and signal transduction. This might suggest
that a gene expression mechanism is involved in the response to 5hmdC treatment, rather

than a DNA demethylation-dependent process.

Cell lines with similar gene expression and drug response profiles

Once again, NCI60 panel linked resources like gene expression and drug sensitivity profiles,
built upon common signatures of gene expression and response to classes of drugs, were
used to examine cell lines with gene expression profiles similar to MDA-MB-231 (Fig.
5.9 A). Therefore, HOP-92 cells were included in the study (Table 5.1), which clustered
together with MDA-MB-231. Among the cell lines with a similar drug response profile
(Fig. 5.9 B), HS578T were analyzed (Table 5.1). However, since HOP-92 clustered close

to MDA-MB-231 not only in the gene expression tree, but also the one related to drug
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Figure 5.8: Growth rate of cell lines of the NCI60 with similar promoters CpG island
methylation profile at 10 uM of dC, 5hmdC and 5azadC . 2-way ANOVA with Holm Sidak
correction, p(PC-3) =0.0001; p (HCC-2998) =0.0324 (n =3. Whiskers indicate standard
deviation).
response, the OVCAR-5 and DU-145 cell lines (Table 5.1) were included in the study, as
they are closer on the gene expression tree than on the drug sensitivity one, to distinguish
between the related contributions.

A significant decrease was detected in the number of cells treated with 5hmdC in HOP-92
(100%) and HS578T (50%), but only a minor decrease in DU-145 (20%) (Fig. 5.10). This
suggests that the response is very similar among cells selected for common gene expression

or for common drug response mechanisms, with a prevalence for genes involved in drug

metabolism since the proximity among sensitive cell lines on this cluster tree was greater.

5.1.2.1 Brief summary

At this point the data were summarized by grouping the sensitive and non sensitive cell

lines. To do so, the cell number ratio was plotted at day 10 between 5hmdC- and dC-
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Figure 5.9: Cluster analysis of the NCI60 panel based on: gene expression (A) and drug

sensitivity (B). Adapted from [Scherf et al., 2000].

treated cells. Cell lines with a ratio of less than 0.2 were classified as highly sensitive to the

treatment, those between 0.2 and 0.8 as partially growth inhibited by the treatment, and

those more than 0.8 as insensitive, where a value of 0.2 indicates 80% growth inhibition

(Fig. 5.11). According to these criteria, HOP-92 and MDA-MB-231 were classified as

sensitive to the growth inhibitory potential of 5hmdC, compared to dC; PC-3, HS578T,

BT-549 and A375 were the cell lines that showed partial growth inhibition (e.g included be-

tween 80% and 20% growth inhibition), while OVCAR-5, H1299, THP-1, LN-18, Colo320,

MDA-MB-435, SW-620, BL-70, DU-145, HCC-2998 and MCF7 were classified as insensi-

tive (displaying less than 20% growth inhibition). p53 status (Table 5.1), which can be

involved in the induction of apoptotic processes dependent on its activation, did not seem

to be a prognostic factor for sensitivity to bhmdC treatment.
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Figure 5.10: Growth rates of cell lines of the NCI60 panel with similar gene expression

and drug response profiles. 2-way ANOVA with Holm Sidak correction, p (HOP-92)

=0.0006; p (HS578T) =0.001 (n =3. Whiskers indicate standard deviation).
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Figure 5.11: Cell number ratio between 5hmdC- and dC-treated cells at day 10. The
threshold of 0.2 is shown in orange, the one of 0.8 in blue (n =3. Whiskers indicate

standard deviation).
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5.1.3 Gene expression data analysis identifies CDA as a potential gene

involved in the response to 5hmdC treatment

Analysis of gene expression data-sets has had great impact on the drug discovery process
[Liu, 2005]. Tools like the NCI60 panel initially, and the CCLE (Cancer Cell Line Encyclo-
pedia) [Barretina et al., 2012] later on, were established to help scientists dissect pathways
in a complex system like cancer that, in this way, could be standardized or modeled. Mul-
tiple data-sets are now available to the research community, enabling genetic analyses,
such as gene expression analysis. It was, therefore, decided that gene expression analy-
sis would be performed on data from the NCI60 panel [Pfister et al., 2009], utilizing the
groups of cell previously defined. In particular, gene expression profiles of MDA-MB-231
and HOP-92 were compared to those of MCF7 and MDA-MB-435 to find any similarities
between these responding cell lines, and to identify the differences between them and the
non-responding group.

The results of this analysis pointed to cytidine deaminase (CDA) among the first hun-
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Figure 5.12: Gene expression analysis with NCI60 panel gene expression datasets [Pfister
et al., 2009] (GEO2R). MDA-MB-231 and HOP-92 data were compared to those of
MCF7 and MDA-MB-435. CDA is outlined in orange with a p value =0.001702. (t-test
with Benjamini- Hochberg correction).
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dred co-expressed genes (rank 79, p value =0.001702), which is involved in nucleotide
metabolism and is differentially expressed among the two groups analyzed (Fig. 5.12 and
Appendix 1 Table 1).

This suggested a working hypothesis (Fig. 5.13), according to which 5hmdC could be me-
tabolized into the toxic nucleoside 5hmdU, and cause cell death following DNA damage
induction once incorporated in the DNA [Kaufman, 1986]. It has been shown that cell
death, via mechanisms independent of p53 status, follows 5hmdU incorporation as a result
of the formation of double strand DNA breaks (DSB) [Mi, 2001]. Having previously shown
that if 5ShmdC entered the cell there would be no possibility of it forming the triphosphate

5hmdCTP (see Fig. 4.6), and in light of the cluster analysis results, it was assumed that:

e the route of deamination could be undertaken, which would produce 5hmdU:;
e 5hmdU could then be triphosphorylated;

e such 5hmdUTP could be incorporated into the DNA causing DSB and cell death
[Kaufman, 1986] [Vilpo and Vilpo, 1988].

5.1.3.1 Further selected cancer cell lines support the involvement of CDA in

the response

To further strengthen this hypothesis, CDA expression data were extracted from the NCI60
and CCLE for the cell lines employed and for the highest CDA-expressing cell lines (Fig.
5.14). Thus, among the available highest expressing cell lines, the following were selected:
SN12C, Capan-2, HCT-116 (Table 5.1). In addition, NCI-H522 (Table 5.1), which has
comparatively low levels of CDA, was added as a negative control.

A significant reduction in growth (Fig. 5.15) was observed in Capan-2 (100%), SN12C
(90%) and HCT-116 (20%) cells, but not in NCI-H522.

In order to confirm the expression of CDA in the aforementioned cell lines, western blotting
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Figure 5.14: CDA expression in the cell line tested (Geo2R processed data from
[Barretina et al., 2012] and [Pfister et al., 2009] datasets.)
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Figure 5.15: Growth rate of cell lines of the NCI60 with similar gene expression profiles.
2-way ANOVA with Holm Sidak correction p(HCT-116) =0.0358; p(SN12C) <0.0001;
p(Capan-2) =0.0007 (n =3. Whiskers show standard deviation).

was performed to assess CDA levels. Expression of CDA was detected in MDA-MB-231
and SN12C, but not in H1299 and MCF7 (Fig. 5.16 A). Moreover, high expression of
CDA was confirmed in Capan-2 and SN12C cells relative to MCF7 (Fig. 5.16 B). These
results confirmed the levels of CDA detected by gene expression analysis.

Subsequently, the last group of cell lines tested was added to the plot in Figure 5.11,
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Figure 5.16: Western Blot of CDA levels in some of the analyzed cell lines. Vinculin and
actin are the loading controls.

where the levels of CDA expression for all the cell lines tested were added to generate a

plot that visually shows the correlation between CDA expression and growth inhibition
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(Fig. 5.17). On the left, cell lines expressing the highest amount of CDA are the ones that

show the strongest growth inhibition and wviceversa for cell lines on the right.
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Figure 5.17: Cell number ratio dhmdC/dC relative to CDA expression.

5.1.4 Knock down of CDA in sensitive cell lines rescues the inhibition

of proliferation

In order to confirm the involvement of CDA in the response to 5hmdC, MDA-MB-231 and
SN12C cells were infected with lentiviruses carrying short interfering RNA (sh-RNA), to
stably knockdown the levels of CDA and try to rescue the phenotype. The levels of CDA in
both the cell lines, could be stably reduced, as validated by western blot and quantitative
PCR (¢qPCR) (Fig. 5.18), with two different hairpins. Therefore, we obtained: MDA-MB-
231 and SN12C sh-Luc, sh-CDA_ 0 and sh-CDA_ 8. The knockdown obtained with sh-0
was less efficient than sh-8, but all knockdowns reduced the cDNA and protein levels by
at least 50%, relative to uninfected or sh-Luc infected cells.

Once the knockdowns were established, they were treated with 10uM 5hmdC. The

phenotype was rescued in both cell lines. In particular, knockdown for MDA-MB-231 was
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Figure 5.18: Western blot (A) and qPCR (B) of CDA levels in MDA-MB-231 and
SN12C. -tubulin is the loading control. GAPDH is the housekeeping gene (n =3.
Whiskers show standard deviation).

rescued in the growth by 100% as compared to sh-Luc, when treated with 5hmdC. SN12C
sh-0 cells were partially rescued, with only a two-fold growth advantage over the control
infected cells (SN12C sh-Luc) and SN12C sh-8 of three-folds (Fig. 5.19). The greater

rescue efficiency given by sh-8 can be attributed to it having the greatest knockdown

efficiency.

MDA-MB-231 SN12C

Cell number (*1 07)

Day

Figure 5.19: Treatment of MDA-MB-231 and SN12C knockdowns with 10uM 5hmdC (n
=3. Whiskers show standard deviation).

5.1.5 Overexpression of CDA inhibits the growth of non-responding cell

lines

To further support our hypothesis, regarding the involvement of CDA in the cellular
response to 5hmdC, MCF7 and H1299 cells, which are not sensitive to 5hmdC treatment

(Fig. 5.11), were infected with lentiviruses to stably overexpress CDA to sensitize them to
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the treatment. CDA was stably overexpressed in both the cell lines, as shown in Figure 5.20
by western blot. Therefore MCF7dsRed_ CDA and H1299dsRed_ CDA were obtained. In
the MCF7dsRed__ CDA lane there was an additional band on the western blot, which was
speculated to be due to a phosphorylated form of CDA that could be predicted at Y79
(Phosphosite extracted information) [Li et al., 2002].

Once the cell lines were established, they were treated with 10 uM 5hmdC. We were

S .7 N N_7
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T X9 SS9
CDA ﬂ -_
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Figure 5.20: Western blot of CDA levels in H1299 and MCF7 cells. S-tubulin was used
as a loading control.

able to fully inhibit the growth of MCF7-overexpressing cells and only partially the one
of H1299-overexpressing cells (Figure 5.21). This might be due to the CDA status of
these cell lines. The putative phosphorylation detected in CDA in MCF7 might influence
its catalytic activity and thus the concentration of converted drug might be affected.
Structural analysis suggests that Y79 is far away from the catalytic site, but might affect

the assembly of the CDA tetramer necessary for catalysis (Appendix 1 Fig. 5).

5.1.6 Global and promoters associated DN A methylation levels are not

affected

bazadC is an inhibitor of methyltransferases (DNMTs) and induces, upon treatment, a

global decrease in DNA methylation levels and, as a consequence, the reactivation of the
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Figure 5.21: Treatment of overexpressing cell lines MCF7dsRed_CDA and
H1299dsRed CDA with 10 gM 5hmdC (n =3. Whiskers show standard deviation).

expression of some genes [Bender et al., 1998]. To test whether the treatment did not in-
volve the DNA methylation pathway, the global levels of DNA methylation were checked
by HPLC at day three after treatment with 10 M 5hmdC in all the treated cell lines,
and compared to the dC and 5azadC treated ones.

DNA methylation was globally decreased at day three after treatment with 5azadC by
approximately 75% in all treated cell lines, while 5mC levels did not change upon 5hmdC
treatment (Fig. 5.22), remaining similar to the control samples, i.e. between 0.5 - 1% of
the total guanine amount.

Furthermore, the levels of expression of genes, whose promoters are known to be silenced
by DNA methylation in some of the cell lines treated, were measured by qPCR. We se-
lected: PTEN for LN18 [Rajendran et al., 2011] and MDA-MB-231 [Krawczyk et al.,
2007]); DERMO-1 for H1299 [Mao et al., 2011]; TGF-33 for A375 [Archey et al., 1999];
and MLHI1 for Colo320 [Sakamoto et al., 2001]. Significant re-expression of these genes
at day three after 5hmdC treatment was not observed, as opposed to bazadC treatment,
which induced it of at least two folds (Fig. 5.23).

Given the results presented (Fig. 5.22, 5.23), it was excluded the possibility that reactiva-
tion of expression of genes normally silenced by DNA methylation or of a DNA demethy-

lation pathway could be involved in the observed growth inhibitory effect of 5hmC.
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Figure 5.22: Global DNA methylation in treated cell lines with 10 uM dC, 5hmdC and
bazadC (bmdC/dG percentage shown) (n =3. Whiskers indicate standard deviation.
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Figure 5.23: Expression of genes known to be silenced by promoter DNA methylation in
cell lines treated with 10 M dC, 5himdC and 5azadC at day 3 (level relative to
dC-treated cells and GAPDH shown) (n =3. Whiskers show standard deviation).

5.1.7 Cytidine deaminase can convert 5hmdC into 5hmdU

To further evaluate our hypothesis (Fig. 5.13), the possibility of 5hmdC being converted
into 5hmdU was assessed. Cytidine deaminase [Cacciamani et al., 1991] [Vincenzetti,
1996] is an enzyme of the nucleotide salvage pathway that has been studied, primarily for
medical reasons, with regards of its involvement in the deamination and inactivation of
many nucleoside analogs used in cancer therapy [Lemaire et al., 2008][Bapiro et al., 2012].
It has been shown to be able to deaminate its primary substrate dC and additionally 5mdC,
5azadC and gemcitabine. Therefore, its deamination potential on the newly discovered
forms of cytosine (5hmdC [Kriaucionis and Heintz, 2009][Tahiliani et al., 2009], 5dC and
5cadC [Ito et al., 2011]) was assessed. Recombinant CDA was purified from E. Coli and

its activity assessed spectrophotometrically, as previously shown [Vincenzetti et al., 2004],
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with the end products confirmed by HPLC. The enzyme was able to successfully deaminate

dC, 5hmdC and 5fdC, but not 5cadC (Fig. 5.24).

As shown by kinetic data (Fig. 5.25, Table 5.2), the best substrate was dC that had
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Figure 5.24: HPLC representative plots of CDA substrates and products (n =3).

Substrate | Ky, (*107°M) | Vipax(M/min) | (Kcat)(x108)
dC 2.154+0.263 17.39 £ 0.660 6.42 £+ 0.244
5mdC 4.88 £+ 0.849 3.92 £ 0.095 1.45 = 0.107
5hmdC 6.20 £ 1.05 1.229 = 0.289 0.041 £ 0.0032
5fdC 6.85 = 1.24 13.15 £1.134 4.85 +0.418
5azadC 5.15 4 0.56 3.827 £0.180 1.417 £ 0.126

Table 5.2: Kinetic values of CDA deamination. K,V and K. are indicated with
the respective unit of measure (n =3).

the lowest K, and the highest V,,..; 5mdC and 5azadC were recognized similarly and
deaminated almost at the same rate (similar V4, ); while 5{dC had the faster deamination

rate compared to 5hmdC and the other nucleoside variants tested. 5cadC could not be
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Figure 5.25: Kinetic plots (Michaelis Menten) of CDA activity.

deaminated, therefore, whether it could be used as an inhibitor of the conversion dC to dU
at different concentrations was investigated. Inhibitors of CDA, like zebularine, have been
developed [Kim et al., 1986] to overcome the resistance to nucleoside analogues caused by
CDA overexpression. It was seen that from 0.1 M, 5cadC started to inhibit the reaction
in a competitive manner, by decreasing the K, and the V,,,4,/K,, ratio (Table 5.3).
Moreover, 5hmdC and 5fdC were successfully modeled into the catalytic site of the crystal
structure of CDA [Chung et al., 2005] (Fig. 5.26). CDA assembles as a tetrameter in which
every subunit is able to deaminate one substrate [Vincenzetti, 1996]. Molecular docking
suggested that 5fdC docks to the catalytic site nearly at 180° rotation, when compared to
the unmodified cytidine, while positioning the amino group close to the active site with

Zn?t within it.

Inhibitor concentration [M] | Ky (¥x107°M) | Vpax(M/min/mg) | (Vimax/Km)(x10%)
0.4 3.79+0.72 1120 £ 78.6 295.51

0.2 4.71+1.16 998 £+ 99.51 211.88

0.15 9.46 £ 0.321 732 £ 47 77.37

0.1 3.66 £0.75 801 £ 60.25 218.85

0.05 2.23£0.75 905 £ 87.67 405.83

Table 5.3: Kinetic values of CDA deamination with 5cadC as an inhibitor. K,,,Vine: and
their ratio are indicated with the respective unit of measure (n =3).
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Figure 5.26: From top to bottom dC, 5hmdC and 5fdC modeling in the active site of
CDA.
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5.1.8 5hmdU can be detected in the DNA of treated cell lines

Subsequently, it was tested whether 5hmdU could be detected in the DNA of 5hmdC-
treated cells. This was tested in the same HPLC chromatograms that were used to mea-
sure 5mdC levels. Variable levels of 5hmdU were found in the DNA of 5hmdC-treated cell
lines (Fig. 5.27). It can be noted that the cell lines that responded to the treatment (e. g.
MDA-MB-231, Capan-2, SN12C, HOP-92) had higher levels of 5himdU in their DNA, at
day 3 after the treatment. It was previously shown that 5hmdU/T substitutions of 1/150
could be toxic to the cell [Boorstein et al., 1987]. The percentages observed of 5hmdU were
around 0.9% of T, making the hypothesis that this base can create a sufficient amount of
DNA damage to kill the cell appear reasonable. As an example, HPLC chromatograms of
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Figure 5.27: 5hmdU/dT (%) levels across 5hmdC-treated cell lines at day 3 (n =3.
Whiskers indicate standard deviation).

dC- and 5hmdC-treated MDA-MB-231 cells are shown (Fig. 5.28). To further summarize
the data for the treated cell lines, a relationship was established between the percentage
of bhmdU over T, versus the CDA expression levels from the NCI60 and CCLE datasets
[Barretina et al., 2012][Pfister et al., 2009]). The linear correlation coefficient was 0.65,
with cell lines with higher concentration of 5hmdU correlating well with higher CDA ex-
pression values (Fig. 5.29).

In summary, 5hmdU could be detected in the DNA of 5hmdC treated cell lines.



5.1 Results 140

MDA-MB-231
Norm 3 ||dC dG||dT|] dA

30 1o (——
dC 2
10 L 0.8
L, bl A

0.6

0.4

j
=}
5-hmdU/T %

N .
oM oy lic da||dT|| d 02
| 5hmdU 00 o o
5-hmdC “ $ &
0 2 &

fﬁ L#LM A

PR T Tmin

Figure 5.28: HPLC chromatograms of MDAMB231 dC- and 5hmdC-treated cells.
5hmdU is outlined in purple. Relative quantification is shown (n=3) t-test, p value
=0.0057. Norm. absorbance units (n =3. Whiskers indicate standard deviation).
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Figure 5.29: Correlation between CDA expression and 5hmdU levels in the DNA of
5hmdC-treated cells (R? is indicated. n =3. Whiskers indicate standard deviation).
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5.1.9 5fdC can inhibit cell growth with the same specificity as 5hmdC

Following the finding that 5fdC is deaminated at a faster rate compared to 5hmdC (Table
5.2), whether or not the same could be observed in the cell lines of the extreme respondent
and non respondent groups was tested. Experiments were conducted using the same
concentrations of 5hmdC (0.1, 1 and 10 xM) as at the beginning, even though (according
to kinetics data) 5fdC would show increased toxicity in CDA overexpressing cell lines at
the lower dose tested, as compared to 5hmdC. MDA-MB-231 and SN12C were selected
from the group of cell lines sensitive to 5ShmdC treatment, and H1299 and MCF7 from the
group of non-sensitive cell lines.

At day 3 of treatment 10 uM of 5fdC reduced proliferation by more than 50 % (Fig. 5.30),
and by day 10 this was true also for 1 uM-treated cell lines, which was stronger than that of
5hmdC. To further validate the potency of the compound, the half effective concentration
(ECsp) of 5hmdC and 5fdC in MDA-MB-231 and SN12C cells was calculated at day three.
The ECsg of 5hmdC was higher compared to that of 5fdC, and the values correlated with
CDA levels in these cell lines, being overall lower in SN12C (Fig. 5.31).

A further experimental system was used to assess the dependency of 5fdC and 5hmdC
treatment on CDA expression. H1299 cells overexpressing CDA (H1299dsRed_ CDA) were
previously established. This cell line had a fluorescent marker (dsRed), cloned in the same
open reading frame, upstream of CDA with an IRES sequence. Therefore, an experiment
was set out in which, after mixing H1299 and H1299dsRed_CDA at an equal ratio, the
cells could be treated with different concentrations of 5hmdC and 5fdC and the ratio of
red and non-fluorescent cells could be monitored by FACS, over a period of ten days. At
the end of the experiment (day 10), one population would have prevailed (Fig. 5.32).
Furthermore, it was assessed whether 5hmdU was produced by H1299dsRed CDA and
secreted into the media where it could have exerted its inhibitory potential on the other
cell line.

The CDA overexpressing population (dsRed) was almost abolished at the end of the



5.1 Results 142
0.1 uM 1M 10 pM
'g 8 8+ 8
‘?‘ 6 6 6
';' 4 44 4
- P 24 2
2
3 0 ; X , 0 =2 ? y 0
1 3 5 7 10 3 5 7 10 3 5 7 10
s 5 5 5
N 4 4 4
1 3 3 3
2
c 2 2 2
1 1 1
S o — , 0 0
T 3 5 7 10 3 5 7 10 3 5 7 10
g
£
2
= 151 15 15
M (@]
C 10 10 10
F
7
5 5] 5]
0  —— , 0 : y g , 0 : y " ,
3 5 7 10 3 5 7 10 3 5 7 10
50+ 50+ 50
:' 404 40- 404
2 30 30 304
9
9 20- 20- 20
104 10 104 - dC
» 5fdC
0 0 = 0 =
3 5 7 10 3 5 7 10 3 5 7 10
Day

Figure 5.30: Growth rate of different cell lines at 0.1, 1 and 10 uM of dC and 5fdC (n =3.
Whiskers indicate standard deviation).
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Figure 5.31: EC5 of 5hmdC and 5fdC in MDA-MB-231 and SN12C cells relative to dC at day
3 (n=2. Whiskers indicate standard deviation).
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Figure 5.32: FACS competition experiment with H1299 and H1299dsRed CDA. A. Example of
FACS plot to show the two populations gated. B. Quantification of the two populations at day
10. Red indicates H1299dsRed CDA (n =3. Whiskers show standard deviation. 10,000 events
recorded).
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treatment with 5hmdC and 5fdC, while in the control treatment the two populations were
still present at about the same ratio. 5fdC was about 10 times more potent than 5hmdC,

as suggested by the previous experiments.

5.1.10 5fdC treatment does not induce changes in global DNA methy-

lation

As for 5hmdC treatment, global DNA methylation levels were checked in 5fdC-treated cell
lines at day 3 at the lower dose of 1 uM, as at 10 uM most of the cells were dead and it
was not possible to pursue the analysis.

No change in DNA methylation was detected compared to dC-treated cells (Fig. 5.33). In
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Figure 5.33: Global DNA methylation (5mdC/dG %) after 1 uM 5fdC treatment (n =3.
Whiskers show standard deviation).

the same chromatograms, 5fdU was not be detected because it co-eluted with 5mdC on

the HPLC column available.
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5.1.11 5hmdC and 5fdC treatment induce DNA damage

The deamination of 5hmdC and 5{dC produces 5hmdU and 5fdU, respectively. These
would be incorporated into the DNA after subsequent conversion to triphosphate mediated
by thymidine kinases [Kaufman, 1986][Klungland et al., 2001] and induce a DNA damage
response by the formation of double strand breaks [Boorstein et al., 1992] [Klungland
et al., 2001][Mi, 2001]. Therefore, treated cells were stained at day 3 with the well-known
marker of double strand breaks YH2AX [Rogakou et al., 1998][Rogakou et al., 1999].

vH2AX was induced in 5hmdC, 5fdC, 5azadC and UV-treated MDA-MB-231 cells (Fig.
5.35), while only in 5azadC and UV-treated H1299 (Fig. 5.35). Furthermore, the levels
of DNA damage upon various treatments in different cell lines were quantified by counting
the relative number of cells that stained positive for yYH2AX (Fig. 5.36). A significant
increase (at least 10%) in the total number of YH2AX positive cells was seen after both
5hmdC and dC treatment in MDA-MB-231 cells, after 5hmdC treatment in HOP-92 and
after 5fdC treatment in SN12C, but not in H1299, MCFEF7 or SW-620 cells. The observed
induction of YH2AX with high doses of bazadC (10uM) was already documented in the

literature [Palii et al., 2008].

5.1.12 5hmdC and 5fdC treatment and the cell cycle

When DNA damage occurs, the cell attempts to repair it. In order for it to have the
possibility to do so, it activates cell cycle checkpoints, which stall the progression of the
cell cycle before the completion of mitosis can occur [Hartwell and Weinert, 1989][Weinert
and Hartwell, 1988]. Noticed the induction of yYH2AX in responding cell lines, progression
through the cell cycle was checked by propidium iodide staining. In the responsive cell
lines (MDA-MB-231, CAPAN-2 and SN12C), 5hmdC and 5fdC induced an increase in the
percentage of cells in S phase or an increase in G2/M by approximately 10%, which was

common to 5fdC treated cells (Fig. 5.38 and 5.37). This could be due to a pause in the
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Figure 5.34: yH2AX levels in treated H1299 cells (Scale bar=50um). Representative pictures (n
=3).
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Figure 5.35: yH2AX levels in treated MDA-MB-231 cells (Scale bar =50 pum) Representative

pictures (n =3).
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Figure 5.36: yH2AX quantification in treated cells with 10 uM dC, 5hmdC, 5azadC and 1 uM
5fdC. ANOVA with Sidak correction for multiple comparisons (MDA-MB-231, HOP-92, H1299,
SW-620) and two tailed ¢ test for SN12C. p (5hmdC vs dC MDA-MB-231) =0.0208; p (5{dC vs
dC MDA-MB-231) =0.0022; p (5hmdC vs dC HOP-92) =0.0135; p (5fdC vs dC SN12C) =0.0392.
(n =3. Whiskers indicate standard deviation.)

cell cycle taken to repair double strand breaks formed in the DNA by the incorporation

of 5bhmdU and 5fdU before progression into mitosis.

5.2 Brief summary

Many nucleoside analogs are currently used in cancer therapy. Their application in the
clinic is becoming increasingly limited over time due to the insurgence of many resistance
mechanisms, such as the repression of nucleoside transporter 1 (ENT1) and intracellular
nucleoside kinases such as DCK, or the overexpression of CDA [Jordheim and Dumon-
tet, 2007]. Moreover, DNA methylation nucleoside analogs (5azadC and 5azaC) are very
unstable in solution, limiting their time frame of action once injected. Therefore, the pos-
sibility that the newly discovered forms of cytosine [Kriaucionis and Heintz, 2009][Tahil-

iani et al., 2009] 5hmdC, 5fdC and 5cadC [Ito et al., 2011] could be used as cytotoxic
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Figure 5.37: FACS cell cycle plot of 5hmdC- and dC-treated MDA-MB-231 cells (10,000 events
recorded). Representative picture (n =3).
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Figure 5.38: Quantification of the percentage of treated cells (10 uM dC, 5hmdC, 5azadC and 1
uM 5fdC) in each cell cycle stage by FACS. Two way ANOVA: p (S: 5hmdC vs dC
MDA-MB-231) =0.0264; p (G2-M: 5hmdC vs dC MDA-MB-231) =0.0149; p (S: 5hmdC vs dC
Capan-2) =0.0005; p (G2-M: 5himdC vs dC Capan-2) <0.0001; p (G2-M: 5fdC vs dC Capan-2)
=0.0007; p (G2-M: 5himdC vs dC SN12C) =0.0276; p (G2-M: 5fdC vs dC SN12C) =0.0342.
(n=3. Whiskers show standard deviation; 10000 events recorded).
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compounds was investigated. Many papers have linked their respective bases to the role
of intermediate in DNA demethylation pathways [Tahiliani et al., 2009][Hajkova et al.,
2010][Guo et al., 2011]. Nucleoside analogs such as 5-azacytidine and its deoxyanalog 5-
azadeoxycytidine, FDA approved drugs for the treatment of myelodysplastic syndromes,
have been widely investigated for their role in inhibiting DNMTs, the enzymes responsible
of DNA methylation [Jones, 1984]. This led to the hypothesis that 5hmdC, 5fdC and
5cadC could eventually lead to global DNA demethylation, by being incorporated into
the DNA and then excised by the nucleotide excision repair pathway (SMUG1/TDG) per
se, or following deamination by AID/APOBEC enzymes that would create mismatches
(reviewed in [Gong and Zhu, 2011]).

Given the well known limitations regarding the stability of bazadC, whether the com-
pounds 5hmdC, 5fdC and 5cadC were more stable in aqueous environment at 37°C was
assessed. Overall stability of these cytidine modified forms was observed over a period of
10 days except for 5fdC for which 30% was gradually lost between day 0 and day 10. On
the other side, bazadC was degraded in 24 h as previously described [Lin et al., 1981].
Having assessed the stability of the molecules over the time frame of the treatment win-
dow (10 days), their cytotoxic potential was determined in a subset of cancer cell lines
(Table 5.1). It was found that 5hmdC can inhibit the growth of certain cancer cell lines,
showing more potency in MDA-MB-231, HOP-92, Capan-2 and SN12C. Having utilized
cancer cell lines belonging to the NCI60 panel or to the CCLE, it was possible to perform
gene expression analysis of responding versus non responding cancer cell lines. In this way,
CDA was identified as a gene differentially expressed between the two groups of cell lines.
CDA is involved in the nucleotide salvage pathway where is responsible for the deamina-
tion of different forms of cytidine [Vincenzetti, 1996]. It was therefore hypothesized that
5hmdC could be deaminated to 5hmdU, and could then be incorporated into the DNA and
induce DNA damage, as previously shown [Kaufman, 1986]. To investigate this, it was

decided to first assess whether the gene was directly involved in the response that was ob-
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served. Knockdowns of CDA in responsive cell lines were subsequently established and the
gene was overexpressed in non-sensitive cell lines. The phenotype could be rescued in the
knockdowns (Fig. 5.19) and overexpressing cell lines were partially sensitized (Fig. 5.21).
Moreover, global DNA methylation levels did not differ among dC- and 5hmdC-treated
cell lines, as compared to 5azadC-treated cells, which showed more than a 50% decrease in
the levels of 5mdC. Furthermore, promoters known to be silenced in the treated cell lines,
did not became re-expressed following treatment with 5hmdC, while a 2-fold induction of
gene expression was observed in bazadC-treated cells (Fig. 5.23).

It was considered that, if CDA was responsible for the observed phenotype, it should be
able to deaminate 5hmdC. The human recombinant enzyme was purified and tested on
5hmdC and, since by that time 5{dC and 5cadC discovery had been reported [Ito et al.,
2011], these variants were also assessed. Both 5hmdC and 5fdC could be deaminated (Fig.
5.24), but 5fdC was deaminated at faster rates compared to 5hmdC (Table 5.2). The deam-
inated forms would be 5hmdU and 5fdU, respectively. Previous studies have found that,
if administered to cells, these nucleosides can be incorporated [Kaufman, 1986][Klungland
et al., 2001] and confer toxicity to the cells by inducing DNA breaks and the base excision
repair pathway [Mi, 2001]. As a consequence of deamination, it was hypothesized that
5hmdU could be found in the DNA of 5hmdC-treated cells. Subsequently, 5hmdU was
detected in the DNA of 5hmdC-treated cell lines by HPLC, at levels proportional to CDA
expression levels (Fig. 5.29).

Having found that 5fdC was deaminated at faster rates compared to 5hmdC, its growth
inhibitory potential was tested in cell lines belonging to the same groups that had been
defined with b5hmdC, predicting that the same dependency would be observed. The hy-
pothesis was validated and the same groups of cells were sensitive or insensitive to 5fdC
treatment, as they were to 5hmdC-treatment. Furthermore, 5fdC showed a 10 times
greater growth inhibitory potential than 5hmdC, as predicted by kinetic data. Moreover, a

documented increased mutagenic potential of 5fdC compared to 5hmC incorporation could
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further explain this discrepancy [Miyashita et al., 2002][Klungland et al., 2001][Kamiya
et al., 2002]. 5fdC was also unable to induce any global change in DNA methylation.

Lastly, whether or not a DNA damage response could be found in treated cell lines after
they had undergone at least one replication was tested, at day three after treatment with
5hmdC and 5fdC. An increase in YH2AX positive cells in both treatment conditions could
be detected in different sensitive cell lines, as assessed by confocal microscopy. Moreover,
the treated and responsive cell lines were inhibited in their cell cycle progression, either
in S or G2-M phase, in an attempt to repair the DNA damage that had accumulated.

In summary, in this chapter 5hmdC and 5fdC have been established as potential thera-
peutic agents in vitro, which can be added to the spectrum of nucleoside analogs currently

used in the clinic.



Chapter 6

5hmdC and 5fdC are not toxic and

can impair tumor growth in wvivo

It was previously found that 5hmdC and 5f{dC show anti-proliferative effects in wvitro in
cancer cell lines that overexpressed CDA. Furthermore, it was found that their growth
inhibitory phenotype was closely related to their CDA mediated conversion into the nu-
cleosides 5hmdC and 5fdU and their subsequent incorporation into the DNA. This further
resulted in the induction of DNA damage and delay in named phases of the cell cycle. To
assess the feasibility of using these named compounds as anticancer agents, the analysis
needed to be extended to the in vivo setting. The assessment of the toxicology profile
of the compounds was first needed. Mouse studies were the preferred choice since they
are a good model to assess the physiological role of a named compound systematically. A
further step was later necessary. In vivo drug preclinical efficacy studies can be conducted
either in a genetic mouse model of cancer or with the use of mice with externally trans-
planted tumors (xenografts) from patient derived primary cells or from cancer cell lines.
Cancer cell lines derived xenografts offer standardization and easy access, as compared

to genetic mouse models or primary patient derived cell lines. Xenograft tumor mouse
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models can be induced via the injection of cancer cell lines in two different sites: either
different from the origin of the cancer cells (ectopic) or in the same cancer cell origin site
(orthopic) [Jung, 2014]. Orthopic injection was considered, but since homogeneous condi-
tions of drug delivery were desired between the cell lines tested, which had different cancer
origins, and easy access to the tumors was needed for monitoring reasons, this option was
discounted. Moreover, due to the facility of monitoring subcutaneously injected tumors,
the number of animals employed in the study could be reduced by injecting two cell lines
per animal, one in each flank. Since the cell lines utilized were of human origin, the use of
immunocompromised mice (NOD/SCID) was necessary, with the obvious disadvantages of
interspecies differences and lack of immune response that have already been documented
in the literature [Jung, 2014]. Consequently, xenografts were ectopically established by
subcutaneous injection of two of the cancer cell lines tested. Since 5hmdC and 5fdC had
never undergone in vivo testing prior to this study to our knowledge, their toxicology

profiles needed to be assessed before xenografts were established, to determine:

e that they did not induce adverse effects on their own at a given dosage;
o that they were able to enter the bloodstream;

¢ the maximum dosage that could be administered, without causing side effects.

After toxicology studies, it was checked that the cell lines selected would give tumors in
this mouse model in the desired time-frame of one month, to allow a short treatment
period. Thus, the same cell lines that responded to treatment in wvitro, were injected
into immunocompromised mice and, once tumors were formed, a treatment schedule was
followed. Tumor parameters were measured (volume, weight) and, once dissected, tumors
were subject to histopathological analysis and confocal microscopy analysis of proliferation

and DNA damage markers.
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6.1 Results

6.1.1 5hmdC and 5fdC do not show apparent toxicity in vivo

To assess the feasibility of the xenograft experiment, it was necessary to check whether the
in vivo administration of 5hmdC and 5fdC would be toxic per se. Therefore, three dosages
were tested for 5hmdC (25, 50 and 100 mg/kg) and four dosages for 5fdC (12.5, 25, 50
and 100 mg/kg), selected on the basis of other nucleoside analog injected compounds, such
as gemcitabine in the pancreatic mouse model which is injected at 100 mg/kg every 72 h
[Bapiro et al., 2012]. The drug was injected in four animals per group at day zero and the
animals sacrificed and tissues dissected at day five to give a monitoring window for the
evaluation of behavioral differences in the mice treated with 5hmdC and 5fdC, as compared
to the vehicle treated ones (PBS). In this five days window, the mice were monitored for
absence of swollen site of injection, loss of appetite or weight and behavioral differences
as compared to the control injected mice. No changes in the monitored parameters were
noted after injection. Therefore, at the end of this window, mice were sacrificed and
tissue dissected to evaluate the presence of any abnormality in tissue architecture by
histopathological analysis (with the help of the expertise of the pathologist Dr. R. Goldin),
incorporation of 5hmdU in the DNA by HPLC analysis and DNA damage by confocal
microscopy. To select the tissues to dissect, databases of mouse gene expression data were
scanned [Su et al., 2004] and five organs were selected according to their levels of Cda

expression (Fig. 6.1). They were:

o small intestine;
o kidney;
e pancreas;

e liver;
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e lung.
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Figure 6.1: Cda expression in selected mouse tissues.

Due to its low Cda expression level, lung was selected as a negative control, where no
significant changes were expected in the parameters due for analysis. Small intestine and
kidney are the tissues where Cda expression is higher, therefore where most compound
toxicity induced effects could be expected. In the following sections the data obtained for

the highest injected dose of 5hmdC and 5fdC (100 mg/kg) will be summarized.

Small intestine

CDA expression is elevated in the intestine. It has been shown that the intestine, like bone
marrow cells, is incapable of de novo nucleotides synthesis, relying on the salvage pathway
for nucleotide provision [Mackinnon and Deller, 1973]. Histopathology was checked by
hematoxylin and eosin staining and no gross abnormalities were detected upon 5hmdC
and 5fdC administration, with major tissue architecture preserved (crypts, villi, lamina

propria) (Fig. 6.2), despite CDA being expressed, as shown by confocal microscopy (Fig.
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6.3).

In the DNA of the small intestine DNA methylation was measured by HPLC, but any

5fdC

Figure 6.2: Hematoxylin and eosin staining in the small intestine upon PBS, 5hmdC or 5fdC
administration (100 mg/kg). The villi V are lined by a simple columnar epithelium, which is
continuous with that of the crypts C. The lamina propria LP extends between the crypt and into
the core of each villus (vascular and lymphatic network necessary for absorption) (Scale bar =50
pm) (n =3 per group. Representative picture shown).

DAPI 3-catenin Merge

Figure 6.3: CDA staining in the small intestine (Scale bar =50 pm) (n =3 per group.
Representative picture shown).

significant difference could not be detected between treated and untreated mice with regard
to the content of 5mdC. 5hmdU was not detected. Few additional peaks differed between
untreated and treated samples. They could be due to partial presence of RNA in the
samples. No significant conclusions could be established due to variability for those peaks
in the samples (Figure 6.4).

Subsequently, sections were stained for YH2AX and phosphorylated serine 10 of histone
3 (H3S10P), an established mitotic marker [Hendzel et al., 1997], to try to detect any

DNA damage that might have occurred following 5hmdC and 5fdC administration, or any
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Figure 6.4: DNA methylation in the small intestine after treatment. Quantification and relative
chromatograms are shown. Norm absorbance units (n =3 per group. Whiskers indicate standard

deviation).

change in proliferation due to attempts by the cells to repair any DNA damage that might

have been induced by the treatments. Positive staining was detected for PH3S10 at the

bottom of the crypts, the site of most proliferation in the small intestine, but no changes

were detected following 5hmdC or 5{dC treatment (Fig. 6.5).

Given the data presented, no overt toxicity was observed in the small intestine.
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Figure 6.5: yH2AX in red and H3S10P in green in the small intestine after treatment.(Scale bar
=50 pm) (n =3 per group. Representative picture shown).

Kidney

Another organ where the nucleotide salvage pathway plays a major role is the kidney as
here the nucleoside transporters are highly expressed, which makes nucleoside reabsorption
and metabolism likely [Rodriguez-Mulero et al., 2005]. Histopathology was assessed by
hematoxylin and eosin staining and no gross abnormalities were detected upon 5hmdC and
5fdC adminstration compared to PBS treatment (Fig. 6.6), despite CDA being expressed
(Fig. 6.7).

DNA methylation and hydroxymethylation was measured that was compatible with the
high levels of 5hmdC previously observed in this tissue [Globisch et al., 2010], but no
significant difference was detected between treated and untreated mice (Figure 6.8).

Furthermore, when sections were stained for YH2AX and H3S10P, no significant change
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B 5fdC

Figure 6.6: Hematoxylin and eosin staining in the kidneys upon PBS, 5hmdC or 5fdC
administration (100 mg/kg) (Scale bar= 50 um). Part of cortex (C) and medulla (M) can be seen.
In the cortex/medulla are visible the proximal convoluted tubes (PCT), the loop of Henle (LH)
and the proximal deconvoluted tubes (PDT) (n =3 per group. Representative picture shown).

DAPI Merge

Figure 6.7: CDA staining in the kidneys (proximal convolute tuble shown) (Scale bar=>50 pm)
(n =3 per group. Representative picture shown).
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Figure 6.8: DNA methylation and hydroxymethylation in the kidneys after treatment.
Quantification is shown (n =3 per group, whiskers indicate standard deviation).

between PBS-injected and 5hmdC/5fdC-injected animals was detected (figure 6.9).

Given the data presented, it can be concluded that no overt toxicity was observed in the

kidneys.
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Figure 6.9: yH2AX in red and H3S10P in green in kidneys.(Scale bar=50 um) (n =3 per group.
Representative picture is shown).

Pancreas

In the pancreas, purine nucleotide biosynthesis and the salvage pathway have been studied
[Meredith et al., 1995]. CDA expression levels are not elevated under normal conditions,
but do became elevated in cancer [Bapiro et al., 2012]. Histopathology was assessed by
hematoxylin and eosin staining and gross abnormalities were not detected upon 5hmdC
and 5fdC administration. Intact islets were present in treated and untreated samples (Fig.
6.10). CDA was moderately expressed as shown by confocal microscopy (Fig. 6.11). DNA
methylation and hydroxymethylation were measured in the DNA of the pancreas, but no
significant difference was observed between treated and untreated mice (Figure 6.12).
Furthermore, when sections were stained for YH2AX and pH3S10P, any significant

changes were not detected upon treatment. No substantial proliferation was detected
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PBS ~ 5hmdC 5fdC

Figure 6.10: Hematoxylin and eosin staining of the pancreas upon PBS, 5hmdC or 5fdC
administration (100 mg/kg). Exocrine pancreas constituted by glandular acini (A) and the
endocrine pancreas constituted by islets of Langerhans (I) (Scale bar=50 pym) (n =3 per group.
Representative picture is shown).

DAPI 3-catenin Merge

Figure 6.11: CDA staining in the pancreas.(Scale bar=50 pym) (n =3 per group. Representative
picture is shown).
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Figure 6.12: DNA methylation in the pancreas after treatment. Quantification is shown (n =3
per group, whiskers indicate standard deviation).

(Fig. 6.13).

Given the data presented, no overt toxicity was observed in the pancreas.
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DAPI H3PS10 YH2AX

Figure 6.13: yH2AX in red and H3S10P in green in the pancreas (Scale bar =50 ym) (n =3 per
group. Representative picture is shown).
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Liver

It has been shown in primary cultures of rat hepatocytes that nucleotide salvage pathway
enzymes are induced in the liver when it is stimulated to proliferate, even though they
are expressed at basal levels in resting conditions [Mayer et al., 1990]. Histopathology
was assessed by hematoxylin and eosin staining, and no significant difference was detected
upon 5hmdC and 5fdC administration (Fig. 6.14), despite CDA being expressed as shown
by confocal microscopy (Fig. 6.15).

In the DNA of the liver DNA methylation was measured, with no significant difference
observed between treated and untreated mice (Fig. 6.16).

Furthermore, when sections were stained for YH2AX and H3S10P, a significant change was

not detected upon treatment (Fig. 6.17). The low proliferation detected might coincide
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PBS

Figure 6.14: Hematoxylin and eosin staining in liver upon PBS, 5hmdC or 5fdC administration
(100 mg/kg). Portal tract (P) and hepatocytes (H) are labeled (Scale bar =50 pum) (n =3 per
group. Representative picture is shown).

DAPI CDA 3-catenin Merge

Figure 6.15: CDA staining in the liver (Scale bar=50 pum) (n =3 per group. Representative
picture is shown).
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Figure 6.16: DNA methylation in liver after treatment. Quantification is shown (n =3 per
group, whiskers indicate standard deviation).
with only basal activities of nucleotide salvage pathway enzymes, as previously shown

[Mayer et al., 1990].

Given the data presented, no overt toxicity was observed in the liver.
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DAPI H3PS10 YH2AX Merge

Figure 6.17: yH2AX in red and H3S10P in green in the liver.(Scale bar =50 um). (n =3 per
group. Representative picture is shown).
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Lung

The lungs acted as a negative control due to low levels of Cda expression, but high vas-
cularization, which could facilitate better delivery of the drug at the site of injection.
Cytosolic pyrimidine salvage pathway enzymes such as TK and DCK are poorly active in
this organ [Wang and Eriksson, 2010]. Histopathology was assessed by hematoxylin and
eosin staining, and no gross abnormality was detected upon 5hmdC and 5{dC administra-
tion (Fig. 6.18). This was expected, since CDA expression is low, as shown by confocal
microscopy (Fig. 6.19).

DNA methylation was measured, but no significant difference was detected between
treated and untreated mice (Fig. 6.20).

Furthermore, when sections were stained for YH2AX and pH3S10P, there was no signifi-
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Figure 6.18: Hematoxylin and eosin staining in the lung upon PBS, 5hmdC or 5fdC
administration (100 mg/kg). Bronchus (B) and alveoli (A) indicated (Scale bar =50 pm) (n =3

per group. Representative picture is shown).
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Figure 6.19: CDA staining in the lungs.(Scale bar =50 pum) (n =3 per group. Representative
picture is shown).
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Figure 6.20: DNA methylation in the lungs after treatment. Quantification is shown (n =3 per
group. Whiskers indicate standard deviation).

cant change upon treatment (Fig. 6.21).

Given the data presented, no overt toxicity was observed in the lungs.



6.1 Results 167

H3PS10

PBS

5hmdC

5fdC

Figure 6.21: yH2AX in red and H3S10P in green in the lungs (Scale bar =50 ym) (n =3 per
group. Representative picture is shown).

6.1.1.1 Brief summary of toxicology studies

In conclusion, no significant changes were detected, after the injection of 5hmdC and 5{dC,
in mouse behavior and in the tissues analyzed for the parameters tested: proliferation,
DNA damage or tissue abnormalities. Furthermore, no weight loss was observed over the

time frame of the xenograft treatment window (Fig. 6.22).

6.1.2 Xenograft studies are feasible with the cell lines used for the in

vitro experiments

Subsequently, it was necessary to assess whether the cell lines that were used for the earlier

in vitro experiments would give tumors if implanted into nude mice. Moreover, tumors
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Figure 6.22: Mouse weight during the treatment with 100 mg/kg 5hmdC and 5fdC. (n= 16 per
group. Whiskers indicates standard deviation).

needed to be obtainable in a time frame of twenty days, which would be reasonable for
the compounds injections. Among the used cell lines, four were tested: MDA-MB-231,
Capan-2, SN12C and H1299. They were selected according to published literature, which
indicated that tumors could be obtained from them upon injection [Wang et al., 2004][Su
et al., 2007]|[Zhong et al., 2012][Kadhim et al., 1997]. Subcutaneous tumors were obtained
from the injected cell lines in the desired time frame of one month (Fig. 6.23).

SN12C and H1299 were chosen for further study, since knockdowns and C'DA-overexpressing
cell lines were already available for them, which had already been tested. This study
allowed sample size for the next experiments to be calculated taking into account the
variability observed in tumor growth and the difference among treated and untreated that
would have been considered significant (30%). To observe a significant difference between
treated and untreated mice, with this variability, we calculated that 8 mice were needed

per treatment group (power analysis, p=0.05).
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Figure 6.23: Cell lines tested for tumor formation (n =2 per group. Whiskers indicate standard
deviation).
6.1.3 5hmdC and 5fdC can be detected in the bloodstream of injected

animals

One of the parameters that pharmacokinetic studies evaluate is absorption, i. e. the
entrance of the drug into the bloodstream. We decided to check this fundamental aspect
of an in vivo drug study, to further understand whether the compound would reach the
tumor via the bloodstream. Furthermore, the half-life of azacytidine is in the order of
fifteen-thirty minutes in serum [Karahoca and Momparler, 2013]. Given the increased
stability of our molecules at 37°C, we decided to check its presence in the blood thirty
minutes after intraperitoneal injection. Therefore, aliquots of blood were taken from the
tail veins of the mice and the presence of the drug measured by mass spectrometry for all
the doses injected. 5hmdC and 5fdC were successfully detected in the blood at all of the

dosages studied (Fig. 6.24).
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Figure 6.24: Mass spectrometry measurements of 5hmdC and 5fdC in the blood of injected
animals (collaboration with B. Kessler laboratory). Figure prepared by G. Berridge.

6.1.4 Xenograft studies showed partial inhibition of tumor growth upon

5hmdC and 5fdC administration

Having set out the conditions for the xenograft study, the next step of the experiment
was begun: the treatment of tumors injected into mice. This experiment would allow the
efficacy of 5hmdC and 5fdC as anti-proliferative agents in vivo. It was started with the

following cell lines:

e SN12CshCDA__8, which showed the greatest CDA knock down efficiency;
o H1299;

e H1299dsRed_CDA.

Before injection, expression of CDA was validated by western blot (Fig. 6.25). Overex-

pression in H1299, and knockdown in SN12C, was confirmed.
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For animal reduction reasons [Russell and Burch, 1959], it was decided that each flank
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Figure 6.25: CDA expression in the cell lines chosen for the xenograft experiment.

of the animals used would be injected subcutaneously with different cell lines, in order to
have the control of each cell line in the same animal. SN12C and H1299 were injected on
the left side, while the knockdown and overexpressing cell lines were injected in the right.
The intraperitoneal injections were done at 72 h intervals with 100 mg/kg of 5hmdC and
5fdC. Measurements were taken at the same interval, typically the day after each injection.
Animals were sacrificed when the cumulative tumor size reached 1.2 cm in diameter, in
accordance with the Home Office regulations (Fig. 6.26).

Treatment was started when tumors of palpable size were detected. The tumor volumes
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Figure 6.26: Injection scheme for the xenograft experiment.

of the cell lines injected showed a significant reduction in H1299dsRed_ CDA and SN12C
upon treatment with both 5hmdC and 5fdC (Fig. 6.27A-D). Tumor size was reduced when

CDA was manipulated. In both H1299 and SN12C perturbation of CDA levels resulted
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in tumors that were half the size of their wild type counterparts. This might indicate
a strong dependency on the salvage pathway for growth and proliferation as previously
published for the liver, where in hepatocytes it became highly active when they were
induced to proliferate [Mayer et al., 1990]. When the tumors were weighted, no signifi-
cant differences were detected in 5hmdC-treated tumors, but were detected for 5fdC in
H1299dsRed__CDA, SN12C and SN12CshCDA_ 8 (Fig. 6.27 E-F). No significant weight
difference was found between SN12C and SN12CshCDA__ 8 derived tumors treated with
5fdC. It might be speculated that, since the activity of CDA towards 5fdC is higher than
that for 5hmdC, even the residual levels of this enzyme present in the knockdown might
be sufficient to induce a response in SN12CshCDA_ 8 derived tumors. In this latter cell
lines derived tumors, some of the 5f{dC treated ones, were identified, post dissection as
lymph nodes (Fig. 6.27 D) and thus excluded from further analysis.

After the experiment, western blot were run to detect CDA in some of the tumor sam-
ples; where expected CDA levels were detected. Additionally, tumors were genotyped to
confirm the presence of the lentiviral construct and to rule out any possibility of tumor
cross-contamination. PCR bands were only detected for tumors with the lentiviral vectors
(Fig. 6.28). After dissection, tumors were subjected to the following analysis: histology
(pathology and confocal microscopy studies) and DNA extraction (HPLC study). To be
able to have enough material for the analysis mentioned, two groups were established
with four animals each, since the size of some tumors (especially the cohort with 5fdC

treatments) did not allow partitioning.

6.1.5 Histological features of the dissected tumors

Once dissected, the features of the tumors were assessed by hematoxylin and eosin stain-
ing. The first staining allowed the visualization of tumor characteristics such as mitosis,
necrosis and apoptosis upon assessment from the pathologist (Fig.6.29 and 6.30). Mas-

son’s trichrome staining enabled characterization of another aspect of the tumors: fibrosis.
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Figure 6.27: Tumor size measurements in the xenograft experiment. A. H1299 and
H1299dsRed_ CDA tumor volumes (mean with SD). Two-way ANOVA with repeated measures
Holm-Sidak correction, p value < 0.0001 (n = 8,7, 8 for PBS, 5hmdC and 5fdC groups).
B.SN12C and SN12CshCDA_ 8 tumor volumes (mean with SD). Two way ANOVA with repeated
measures Holm-Sidak correction, p value < 0.0001 (n = 8). C.H1299 and H1299dsRed CDA
dissected tumors. D.SN12C and SN12CshCDA_8 dissected tumors (* indicates lymph nodes) E.
H1299 and H1299dsRed_ CDA tumor weights (Mean is shown; n = 8, 7,8 for PBS, 5hmdC and
5fdC groups). ANOVA, p value = 0.0431 F. SN12C and SN12CshCDA__ 8 tumor weights.(Mean
is shown;n = 8). ANOVA, SN12C p value = 0.0230, SN12CshCDA__8 p value = 0.0099.

The matrix is the scaffold that keeps the tumor in place, and fibrosis is what is left once
the tumor regresses (Fig. 6.31 and 6.32). Although fibrosis was observed in the treated
samples, the grading assessment from the pathologist (Dr. Goldin) did not result in a sta-
tistically significant increase, either due to the low sample number available for analysis
or to absence of phenotype (Fig. 6.33).

Furthermore, H3PS10 and YH2AX were quantitatively assessed as markers for prolifer-

ation and DNA damage, in the central sections of the tumors that were scanned entirely
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Figure 6.28: CDA expression in tumors from the xenograft experiment and genotyping. A.
H1299 and H1299dsRed CDA WB and genotyping; B. SN12C and SN12CshCDA_8 WB and
genotyping. + indicates positive control fro genotyping.

by automated confocal microscopy. The number of stained cells was quantified (Fig. 6.34
and 6.35). Significant differences in proliferation were found in SN12C derived tumors.
In particular, a decrease of 20% was noted in treated tumors, a two-fold increase in DNA
damage in 5hmdC-treated tumors and of 50% in those 5fdC treated. The only signifi-
cant difference detected in the CDA knockdown was a slight increase in proliferation in
5hmdC-treated tumors. This might be explained by cells trying to upregulate the salvage
pathway during tumor growth, to efficiently recycle 5hmdC.

Significant differences in DNA damage were seen between the H1299dsRed_ CDA treated
and untreated tumors of about two-folds in 5hmdC treated tumors, and three-folds in
5fdC treated tumors. Furthermore, differences were detected in proliferation, but only in

the 5fdC treated samples with a decrease of about two-fold (Fig. 6.35).

6.1.6 5hmdU is present in the DNA of 5hmdC-treated tumors

Following confocal microscopy analysis, where an increased percentage of DNA damage

in 5hmdC and 5f{dC-treated tumors was observed, it was decided to evaluate by HPLC
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Figure 6.29: H&E staining of dissected tumors derived from H1299 and H1299dsRed CDA.
Nuclei in blue and, upon treatment, less dense nuclear regions and fibrotic areas (light pink) are
visible. Representative pictures (n =4 per group).
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Figure 6.30: H&E staining of dissected tumors derived from SN12C and SN12CshCDA_ 8.
Nuclei in blue and, upon treatment, less dense nuclear regions and fibrotic areas (light pink) are
visible. Representative pictures (n =4 per group).
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Figure 6.31: Masson’s Trichrome staining of dissected tumors derived from H1299 and
H1299dsRed_ CDA. Nuclei in red and, upon treatment, less dense nuclear regions and fibrotic
areas (blue) are visible. Representative pictures (n =4 per group).
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Figure 6.32: Masson’s Trichrome staining of dissected tumors derived from SN12C and
SN12CshCDA _8.Nuclei in red and, upon treatment, less dense nuclear regions and fibrotic areas
(blue) are visible. Representative pictures (n =4 per group).
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Figure 6.33: Fibrosis grading of dissected tumors (n =4 per group, except for the groups in
which lymphnodes were excluded from the analysis). Bar indicates the mean.

the DNA extracted from the tumors for the presence of 5hmU. It was possible to detect
5hmdU in treated tumors (Fig. 6.36 and 6.37), but at smaller percentages compared to
cell lines. It should be taken into account that the tumors were dissected at least three
days after the last treatment and repair mechanism might have taken place, evident in the
presence of increased YH2AX, induced to repair the accumulated 5hmdU which had not

been enough to kill the cell.

6.2 Brief summary

After having assessed the feasibility of 5hmdC and 5fdC as possible therapeutic com-
pounds in wvitro, their feasibility was assessed as drugs in vivo. The first step was to
evaluate whether they showed any sign of toxicity in single dose injected mice at the

dosage window of 12.5 - 100 mg/kg. Having previously determined that their cytotoxic
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Figure 6.34: yH2AX and H3PS10 staining in dissected tumors: A. SN12C (A) and B.
SN12CshCDA_ 8. (Scale bar = 50 um). One way ANOVA, SN12C H3PS10 p value =0.0033 for
PBS compared with 5hmdC and p =0.0046 with 5fdC, yYH2AX p value =0.0003 for PBS
compared with 5hmdC and p =0.0436 with 5fdC; SN12CshCDA_ 8 p =0.0130 for PBS compared
with 5hmdC. Whisker bars indicate standard deviation (n =4 per group).

activities were dependent on CDA expression, we decided to examine, in addition to the
general wealth of the animal, post mortem the tissues expressing considerable levels of
CDA. Data mining of gene expression studies (Fig. 6.1) identified the mouse tissues with
the highest CDA expression: small intestine, kidneys, liver and pancreas. Lung was used
as a negative control due to its low CDA expression levels. None of the tissues analyzed
showed histological features of toxicity, with the main structures preserved in all the or-
gans. Furthermore, none of the DNA of the treated tissues showed any presence of 5hmdU
in the DNA, or any increase in DNA damage and proliferation.

Since b5hmdC and 5fdC display good solubility in the aqueous environment, they were
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Figure 6.35: yH2AX and H3PS10 staining and relative quantification in dissected tumors: A.
H1299 (A) and B. H1299dsRed_ CDA(Scale bar = 50 ym). One way ANOVA, H3PS10 p value
=0.0057, YH2AX p value (x) =0.0491, p value(x x x) =0.0001. Whisker bars indicate standard
deviation (n =4 per group).

administered by intraperitoneal injection. Therefore, another parameter to define for a
drug, according to pharmacological conventions, is the absorption, i.e. the presence of the
drug in the bloodstream. Blood samples were collected thirty minutes after injection for
all the dosages tested and the presence of the drug assessed by mass spectrometry. Both
5hmdC and 5fdC were detected in the blood of treated animals indicating that they were
distributed in the body and that they could reach the site of the tumor.

Different options were available to test the tumor anti-proliferative potential of the com-

pounds in vivo. Patient derived primary cells were excluded due to difficulties with their
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Figure 6.36: 5hmdU levels in DNA of SN12C tumors treated with 5hmdC or PBS: HPLC

chromatograms (Norm = absorbance units). Highlighted is 5hmdU with relative quantification (n
=4 per group, whiskers bars indicate standard deviation, one way ANOVA p =0.0041).
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Figure 6.37: 5hmdU levels in DNA of H1299dsRed_ CDA tumors treated with 5hmdC or PBS:
HPLC chromatograms (Norm = absorbance units) and relative quantification. Highlighted is

5hmdU with relative quantification (n =4 per group, whiskers bars indicate standard deviation,
one way ANOVA p =0.0395).

availability and necessity of characterization for CDA expression levels. Therefore, two
possibilities remained such as: treatment of a suitable genetic mouse model of cancer,
or the induction of xenografts by injection of the previously tested cancer cell lines. A

suitable genetic tumor mouse model for use was the pancreatic tumor model KPC, gen-
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erated by the Tuveson laboratory, which carries specific expression of endogenous mutant
Kras and p53 alleles and overexpresses cytidine deaminase (CDA) [Bapiro et al., 2012]. It
has been shown that nanoparticle albumin bound-Paclitaxel (nab-Paclitaxel) increases the
availability of gemcitabine (dFdC), by suppressing the endogenous CDA overexpression in
the KPC mouse model [Bapiro et al., 2012]. Gemcitabine is a substrate for CDA that con-
verts it into the inactive metabolite deoxy-fluorouridine. This model was excluded for the
first in vivo test due to limited availability. Therefore human cell lines derived xenografts
in NOD/SCID mice were chosen as the preferred model for the next set of experiments
with the drawback of lack of immune response that has already been documented in the
literature as being disadvantageous for this set of studies [Jung, 2014].

The same cell lines were used that were sensitive and insensitive to 5hmdC and 5fdC earlier
in in vitro studies. Having evaluated that they could produce tumors, the experiment was
performed with SN12C and SN12CshCDA_ 8, and H1299 and H1299dsRed CDA, which
were injected into both flanks of nude mice and the treatment performed (injection scheme
in Fig. 6.26). In total, 4 injections of 100 mg/kg of 5hmdC and 5fdC were administered to
each animal. Significant differences were detected in the tumor volume of treated animals,
both with 5hmdC and 5fdC, versus untreated in H1299dsRed CDA and SN12C-derived
tumors. No significant difference was detected in the weight of tumors in 5hmdC-treated
animals in the same cell lines. This discrepancy might be explained by the fact that the
measure of the volume might be less accurate, due to the assumption that the tumors were
spherical. 5fdC treatment, which according to the in vitro data has greater potency, gave
significance in H1299dsRed_CDA, SN12C and SN12CshCDA__8 derived tumors. Signif-
icance in the latter case might be explained by the high turnover rate of 5fdC by CDA
and by the residual levels of the protein present in the tumor. An increase in YH2AX was
detected in treated samples by quantitative confocal microscopy and a decrease in pro-
liferation in H1299dsRed_CDA (only in 5{dC-treated tumors) and in SN12C, although

this was less pronounced. Moreover, the presence of 5hmdU was checked in the DNA of
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treated tumors and was detected at significant levels, relative to PBS and 5fdC-treated
samples, in both H1299dsRed_ CDA and SN12C-derived tumors.
In conclusion, the drugs showed potential for further development studies in vivo, both

for their availability in the bloodstream and for their low toxicity.



Chapter 7

TET2 protein interaction network

Concurrent with the discovery of the presence of 5hmC in the DNA [Kriaucionis and
Heintz, 2009][Tahiliani et al., 2009], the enzymes responsible of the conversion of 5mC to
this new variant were identified [Tahiliani et al., 2009]. They belong to the TET family
of iron and a-ketoglutarate (a-KG) dependent oxygenases, which in mammals has three
members: TETI1, TET2 and TETS3. One of them, Tet2, has been found extensively
mutated in cancers, in multiple tissue types such as: bone, breast, central nervous sys-
tem, endometrium, hematopoietic and lymphoid systems, kidney, large intestine, liver,
lung, ovary, prostate, skin, alongside the upper aerodigestive and urinary tracts. How-
ever, the most prevalent mutations are in hematopoietic cancer types such as lymphomas
and myeloproliferative neoplasms [Delhommeau et al., 2009]. Moreover, a causative link
between myeloproliferation and Tet2 loss was established in mice [Moran-Crusio et al.,
2011][Quivoron et al., 2011]. However, a detailed understanding of the function of TET?2
is still needed to clarify the role of this gene in the formation of blood lineages. The
large spectrum of mutations observed in myelodysplastic syndromes results in different
molecular phenotypes, such that a strict correlation between TET2 mutation and the

global amount of 5hmC is not always seen. In fact, it has been shown that not only



TET2 protein interaction network 184

patients with mutated TET2, but also some patients with wild type TET?2, display low
5hmC levels in the DNA [Ko et al., 2010]. The few studies that tried to shed light on
this apparent dilemma have reported mutations upstream of TET2. One example is rep-
resented in IDH mutant cancers, the enzyme producing the co-factor a-KG for the TET2
catalyzed reaction, which result in the same phenotype as TET2 mutant ones [Figueroa
et al., 2010]. Indeed, it has been shown that the production of 2-hydroxyglutarate by
neomorphic IDH1/2 mutant proteins inhibits TET2’s catalytic activity [Figueroa et al.,
2010]. New avenues to try to explain this discrepancy and shed light on the function of
TET2, might come from the study of its protein interaction partners.

At the start of the this research project no interactions had been published for TET2.
Later, TET2 has been shown to interact with a number of proteins. The first was OGT
[Chen et al., 2012b][Vella et al., 2013][Deplus et al., 2013], an O-linked N-acetylglucosamine
transferase, which is able to glucosylate histone H2BS112 and to mediate the ubiquitina-
tion of the neighboring residue lysine 120 (H2BK120) by the BER1 enzymes [Fujiki et al.,
2011], a modification linked to the recruitment of the SET/COMPASS complex and the
subsequent production of H3K4me3 promoting the activation of gene expression [Lee et al.,
2007]. Following the discovery of OGT, a number of other interacting partners have been

found such as:

e IDAX, which is a CXXC domain-harboring protein, responsible for TET2 binding
to DNA and, interestingly, it has been found to induce TET2 caspase-dependent

degradation upon stem cell differentiation [Ko et al., 2013];

o EBF1 [Guilhamon et al., 2013], a transcription factor involved in B-cell differentia-
tion [Treiber et al., 2010] that can contribute to DNA demethylation at certain gene

promoters [Li et al., 2010];

e NANOG with whom it mediates the establishment of pluripotency in embryonic

stem cells [Costa et al., 2013];
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o PU.1, which is a transcription factor involved in osteoclast [de la Rica et al., 2013],
myeloid and lymphoid differentiation and alternative splicing [Guillouf, 2006], with

whom promotes differentiation;

e« PRDM14 with whom it participates in the establishment of DNA demethylation at

pluripotency-related genes [Okashita et al., 2014];

« BER factors, like TDG, MBD4, SMUG1, NEIL1, NEIL2, NEIL3, PARP1, LIG3 and

XRCC1 with whom it mediates demethylation [Miiller et al., 2014].

The decision was made to dissect the protein interaction network of TET2 to gain insights
on possible targeting mechanisms to chromatin or other potential regulatory mechanisms
on 5hmC deposition. To do so, a yeast two-hybrid screen was initially adopted, subse-

quently followed by mammalian validation strategies of a selected candidate.

7.1 Results

In this section, the yeast two-hybrid data will be presented first, followed by the studies

of protein interaction performed in mammalian cells.

7.1.1 A yeast two-hybrid screen to identify protein interaction partners

of TET2

A fundamental consideration when studying protein interaction networks is tissue speci-
ficity. The presence of loss of function mutations in specific tumor sub-types suggested
a functional link between the mutated gene and the tissue. Therefore, a technique was
needed that would allow the study of the the TET2 interactome in bone marrow, where

most of the mutations occur and where the expression of TET2 is elevated [Su et al.,
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2004][Wu et al., 2009] (Fig. 7.1).

To perform this experiment in a relevant tissue setting, the yeast two-hybrid technique
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Figure 7.1: Tet2 expression in human tissues (downloaded from BioGPS database [Wu et al.,

2009)).

was adopted, which relies on the modular nature of the GAL4 transcription factor that

contains two domains: one for DNA binding and one for transcriptional activation, both

necessary for the function of the protein [Fields and Song, 1989]. Fundamental for the

technique is the generation of two hybrid proteins, between the candidates being stud-

ied and the modules of GAL4, to generate "bait" and "prey". If productive interaction

occurs there will be a transcript, encoding one or more reporter proteins, which can be

easily screened. Key advantages of the yeast two hybrid assay are its sensitivity and the

flexibility. The sensitivity allows for the identification of weak and transient interactions,
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because of the overexpression of the proteins, their compartmentalization in the nucleus
where the interactions are monitored, and their amenability to high throughput, enabling
the assessment of large amounts of candidates at the same time. The other advantage is
the flexibility that gives the choice of the context in which to interrogate the interaction
by allowing the use of libraries of prey candidates from certain tissues. A disadvantage of
the yeast two-hybrid assay is the high number of false interacting partners that it can give.
To minimize this, in addition to the selective media used to grow bait and prey strains
(DDO: double drop out), in the two-hybrid system chosen there were four reporter genes,

under the control of three distinct Gal4d-responsive promoters. They were:

1. AURI-C: encodes the enzyme inositol phosphoryl-ceramide synthase, which confers

resistance (AbAr) to the otherwise highly toxic drug Aureobasidin A (AbA);

2. MEL-1: encodes a-galactosidase, which is secreted by the yeast cells, which turn

blue in the presence of its chromagenic substrate X-a-Gal';

3. HIS3: when bait and prey proteins interact, Gald-responsive His3 expression permits

the cell to synthesize histidine and grow on single drop out for His (SD/His) medium;

4. ADE2: when two proteins interact, Ade2 expression is activated, allowing these cells

to synthesize adenine and grow on single drop out for adenine (SD/Ade) medium.

The longest protein for which a successful yeast two-hybrid screen had previously been
developed with the system used in this study (Matchmaker, Clontech) was 750 aminoacid
(AA) long (datasheet). Therefore, to enhance the possibility of success with this screen,
TET2 (which is 2002 AA long) was split into two fragments based on sequence conservation
between species (ClustalW) and secondary structure prediction (Psipred) (Appendix 2 Fig.
6, 7). Consequently, TET2 was split at residue 733, which does not lie in a conserved region

and does not participate in secondary structure formation according to prediction with

1X-a-Gal is not X-Gal, and is not a substrate for S-galactosidase.
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Psipred. In 2013, the first protein structure of TET2’s catalytic domain was released [Hu
et al., 2013]. This was checked against our own predicted secondary structure and there
was good agreement (Appendix 2 Fig. 8). The fragments generated tagged with GAL4
binding domain (bait) were: TET2A, covering the first 732 AA; and TET2B, covering
the last 1269 AA. To exploit the flexibility of the yeast two-hybrid screen, a bone marrow
derived prey library was used. The inaccessibility of human bone marrow and the samll
amounts of mouse bone marrow make them unsuitable for large proteomic studies.

Several things needed to be checked before proceeding with the screen:

e expression of the constructs containing TET2A and TET2B upon transduction in

yeast;
 toxicity of the expressed constructs;

e autoactivation of the expressed constructs.

Expression of the constructs: TET2A and TET2B

The expression of the two fragments in the yeast strain used to transform the bait
(Y2HGOLD) was checked by PCR from the complementary DNA (cDNA). Bands were
detected for both constructs, suggesting that they are expressed at the RNA level (Fig.
7.2).

Testing for toxicity of the constructs: TET2A and TET2B

To assess whether the expression of the constructs TET2A and TET2B induced growth
toxicity, the transformants were grown on non selective complete (YPDA) and selective
single drop out (SDO) media plates. In particular, TET2 containing vectors conferred
auxotrophy to the transformants for the lack of tryptophan (Trp), thus they were able to

grow on SD-Trp medium. By plating serial dilutions, the growth rates were compared of
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TET2A

TET2B

Figure 7.2: Expression of the constructs: TET2A4 and TET2B checked by PCR from ¢cDNA. B.
The constructs are schematized.

different yeast transformed for: empty vector, TET2A, TET2B, positive (pGBKT7p53,
PGADT7-T) and negative control (pGBKT7-Lam, pGADT7-T) (Fig. 7.3). A growth

YPDA SD-Trp

pGBKT7

pGBKT7Tet2A

pGBKT7Tet2B

positive control

Figure 7.3: Testing the expressed constructs for growth toxicity. YPDA complete media;
SDO/-Trp Single drop out media lacking tryptophan.

inhibition effect was not observed for the TET transformants on YPDA as compared
to the controls, over a period of five days. On selective media, TET2A showed a mild
phenotype compared to empty vector, as in the last serial dilution there were no colonies
and in general there were less colonies across all the tested dilutions. This was not assessed

to be a significant growth delay and the next phase of the screen was begun.
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Testing for autoactivation of the constructs: TET2A and TET2B

Subsequently, it was necessary to assess whether the constructs were sufficient to activate
the expression of the reporters, to determine whether they would be suitable for the next
phases of the screen.

TET2A and TET2B were screened for auto-activation on the first two reporters, AURI1-
C and MEL-1, that were the same two that would be screened first in a low stringency
version of the screen. The colonies should have been able to grow on SD-Trp/X-a-Gal but
not turn blue, because MEL-1, which is one of the reporter genes, should not be expressed
without bait and prey interaction. The second reporter that the system provided to assess
true positives was resistance to AbA. In this case, the colonies should not encode for
AURI-C, therefore would not be able to survive in the presence of the toxic compound
(AbA). On DDO-Leu-Trp/X-a-Gal/AbA plates, they would not be able to survive due to
a lack of leucine, which they cannot complement for. In addition, negative and positive
control experiments were performed with the domains of proteins known to interact (p53/T
antigen) or not (p53/lamin) on the same medium with which the constructs were observed

(Fig. 7.4). No growth impairment or blue colonies were observed on SD-Trp/X-a-Gal for

SD-Trp/a-X-Gal SD-Trp/X-a-Gal/AbA DDO-Leu-Trp/X-a-Gal/AbA

pGBKT7

pGBKT7Tet2A

pGBKT7Tet2B

positive control

negative control

Figure 7.4: Controls for the expressed constructs TET2A and TET2B for autoactivation.
(SD-Trp) single drop out for tryptophan; X-a-Galactose (X-a-Gal); aureobasadinA (AbA).

the transformed yeast. No colonies grew on the other selections, confirming that there

was no autoactivation of TET2A and TET2B, thus they were used for the screen.
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7.1.1.1 Mating identifies candidate proteins

Having established that the constructs were expressed, not toxic and did not autoactivate,
the next phase of the yeast two-hybrid assay was begun which was the mating of prey and
bait. The bait carrying strains TET2A and TET2B (a mating type) were mated with a
library, derived from transcripts expressed in human bone marrow, of prey-transformed
strains (o mating type).

The mating was judged successful by the formation of diploid colonies. The efficiency
overcame the threshold of 2% and one million diploids to be screened for a screen to be
judged successful (Table 7.1).

Following the mating, colonies were plated on both DDO /X /A media and quadruple drop

Bait N of screened clones (¥10°) | Mating efficiency
TET2A(1-732AA) 12.4 4.3%
TET2B(733-2002AA) 21.96 10%

Table 7.1: Mating efficiency and number of screened clones for the Y2H screen.

out medium supplemented with X-a-Gal and Aureabasadin A (QDO/X/A). In this case,
all the four reporters provided by the system were used, adding to AUR1-C and MEL-1
previously utilized, HIS-3 and ADE-2 for which the yeast with a true interaction would
be additionally able to synthesize histidine and adenine. Colonies that survived in both
conditions and turned blue were selected for further screening.
For TET2A 12 targets were identified: 3 were nuclear and the 9 were not. For TET2B,
21 targets were identified: 7 nuclear and 14 non-nuclear (Table 7.2 and 7.3).
Subsequently, positive prey clones were further assessed for autoactivation, by co-
transforming them in yeast with empty pGBKT7 vector containing the GAL4 binding
domain and screening them on DDO/X and QDO/X/A.
The ideal interaction partner would grow on DDO media and QDO/AbA media, and
turn blue in the presence of X-a-Gal. Moreover, when transformed with an empty vec-

tor containing only the binding domain of GAL4, it should be able to grow on DDO,
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Vectors
TET2A-BD WDR61-AD
empty-BD WDR61-AD
TET2B-BD DEF1A3-AD
empty-BD DEF1A3-AD
TET2B-BD CTSB-AD
empty-BD CTSB-AD
TET2B-BD PTK2B-AD
empty-BD PTK2B-AD
TET2B-BD TMEM63A-AD
empty-BD TMEM863A-AD
TET2B-BD  ALAS2-AD
empty-BD ALAS2-AD
TET2B-BD PIG3-AD
empty-BD PIG3-AD
TET2B-BD PITPNM1-AD
empty-BD  PITPNM1-AD
TET2B-BD USP10-AD
empty-BD USP10-AD
TET2A-BD SLC25A37-AD
empty-BD SLC25A37-AD
TET2B-BD ILTRN-AD
empty-BD IL1RN-AD
TET2B-BD NFIX-AD
empty-BD NFIX-AD
TET2B-BD TGF3BR-AD
empty-BD TGF3BR-AD
TET2A-BD ZNF182-AD
empty-BD ZNF182-AD

positive control

negative control

DDO-Trp-Leu/X-a-Gal

QDO-Trp-Leu-His-Ade/

X-a-Gal/AbA

Figure 7.5: Interacting partners for TET2A and TET2B.
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Gene Total number of clones | N of identical clones
C1QA 1
FAMT7T8A
hINRP-P2
HBA1
IGHC
IGHG2
PSAP
SLC25A37
SLC46A3
TMED2
WDR61
ZNF182

&
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Table 7.2: List of interacting partners for TET2A. The ones localized in the nucleus are highlighted
in yellow. Number of clones is indicated.

but not QDO/AbA media, and should not turn blue in the presence of X-a-Gal. The
interaction partners that were validated showed these characteristics (Table 7.4 and Fig.
7.5). WDR61 and SLC25A37 showed autoactivation with X-a-Gal, forming blue colonies
on DDO/X-a-Gal media. Since they were able to grow on QDO/AbA media only when
co-transformed with the TET2A construct, they were considered as potential candidates
for assessment via further mammalian screening.

One of the advantages of the Y2H assay is that it allows the detection of weak interac-
tions; therefore, a system with multiple selection markers, can reveal the strength of an
interaction from serial dilution plating. By comparing the colonies on QDO/AbA media
in bait and prey, and in prey only, transformants, the strength of interaction, relative to
one another can be inferred. In this case, this was well illustrated by TET2-WDR61 inter-
action versus TET2-NFIX, for example. Even though WDR61-AD with empty-BD alone
was sufficient to activate X-a-Gal, it was not sufficient to grow on QDO/AbA. Therefore,
the interaction was made stronger by TET?2 either in terms of frequency of occurrence or
stability. PIG3, on the other side, displayed strong interaction with TET2, as judged by

the number of blue colonies obtained on QDO media.
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Gene Total number of clones | N of identical clones
ALAS2
B2M
DAPLE
CTSB
DEFA3
E4F1
HBB
HMGN2
IGHA1-2
IGHA1
IGHV3-30
IGLL5
IL1RN
NFIX
PIG3
PITPMN1
PSAP
PTK2B
TGFBR1
TMEMG63A
USP10

w
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Table 7.3: List of interacting partners for TET2B. The ones localized in the nucleus are highlighted
in yellow. Number of clones is indicated.

Among all the candidates obtained, the first to be excluded were those that were non-
nuclear. Next, being interested in the possible transcriptional effects of TET2, attention
was focused on WDR61. WDRG6L1 is part of the PAF complex, involved in co-transcriptional
events such as mRNA elongation and the deposition of active histone marks across gene
bodies [Kim et al., 2010], and of the SKI complex, which is involved in mRNA degra-
dation [Zhu et al., 2005]. The PAF complex has been already linked to hematopoiesis
due to its interaction with MLL1, a histone methyltransferase that is heavily mutated
in blood cancers and catalyzes H3K4me3 formation, which augments the transcriptional
activation of HoxA9 [Milne et al., 2010]. Conversely, knockdown of PAF complex members
disrupts MLL and MLL fusion protein-recruitment to target loci, as well as MLL-mediated

transcriptional activation. Deletions of MLL that abolish its interactions with PAFc also
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Gene Bait
ALAS2 TET2B
CTSB TET2B
DEFA3 TET2B
IL1IRN TET2B
NFIX TET2B
PIG3 TET2B
PITPMN1 | TET2B
PTK2B TET2B
TMEMG63A | TET2B
USP10 TET2B
SLC25A37 | TET2A
WDR61 | TET2A
ZNF182 | TET2A
TGFBR1 | TET2B

Table 7.4: List of interacting partners for TET2A and TET2B. The ones localized in the nucleus
are highlighted in yellow.

eliminate MLL-fusion construct-mediated cellular immortalization, indicating an essential
function for this interaction in leukemogenesis [Muntean et al., 2010].

TET2, on the other hand, lacks an apparent DNA binding domain [Iyer et al., 2009] to
target it to the DNA. Moreover, a high frequency of 5hmC deposition has been observed
over gene bodies [Mellén et al., 2012], making the link between Paf complex and Tet2 a

possible mechanism to explain this process.

7.1.2 WDRG61 is a member of the PAF complex

WDR61 is a protein of the WDR, family of proteins that is constituted by 7 WD repeat
domains [Xu and Min, 2011]. These domains fold to form a three-dimensional protein
structure called a beta propeller. Beta propellers consist of four stranded antiparallel
B-sheet units (between four and eight) arranged in a circle, each one consisting of 40
aminoacids repeats that terminate with the tryptophan-aspartic acid (WD) dipeptide.
Beta propellers allow WD proteins to act as a stable platform on which large protein

complexes can assemble or disassemble. In a pull down assay, WDR61 was found to be
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able to recognize H3K4me2 and H3K9me2 [Chan et al., 2009].
WDR61 is a protein of 34 kDa. The homolog of WDR61, SKIS8, has been identified in
yeast as part of the superkiller (SKI) complex, which is involved in mRNA degradation

[Brown et al., 2000] and meiosis [Arora et al., 2004]. The mammalian WDR61 has been
shown to be peculiarly different from that of yeast, as it associates primarily with the PAF
complex and secondarily with a human SKI complex [Zhu et al., 2005] formed by TTC37
(homolog of Ski-3) and SKIV2L (homolog of Ski-2). It functions in the co-transcriptional
regulation of mRNA synthesis, together with both the PAF and SKI complexes [Zhu et al.,
2005].

To validate the earlier results, attempts were first made to isolate the PAF complex and
determine how it related to TET2 in mammalian extracts. Since anti-WDR61 antibodies
are not good enough for immunoprecipitation, a model system was set out to study the
interaction. Two stable cell lines were obtained through lentiviral infection with a construct
encoding for GFP-S-WDR61. Moreover, since the aim was to study the same portion of
TET?2 found to interact in the Y2H assay, we integrated a tetracycline inducible expression
vector in the same cell line, that was either empty or encoded a 3XFI-TET2A.

By running a sucrose gradient, members of the complex and TET2 were co-fractionated.
In particular PAF1 and CTR9 were shown in almost the same fractions, WDR61 (which
was GFP tagged) and TET2 (both endogenous and TET2A) showed some degree of co-
fractionation with members of the PAF complex (Fig. 7.6).

In order to further validate this finding, it was checked directly whether members of the
complex could be coimmunoprecipitated (colP) with WDR61. The same model system
was used and LEO1 and CDC73 were validated as members of the same complex as
WDR61. With the architecture of the complex previously published [Kim et al., 2010]
(Fig. 7.7), where a direct interaction of WDR61 with CTR9 recruits other members of
the complex, it can be inferred, under these conditions, that by coimmunoprecipitating

CDC73 and LEO1 with WDR61, the whole complex is being immunoprecipitated.
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Figure 7.6: Sucrose gradient in FLP-empty vector GFP-S-WDR61 and FLP-TET2A

GFP-S-WDR61. LO indicates the input.

7.1.3 Different approaches to validate Tet2-WDRG61 interaction

Having previously established that the immunoprecipitation (IP) conditions were able to

detect members of the PAF complex, we next asked whether TET2A interaction with

WDR61 could be detected within the same system. Consequently, different approaches

were set out:

o coimmunoprecipitation (Co-IP);

o affinity purification followed by mass spectrometry analysis (AP/MS);

o proximity ligation assay (PLA);

 colocalization assessed by confocal microscopy.
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FLP
GFPS-WDR61

WDR61

70kDa

100kDa a-LEO1

Figure 7.7: Co-IP of members of the PAF complex in FLP-empty vector GFP-S-WDR61 and
FLP-TET2A GFP-S-WDRG61 (At least 3 IP were repeated. Representative picture shown).
Represented is the architecture of the PAF complex as described in [Kim et al., 2010].

The first two are common biochemical methods employed to detect interactions. The
second two approaches are more suitable for the detection of weak or transient interactions,

which are difficult to capture by biochemical approaches.

Co-IP does not show strong evidences of interaction

In the stable cell line expressing tagged TET2A and WDR61, we set out to coimmuno-
precipitate TET2A and WDRG61. The proteins were tagged with Flag and GFP-S tags;
therefore, to IP, resins could be preloaded with antibodies or with peptides, respectively,
against the Flag or the S tag. Additionally, all these antibodies were used to perform
immunodetection, in addition to the anti-Tet2 and GFP antibodies that were available
(Fig. 7.8). It was detected, upon affinity purification (AP) with the S tag antibody of S-
WDRE61, flagged TET2A (100 kDa) after long exposure with a-Flag and a-Tet2 antibodies
(Fig. 7.8 A and B). Flag tagged Tet2 was immunoprecipitated with IP anti Flag (Fig.
7.8 C), and, some degree of co-IP was shown between FLP-TET2A, immunoprecipitated
with a-Flag and a-Tet2 antibodies, and GFPS-WDR61 (70 kDa), detected by western
blot with a-GFP antibody (Fig. 7.8 D).
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Considering the weak evidence given by the immunoprecipitation results of TET2 po-
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Figure 7.8: Co-IP of TET2A and WDR61 in FLP-empty vector GFPS-WDR61 and
FLP-TET2A GFPS-WDR61. (At least 3 IP were repeated. Representative picture shown).

tentially interacting with WDR61, other strategies were used to assess whether this could

occur. However, it could already be partially concluded, both from the Y2H results and

from the co-IP, that the interaction is weak and not very frequent.

AP/MS for WDR61 does not detect TET2 despite detecting PAF complex

members

The same cell lines were employed to perform affinity purification followed by mass spec-

trometry, which gives the potential to analyze thousands of potential interactions simulta-

neously and, at the same time, the sensitivity to detect weak interactions. It was decided

that GFPS-WDR61 would be affinity purified with anti-S tag beads from three established
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cell lines:

1. FLP-TET2A;
2. FLP GFPS-WDR61;

3. FLP-TET2A GFPS-WDR61.

The cell lines were chosen in a way that background subtraction could be performed for
each AP. General background levels for the affinity purification anti-S would come from
the first cell line. Additionally, subtraction of background interactions of WDR61 not

related to TET2 were performed with the second cell line. GFPS-WDR61 was affinity

-

FLP

TET2A *+ - +
GFPS-WDR61 - +

M I APS / | APS / | APS
5 . -

Y “

(a) (b)

Figure 7.9: AP/MS of GFP-S-WDR61 in the FLPN system: a)Ruby-pro staining of affinity
purified samples. 0.5% of input and 8% of AP loaded. b) Venn diagram showing overlap of
binders for FLPTET2A-GFPS-WDR61; FLPTET2A FLIP-GFPS-WDR61.

FLIP
GFPS-WDR61

70 kDa—= FLPTET2A
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purified from both immunoprecipitations 2 and 3 alongside members of the Paf and Ski
complex as: LEO-1, CDC73, CTR9, PAF1 and TTC37 (Ski-3 homolog) (Fig. 7.10 and
Table 7.5). The results from the AP from FLIP-GFP-S-WDR61 confirmed that there
was a significant enrichment of interaction in the network analysis performed after back-
ground and common contaminants in MS analysis subtraction (CRAPPOME database:

[Mellacheruvu et al., 2013]). The AP from FLIPTET2A-GFP-S-WDR61 did not give the
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expected results, and subsequent network analysis indicated that it was not enriched in
interactions after background subtraction.

It was expected to increase the power of detection with the use of this approach in order

Target Score | Mass | Num. of significant matches | Num. of significant sequences | emPAI | Rank
WDR61 | 7091 33731 309 25 403.64 1
TTC37 4457 | 177485 170 85 12.3 3
CTR9 903 134332 37 27 1.38 36
PAF1 823 60110 27 19 2.78 39
LEO1 461 75473 17 15 0.98 70
CDC73 75 60653 4 3 0.17 385

Table 7.5: AP/MS of GFP-S-WDR61 in the FLP system. PAF complex and SKI complex
members with their relative scores are presented. emPAI is a measure of the relative abundance
of a protein in the sample.

to be able to detect TET2A, which was only detected in small amounts with the coim-
munoprecipitations. Despite being able to capture many interaction that so far have not
been documented in complex with PAF or WDR61, TET2 was not detected. Therefore,
it was concluded from this experiment that the strategy was suitable for the detection of
interactions, even though the previous finding could not be validated using this approach.
It might be relevant to repeat the experiment by IP/MS of TET2 in a suitable system
such as the BM-HPC cell line, which fully recapitulates hematopoietic stem cells in their
ability to repopulate blood lineages in a transplantation assay [Pinto do O, 1998][Pinto do
O, 2002]. This could give insights into the protein network of TET2 in the same context

that the question was interrogated in this study by Y2H.

Microscopy shows some degree of co-localization between WDR61 and TET2A

Since investigating the interaction biochemically was difficult to achieve due to the afore-
mentioned reasons of weak interaction and TET2 possibly not being part of a stable
complex, but instead possibly part of cotranscriptionally regulated event, attempts were
made to try to solve this problem by adopting a microscopy approach. With the same

cell lines that were previously utilized, immunoflorescence was performed to check for co-
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Figure 7.10: STRING network analysis of IP-MS data from FLPGFPS-WDR61. Confidence
view, where darker lines indicate stronger associations. Interaction enrichment p value
=9.79 % 1078 calculated by STRING with the Random Graph with Given Degree Sequence
(RGGDS) method [Pradines et al., 2005].
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localization between the TET2 fragment and GFP-S-WDR61.

Some degree of co-localization between the TET2 fragment and WDR61 were observed.
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Figure 7.11: Assessment of co-localization between TET2A and GFPS-WDR61 in FLP-TET2A
GFPS-WDR61. GFPS-WDR61 is displayed on the green channel (green label) and detected with
anti-GFP (yellow label) and anti-S antibody (red label) in yellow and red respectively. TET2 is
detected by staining with anti-Flag antibody (red label) on the second line. No primaries are
shown on the third line. (n =3 at least. Representative picture shown.

It was notable that both proteins did not seem to localize only in the nucleus. WDR61
has already been documented in both the nucleus and the cytoplasm [Uhlén et al., 2005].

TET2 has been shown in the nucleus [Ko et al., 2010], however, the truncated protein

might behave differently.

PLA shows interaction between WDR61 and TET2A

The proximity ligation (PLA) assay can be used to screen for weak interactions by mi-
croscopy [Soderberg et al., 2006]. It is based on the recognition of two proteins whose
interaction is to be assessed, by two antibodies from different species. The secondary

antibodies that will recognize them are conjugated to oligonucleotides that will circularize
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by ligation if they are close enough (30-40 nm), to form a circular dsDNA. Rolling circle
amplification will follow and will incorporate a florescent dye in the dsDNA. The assay
was set out in FLIPNGFPS-WDR61. A positive control was established with antibodies
against GFP and S tag that are on the same protein, and a negative control was set with
the omission of primary antibodies (Fig. 7.12). An increase was detected in the number

FLIPNGFP_S_WDR®61
DAPI  GFPSWDR6 PLA

4 G
%

anti-GFP
anti-S

anti-Flag
anti-GFP

No
primary

3 Tot spots/cell
E=1 Nuclear spots/cell

Figure 7.12: Proximity ligation assay between Tet2A and GFP-S-WDR61 in FLPTET2A
GFPS-WDR61 cells. Antibody combinations are indicated on the left side. Signal detection on
the top. Quantification of the average number of spots per cell is shown (approximately 200 cells
counted for each experimental condition) (n =3. Whiskers indicate standard deviation).

of spots over background spots in the positive control under test conditions, indicating
that the proteins displayed a certain degree of interaction in this in vitro non physiological
setting. PLA is a useful tool as it allows, if antibodies are available, to perform interaction
studies in a more physiological setting, such as in a tissue setting. Possible directions to

further validate this finding could therefore be in situ.



7.1 Results 205

7.1.4 A possible role of TET2 and PAF over the HOXAY9 locus

It has previously been shown that the PAF complex is present at the HOXA9 locus,
where it orchestrates transcriptional activation together with MLL1 [Milne et al., 2010].
Moreover, by browsing a publicly available ChIP-seq dataset for TET2 in 293T cells, a
TET2 peak was detected on the same locus [Deplus et al., 2013] and on MLL1 and HBB

genes (Fig. 7.13). It was therefore decided that this finding needed to be validated, hence
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Figure 7.13: ChIP data obtained by browsing publicly available datasets over HOXA9, MLL1
and HBB promoters [Deplus et al., 2013].

a ChIP was performed in our 293T3xF1Tet2 cell line, which carries a 3x Flag version of
TET2 stably integrated into its genome. The Flag tag was used to perform a ChIP for
TET?2 in the system to validate the binding over HOXA9, MLL1 and HBB loci (Fig. 7.14).

Moreover, HOXA9 was induced upon transient transfection with TET2 (F1Tet2) or stable
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TET?2 expression (3xFlTet2) (Fig. 7.14).

Another study validated the role of Tet2 and 5hmC in transcriptional activation of the
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Figure 7.14: ChIP assay in 3xFlagTet2 293T and western blot of HOXA9. Primers span 150 bp
each on the promoter region of HOXA9 (n = 3, whiskers bars indicate standard deviation.)
Western blot of HOXA9 in transiently transfected TET2 cells (FlTet2) at 24 h post transfection
or stable TET2 expression (3xFlTet2). Actin is used as loading control.

HOXA locus upon NT2 neuronal cell retinoic acid-induced differentiation [Bocker et al.,
2012]. Moreover, these genes are all related to hematopoiesis, and HOXA9 has been shown
to cause leukemia if overexpressed with Meisl [Kroon et al., 1998]. Mice lacking HoxA9
have disrupted hematopoiesis, but retain normal levels of more primitive progenitors with
long-term culture-initiating cell activity [Lawrence et al., 1997]. With this finding, a direct
link was established between TET2 and myeloproliferation through Paf complex mediated-
recruitment. Further studies will be needed to try to assess whether MEIS1 is regulated by
TET2, and whether 5hmC is deposited over bound genes in the BM-HPC model system

upon differentiation.

7.2 Brief summary

TET?2 is a member of the TET oxygenase family of enzymes that catalyzes the a-KG and

iron dependent conversion of 5mC to 5hmC [Tahiliani et al., 2009]. It has been found to
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be mutated in a number of cancers, but the highest mutation incidence is in blood prolif-
erative diseases such as myelodysplastic syndromes [Delhommeau et al., 2009], myelopro-
liferative neoplasms [Langemeijer et al., 2009], secondary neoplasms such as acute myeloid
leukemia [Abdel-Wahab et al., 2010] and chronic myelomonocytic leukemia [Jankowska
et al., 2009]. Much work has already been done to try to understand the connection of
TET2 with cancer. Loss of function studies in mice have modeled the human myelopro-
liferative phenotype with increased stemness, decreased differentiation potential, greater
repopulating ability and a skew toward myeloid lineage [Moran-Crusio et al., 2011]. Other
than genetic approaches, proteomic strategies have been pursued to try to identify protein
functions. Here, the TET2 protein interaction network was investigated to try to get a
better understanding of its role in disease establishment and contribution.

A number of protein partners for TET2 were published during the course of the study,
mainly linking its function to transcription. One of the partner identified in more than
one study was OGT [Chen et al., 2012b][Vella et al., 2013|[Deplus et al., 2013], which is
an O-linked N-acetylglucosamine transferase that is involved in transcriptional activation
through recruitment of the SET/COMPASS histone methyltranferase [Lee et al., 2007].
Other partners further link TET2 with transcription and genomic targeting. IDAX, which
is a CXXC domain-containing protein that binds to unmethylated CpG dinucleotides, lo-
calizes to promoters and CpG islands in genomic DNA and interacts directly with the
catalytic domain of TET2 [Ko et al., 2013]. Other links with transcription and pluripo-
tency maintenance, through the regulation of gene expression and promoter DNA methy-
lation, include the transcription factors EBF1 [Guilhamon et al., 2013], NANOG [Costa
et al., 2013] and PU.1 [de la Rica et al., 2013], the interaction with the transcriptional
regulator PRDM14 [Okashita et al., 2014] and glycosylases of the BER pathway TDG
and NEIL [Miiller et al., 2014]. Among them the strongest evidences are for OGT and
NANOG, which were observed multiple time with immunoprecipitations performed under

both overexpression and endogenous settings and with stringent salt conditions. The oth-
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ers might be peculiar to the system studied and less frequent or stable.

Here, the protein network of TET2 was investigated in an in vitro setting by adopting the
yeast two-hybrid system. By exploiting one of the advantages of the system, which is its
flexibility, the question could be investigated in a hematopoietic context by making use of
a bone marrow-derived prey library. To overcome one of the major disadvantages of the
method, a screening strategy was adopted that relied on the activation of four independent
reporters upon positive interaction between prey and bait. Furthermore, to maximize the
possibility of success, the expression of full length TET2 was avoided by dividing it into
two parts following criteria that excluded regions of sequence conservation and secondary
structure formation for the selection of the breakage point. The two fragments adopted
as bait were TET2A (1-733 AA) and TET2B (734-2002 AA). After verifying that they
did not result in cytotoxic effects or auto-activate the GAL4 responsive elements upon
expression in yeast, the next step of the screening was begun, which was the mating of the
bait transformants with the prey pre-transformed library. The mating screen resulted in
the identification of possible candidates for the interaction, which were then also screened
for auto-activation. Among the list of the ones obtained after filtering out for duplicates
and auto-activating proteins, attention was focused on WDR61.

WDR61 is a member of the WDR family of proteins, constituted by 7 WD repeat do-
mains [Xu and Min, 2011] which can recognize methylated histone lysine motifs [Chan
et al., 2009]. WDRE61 is conserved in yeast and it assembles into the PAF [Mueller and
Jaehning, 2002] and SKI complexes [Brown et al., 2000][Zhu et al., 2005], which are ded-
icated to the co-transcriptional control of gene expression. The PAF complex has been
found to participate in transcription elongation together with super elongator IT (SII)
[Kim et al., 2010}, the process by which the RNA polymerase gets engaged in productive
transcription after its release from the pre-initiation complex. Moreover, the PAF com-
plex has been shown to be able to link elongation to histone modification by recruitment

of the SET/COMPASS complex and deposition of H3K4me3, and of Dotl with deposi-
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tion of H3K79me3 [Krogan et al., 2003]. Additionally, the O-linked N-acetylglucosamine
transferase OGT, which has previously been reported to interact with TET2 [Chen et al.,
2012b][Vella et al., 2013][Deplus et al., 2013], is able to glucosylate H2BS112 and mediate
the ubiquitination of H2BK120 by BERI1 enzymes [Fujiki et al., 2011], a modification that
is itself linked to the recruitment of the SET/COMPASS complex and to the production of
H3K4me3, promoting the activation of gene expression [Lee et al., 2007]. It was intriguing
to try to position TET?2 in this landscape by adding a potential interaction with WDR61
and, therefore, with the PAF complex.

Another reason for interest in the PAF complex is the still unexplained role of 5hmC over
gene bodies which has been found in highly expressed genes in the brain [Mellén et al.,
2012], 4n vitro during neuronal differentiation [Hahn et al., 2013] and in both human and
mouse ESCs [Xu et al., 2011][Stroud et al., 2011][Pastor et al., 2011][Wu et al., 2011a][Yu
et al., 2012][Lister et al., 2013][Booth et al., 2012][Huang et al., 2014]. A possible hypoth-
esis links TET2 to the deposition of 5hmC over gene bodies, as evidence suggests that
levels of 5hmC are reduced primarily at this location upon Tet2 KD [Huang et al., 2014].
Speculation points to the fact that TET2 does not possess a CXXC binding domain and,
thus, cannot be targeted efficiently to unmethylated CpG dinucleotides, which are known
to be highly enriched in CpG islands present mainly at promoter regions [Bird, 1986].

To validate the yeast two-hybrid finding, cell lines were established carrying 3xFITET2A
and GFPS-WDR61. First it was validated that WDR61 could be co-purified with members
of the PAF complex such as CDC73 and LEO-1 under the conditions used, and that some
degree of co-fractionation could be detected in sucrose gradients between TET2, WDR61
and PAF complex members. Subsequently the analysis was continued using different ap-
proaches like affinity-purification associated with MS analysis and immunoblot detection,
and microscopy techniques like proximity ligation assay and colocalization studies.

The biochemical approaches, together with the Y2H assay, revealed that the interaction

is neither frequent or stable. Only weak bands were detected for the co-IP for both Tet2
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and WDR61 when immunoprecipitating each other. The IP condition were found to be
valid for the isolation of both PAF and SKI complex members, as they were detected in
the MS results after background subtraction. Having established that biochemical tech-
niques might not be sensitive enough for the detection of WDR61-TET2A interaction,
efforts were directed towards microscopy techniques. First the degree of colocalization
was assessed followed by PLA. In PLA, a spot can be detected only if proteins are in
close proximity, therefore the technology is suitable to reveal weak and transient inter-
actions that might happen in small fractions of cells. In the PLA assay, a number of
spots was detected for TET2A GFPS-WDR61 over the background. In conclusion, some
evidences has been obtained that this interaction occurs and future directions might test
whether the reverse is true by IP/MS of TET2 in a hematopoietic setting, such as the
BM-HPC cell line, which has been shown to be a valuable biochemical tool for the study
of hematopoiesis as it overcomes limited hematopoietic stem cell availability. This cell
line was established from stem cells through overexpression of Lhx2, and tested for en-
graftment in mice where it could fully recapitulate all the blood lineages [Pinto do O,
2002]. In this direction, attempts were made to link TET2 and the PAF complex to a
possible function within the hematopoietic compartment. In the literature, the positive
role of MLL1/PAF complex interaction over the transcription of the HoxA9 locus is well
documented [Milne et al., 2010] and it has been known that HoxA9 deletion can induce
myeloproliferation in a genetic mouse model [Lawrence et al., 1997]. Additional lines of
evidences point to a direct role of MLL1/PAX complex interaction in the establishment
of myeloid leukemia [Muntean et al., 2010]. The presence of TET2 over the HOXA lo-
cus has been documented in a neuronal cell line [Bocker et al., 2012]. This finding was
validated here in HEK 293T (embyonic kidney fibrobalsts) cells, further confirming what
had already been observed in publicly available ChIP datasets for TET2 [Deplus et al.,
2013]. Furthermore, HOXA9 upregulation was detected following TET2 induction. The

above finding further points towards a direct involvement of TET2 over the HOXA9 locus,
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possibly mediated by its interaction with the PAF complex. Mutant TET2 could behave
like MLL fusion protein and abnormally activate the transcription of the HoxA9 locus,
necessary for normal myeloproliferation [Milne et al., 2010]. Future studies might look
towards the mapping of the interaction to understand if any particular mutation is able
to abolish/strengthen it. Finally, it could be established a direct link between TET2,
cancer and 5hmC deposition over gene bodies. Further experiments to validate this, other
than MS analysis, could assess the effects of the presence of 5hmC over the locus towards

differentiation in the BM-HPC model-system.



Chapter 8

Discussion

In 2009, two groundbreaking papers discovered the presence of 5hmC in mammalian DNA
[Kriaucionis and Heintz, 2009][Tahiliani et al., 2009]. 5hmC is derived from 5mC oxidation,
which is catalyzed by the TET family of iron and a-ketoglutarate-dependent oxygenases
[Tahiliani et al., 2009]. The same enzymes have subsequently been found to produce 5{C
and 5caC [Ito et al., 2011]. TET1 was originally discovered fused to MLL1, forming the
ten eleven translocation in leukemia that gave the Tet family its name [Lorsbach et al.,
2003]. After the discovery of 5hmC, more papers came out documenting different TET2
mutations in many cancer types, with the highest mutation rate observed in blood cancers,
particularly in acute myeloid leukemia [Delhommeau et al., 2009]. Moreover, 5hmC has
been found to be globally depleted in the genome of multiple cancer types [Yang et al.,
2012|[Kraus et al., 2012], generally correlating with decreased TET expression (breast,
pancreas, lung, liver and skin cancers) [Lian et al., 2012] or TET2 inactivating mutations
(blood cancers) [Ko et al., 2010].

The aim of this research project was to characterize 5hmdC, 5fdC and 5cadC as possible
cytotoxic agents for use in anti-cancer therapy (Chapter 5 and 6). Thus, the roles of 5hmdC

and 5fdC were investigated in the context of the nucleotide salvage pathway (Chapter 4).
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Additionally, given the already documented major roles of TET2 in cancer, attempts
were made to dissect its protein interaction network to gain a better understanding of its

physiological role, and that of 5hmC, in cancer development (Chapter 7).

8.1 5hmdC and 5fdC as possible cancer therapeutic agents

Since its discovery, one of the roles associated with 5hmC has been that of an interme-
diate for DNA demethylation, via both active and passive mechanisms [Tahiliani et al.,
2009][Hajkova et al., 2010][Guo et al., 2011]. There has, therefore, been significant in-
terest in it, given the prominent role of DNA methylation in biological processes such
as imprinting, development, transposon silencing, X-chromosome inactivation and cancer.
Cancer genomes generally display hypomethylation and site-specific CpG island promoter
hypermethylation. DNA hypomethylation occurs at many genomic sequences, such as
repetitive elements, retrotransposons and introns. However, the most recognized epi-
genetic disruption in human tumors is CpG island promoter hypermethylation-associated
silencing of tumor suppressor genes such as p16, MLH1 (mutL homolog-1), BRCA1 (breast
cancer—associated-1) and VHL (von Hippel-Lindau tumor suppressor) [Esteller, 2008]. The
importance of the regulation of DNA methylation has been supported by the discovery
of somatic mutations in enzymes involved in the pathway, such as the ones observed
for DNMT3A [Ley et al., 2010], TET1 [Lorsbach et al., 2003] and TET2 [Delhommeau
et al., 2009] in hematological malignancies. Moreover, aberrant DNA methylation has
been proposed as one of the hallmarks of cancer [Esteller, 2007]. Numerous lines of
investigations have, therefore, led to the development and FDA approval of therapies
for acute myeloid leukemia that are based on nucleoside analogues (5-azacytidine and
5-azadeoxycytidine), able to mimic endogenous cytosine and to inhibit DNA methyla-
tion [Fenaux et al., 2009][Garcia-Manero et al., 2013]. In particular, azacytidine and its

deoxynucleoside equivalent decitabine, when incorporated into the DNA, result in the
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covalent trapping of DNMTs (DNA methyl transferase) enzymes on the base that they
were attempting to methylate, which stops the progression of the replication fork until
the covalent block is resolved by the degradation of DNMTs [Santi et al., 1984]. As a con-
sequence of DNMT depletion, methylation marks are lost during DNA replication. One
of the disadvantages in the use of these drugs in the clinic is their chemical instability
and a consequent half-life of less than 24 hours in the aqueous environment [Lin et al.,
1981]. Another drawback, is the expression of cytidine deaminase (CDA) in the kidney
and liver [Camiener and Smith, 1965] which quickly converts them into the inactive DNA
methylation inhibitors 5-azauridine (5azaU) and 5-azadeoxyuridine (5azadU) [Chabner
et al., 1973]. Therefore, strategies to overcome the inherent instability of these analogs
and their enzymatic conversion by CDA have been [Camiener, 1968][Driscoll et al., 1991],
or are being attempted through the development of CDA inhibitors (tetrahydrouridine
(THU) or zebularine derived) [Ferraris et al., 2014], or with different formulations like the
conjugation of 5azadC to another nucleoside in the form of oligonucleotides [Stresemann
and Lyko, 2008].

Since the result of TET enzymes overexpression, and that of treatment with 5-azacytidine
and decitabine is global DNA demethylation [Tahiliani et al., 2009][Jones and Taylor,
1980], it was speculated that 5hmdC could be key in this process, even when adminis-
tered to cells. It was hypothesized that it could eventually be incorporated into the DNA
and induce DNA demethylation via mechanisms dependent on thymine DNA glycosylase
(TDG) or activation-induced deaminase (AID)/APOBEC-mediated base excision repair
(BER) pathway enzymes (reviewed in [Wu and Zhang, 2014]).

Once a nucleoside has entered a cell, through dedicated transporters, it has to overcome
various obstacles before it can be incorporated into the DNA. Therefore, in order to verify
the hypothesis whether 5hmdC treatment would induce DNA demethylation once adminis-
tered to the cell, two strategies were adopted: the first one investigated the fate of 5hmdC

and 5fdC in relation to nucleoside salvage pathway enzymes; while the second determined
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the cytotoxic potential of the nucleosides.

The first strategy was investigated via a top-down approach, first testing whether the repli-
cation machinery would pose a barrier to 5hmdCTP incorporation. Previous reports have
documented the role of 5hmC, 5fC and 5caC in DNA replication and DNA structure. In a
tissue culture model it was demonstrated that templates containing 5fC and 5caC modestly
inhibited replication, while 5hmC-containing plasmids caused no significant impairment
[Ji et al., 2014]. Regarding Watson-Crick base pairing, no significant deviation was found
in B-DNA structure, when 5hmC, 5fC and 5cadC were incorporated into oligonucleotides
used to generate crystals [Renciuk et al., 2013]. Following these lines of investigation, this
project assessed whether the cellular replication machinery imposed any barriers to 5hmd-
CTP incorporation. Given that mammalian cytoplasmic membranes are not permeable to
nucleotide triphosphates, they were delivered either directly to nuclear extracts (IVRA) or
through the usage of electroporation or vesicle mediated transfer. With these approaches,
successful incorporation of 5hmdCTP into the DNA of replicating cells was achieved, with
the drawback of not being able to assess the kinetics of incorporation (for which a labeled
source of triphosphate would be necessary for accurate quantification).

Having assessed the successful incorporation of 5hmdCTP, the fate of 5ShmdC once it en-
tered the cell needed to be unraveled. Nucleosides are imported into the cell via nucleoside
transporters which are broadly expressed across NCI60 panel cell lines, therefore it was
assumed that b5hmdC would gain entry into the cells via any of these family members.
Given the similarity of these cytidine variants with bazadC, it was hypothesized that it
would be preferentially imported via the same family of equilibrative nucleoside trans-
porters (ENT) family members as documented previously [Damaraju et al., 2012]. Once

it had entered the cell, the nucleoside could follow two main routes in the cytoplasm:

1. deamination by cytidine deaminase (CDA);

2. monophosphorylation by deoxycytidine kinase (DCK).
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To tackle this hypothesis, two lines of investigation were followed: one that would see the
treatment of a variety of cancer cell lines belonging to the NCI60 panel to potentially ex-
ploit the available gene expression resources for bioinformatic analysis; and the other that
would start to biochemically dissect the pathway to nucleotide production, by purifying

the enzymes believed to be involved.

In vitro cytotoxic potential of 5himdC and 5fdC

After assessing the stability of 5hmdC, 5fdC and 5cadC under the conditions utilized for
the assay, treatment of more than twenty cancer cell lines with 5hmdC over a 10 day time
frame was begun. The discovery of 5fdC and 5cadC had not been reported at the start of
the project, therefore they were included later in the study and tested on a smaller number
of cell lines. The selection of cancer cell lines started by taking into account two criteria:
availability and a broad range of tumor origins. The first cell lines tested included a breast
cancer cell line (MDA-MB-231), which displayed a strong response to 5hmdC treatment,
with 5hmdC treated cells dead at day 10 after treatment. Weaker growth inhibition was
observed in the A375 cell line. No growth inhibition was observed for all the other cancer
cell lines tested at the beginning, both derived from solid (LN18, H1299, Colo-320) and
blood cancers (THP-1, BL70). With the initial idea to exploit genomic data to investigate
the mechanism of cytotoxicity of the compound, it was necessary to find another cell line
that behaved similarly to MDA-MB-231. In the search for cell lines displaying the same
growth phenotype, few parameters were considered such as origin, common DNA methy-
lation profile at promoters associated CpG islands of genes important for drug response
[Shen et al., 2007], gene expression and drug response cluster analysis [Scherf et al., 2000].
By testing several cancer cell lines per group, cancer origin and common DNA methylation
profiles at some promoters could be excluded as possible factors mediating the response.
Finally, by making use of an available gene expression cluster analysis for cell lines be-

longing to the NCI60 panel [Scherf et al., 2000], a lung cancer cell line (HOP-92) was
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found that behaved similarly to MDA-MB-231. Other than MDA-MB-231 and HOP-92,
for which less than 20% of live cells were counted after treatment, a group of cell lines
was found that displayed intermediate growth inhibition (defined by setting a percentage
of cells remaining after the treatment comprised between 20 and 80%), and no growth
inhibition (more than 80% of cells alive after the treatment).

To decode the mechanism of response, which in our hypothesis could be due to global
induction of DNA demethylation, the global levels of 5mC and the levels of expression
of genes known to be reactivated upon bazadC administration were evaluated. No signif-
icant difference was observed in global 5mC content and gene expression levels between
dC-treated and 5hmdC-treated cell lines. In comparison, 5azadC (which was the positive
control for DNA demethylation) displayed both phenotypes.

Having excluded DNA demethylation as a possible cause of the observed cytotoxic re-
sponse, available gene expression datasets [Pfister et al., 2009] were used for cluster analy-
sis of two extreme responders (MDA-MB-231 and HOP-92) versus two cell lines insensitive
to the treatment (MCF7 and MDA-MB-435). This analysis resulted in cytidine deaminase
(CDA) being ranked 79th in the list of possible candidates commonly expressed in respon-
sive cell lines, but differentially expressed in relation to the non-responding ones. No other
gene known to be involved in nucleotide metabolism was found to be significantly differen-
tially expressed. In cancer therapies development, large datasets (genomic, metabolomic)
are currently exploited to model exhaustively the wide heterogeneity observed in cancer.
In light of this, cancer cell panels represent a useful tool for better understanding how
compounds act in vitro, before their in vivo development. A molecular understanding
of drug action is necessary to limit its induced toxicity and to provide better and more

personalized treatment option.
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Nucleoside salvage of 5hmdC and 5fdC

Having assessed that 5hmdCTP, if present, could be incorporated by the replication ma-
chinery, it remained to be investigated whether the enzymes involved in the cytidine salvage
pathway could use 5hmdC and 5f{dC to produce their respective triphosphates. Hence, it
was first investigated whether a monophosphate could be produced from 5hmdC, 5fdC and
5cadC. Nucleoside kinases capable of adding a monophosphate to nucleosides are present
in both the cytoplasm (TK1, DCK, AK) and the mitochondria (TK2, DGK). Among
them, the enzyme mainly responsible for the production of dCMP from dC is deoxycyti-
dine kinase (DCK). Additionally, very low conversions of dC to dCMP are observed with
TK1 [Johansson and Eriksson, 1996]. Given the highest affinity and activity of DCK for
dC, the enzyme was purified and its activity assessed on 5hmdC, 5fdC and 5cadC. DCK
has already been shown to be able to phosphorylate 5mdC, 5azadC and other nucleoside
analogs, displaying lower V4, for cytidine modified at the fifth aromatic ring carbon po-
sition [Eriksson et al., 1991]. Monophosphates were obtained for 5hmdC and 5fdC, but
not for 5cadC.

Following monophosphate production, the nucleotide can undertake one of two routes:
either deamination by dCMP deaminase (DCTD) [Maley et al., 1993]) or diphosphory-
lation by cytosine monophosphate kinase (CMPK1). Since assessment of the possibility
of triphosphate production from these modifications was desired, the focus of the study
was restricted to CMPK1. CMPKI1 is not the only kinase that can produce dCDP in the
cytoplasm; AK5 [Van Rompay et al., 1999a], AK7, AK8 [Panayiotou et al., 2011] and the
recently discovered AK9 [Amiri et al., 2013] all have minor activity towards dCMP com-
pared with CMPK1. CMPK1 was purified and its phosphorylation potential assessed in
a coupled assay with DCK. Diphosphates could be detected for dCMP, but not for 5hmd-
CMP and 5f{dCMP. Therefore, it was concluded that a 5hmdCTP triphosphate could not
be produced by the canonical route of cytosine salvage. This finding is in line with previous

reports that were unable to obtain 5mdCTP from 5mdC [Vilpo and Vilpo, 1993].
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CDA as an effector for 5hmdC and 5fdC salvage and cytotoxic activity

Having assessed that 5hmdC and 5f{dC could not be converted into triposphates and the
gene expression analysis having indicated that CDA could be mediating the observed
cytotoxic effect of 5hmdC on cell lines, the hypothesis was made that 5hmdC could be
converted into 5hmdU, which has already been shown to be incorporated into DNA and to
induce toxicity if administered to cells and incorporated with a 5hmdU/T ratio of 1/150
[Boorstein et al., 1987|[Kaufman, 1986].

To validate this hypothesis, the involvement of CDA was first confirmed in the growth
inhibitory phenotype of 5hmdC displayed on other available cell lines with high CDA
expression levels, such as SN12C and Capan-2 (renal and pancreatic cancer cell lines, re-
spectively). Subsequently, stable knock-downs and overexpression of CDA were established
in sensitive (MDA-MB-231 and SN12C) and non-sensitive cell lines (H1299 and MCFT)
and treated with the same 5hmdC schedule used in previous experiments. The phenotype
could be rescued in sensitive cell lines, and non-responding cell lines were sensitized to
the treatment. Later, CDA was purified and the possibility of conversion of 5hmdC, 5fdC
and 5cadC was assessed. Deamination of 5hmdC and 5fdC could be achieved, but not
that of 5cadC, which instead displayed a mild inhibitory-potential over the deamination
of the CDA-preferred substrate dC. 5fdC displayed the second highest V. after dC, and
5hmdC the lowest. In between the two were 5azadC and 5mdC. The slow conversion rate
observed for 5hmdC could be explained by an additional hydrogen bond formed between
the enzyme and the hydroxyl group, shown in the modeling analysis, making the release
of the product slower. In agreement with this finding, HPLC analysis detected 5hmdU
in the DNA of 5hmdC-treated cells and its amount correlated well with CDA expression
levels. In the literature, it had already been documented that cells treated with 5mdC
did not acquire 5mC in their DNA, but instead gained dT after the deamination of 5mdC
[Jekunen et al., 1983], and that the resulting cytotoxicity could be reversed by the addition
of the CDA inhibitor tetrahydrouridine (THU) [Jekunen and Vilpo, 1984]. In conclusion,
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the barrier to 5hmdC incorporation lies in the absence of diphosphate production in the
cells. An interesting finding that further supports the evidence of low polymerase selectiv-
ity, recently revealed that, in E. coli, by overcoming the lack of importers for nucleotide
triphosphates with the exogenous expression of genes from Phaeodactylum tricornutum,
synthetic nucleotides could be imported, incorporated in the DNA upon replication and
replicated [Malyshev et al., 2014] (Fig. 8.1).

Having seen that 5{dC could be deaminated at a faster rate compared to 5hmdC and that
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Figure 8.1: Proposed model for 5hmdC salvage and cytotoxicity. According to the data
presented, 5hmdC enters into the cells and is either deaminated by CDA or monophosphorylated
by DCK. The route to triphosphate is then blocked by CMPK1, which cannot form 5hmdCDP
from 5hmdCMP. 5himdU is then triphosphorylated and incorporated into DNA [Kaufman, 1986],
where, following erroneous base pairing with A, it induces double strand breaks, YH2AX and
replication arrest.

a diphosphate could not be produced from it, it was tested for cytotoxicity on the same
cell lines in which a response to 5hmdC had been detected. A greater growth inhibitory

effect for 5fdC, as compared to 5hmdC, could be detected in the same cell lines for which
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less than 20% of cells remained at the end of the first experiment. The presence of 5fdU
could not be detected in the DNA by the HPLC system in use. It might be useful to assess
this again using another HPLC column or a different gradient, which would ensure the
separation of 5mdC and 5fdU, which we found to overlap on the column and the conditions
used in this study.

Further to the observed cytotoxicity of 5hmdC and 5fdC, an increase in phosphorylated
H2AX could be detected, a known marker for double strand breaks and DNA damage [Ro-
gakou et al., 1998]|[Rogakou et al., 1999]. Some delay in the cell cycle was also observed,
such as an increase in the S or G2 phases, indicating damage-induced repair activity or
replication arrest. No involvement of p53 could be inferred from the observed response,
as the responding and non-responding cell lines had different p53 statuses. Another paper
in the past verified the induction of double strand breaks in the DNA following 5hmdU
treatment in a pb3 knockout cell line, further supporting cell death being caused in treated

cells by p53-independent routes [Mi, 2001].

In vivo evaluation of 5hmdC and 5fdC stability and cytotoxic potential

Further to the in wvitro screen, the antitumoral activity of the compounds were evaluated
in vivo. It was first established that 5hmdC and 5{dC did not show any sign of toxicity in
the organs in which CDA is expressed. Furthermore, it was verified that the compounds
were able to enter the bloodstream after intraperitoneal injection and persist there at least
until 30 minutes after the injection. This was in comparison with the half life of 5azadC in
animal blood, which ranges between 15 and 30 min [Covey and Zaharko, 1985]. However, a
detailed pharmacokinetic study needs to be performed with more time points, to assess the
persistence of the desired concentration of drug in the blood. Following the toxicological
studies, xenograft tumor models were established with the cell lines utilized in the in vitro
study (H1299, SN12C). Both "CDA elevated" and "CDA low expression" cell lines were

injected into each flank of each animal tested, and the established tumors were treated
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with 100 mg/kg of 5hmdC or 5fdC. A decrease in tumor volume in the CDA elevated
cell lines could be detected. Tumor weight changes occurred mostly upon treatment with
5fdC, which could be explained by the increased potency displayed by this drug in wvitro.
Attempts were made to quantify fibrosis in the treated tumors, but significance could not
be obtained due either to the low numbers of animals and the high variability observed
or the absence of the phenotype. Improvements in the experimental setting could come
from the accurate pre-selection of a homogeneous cohort of tumor induced xenografts.
Following injection of the cell lines, slight variability in the timing of tumor induction
was observed, which could have been normalized by increasing the number of injected
animals and removing the ones that did not reach a homogeneous baseline at day 0 from
the treatment schedule. However, this would have required a greater number of animals,
which was not feasible for this first study. Small amount of 5hmdU could be detected in
the DNA of high CDA-treated tumors, and this correlated with significant induction of
~vH2AX as measured by confocal microscopy. Certainly, the xenograft model used here is
only a first step towards the in vivo development of clinically active compounds, therefore,
more experiments are needed. Such future experiments could include, for example, a more
physiological settings such as the pancreatic cancer mouse model Kras®?P Trp53f172H
Pdx-1-Cre [Hingorani et al., 2005], which has been shown to faithfully recapitulate the
clinical, histopathological, pharmacokinetic and molecular features of the human disease

and which naturally overexpresses CDA [Bapiro et al., 2012].

CDA overexpression in cancer

Clinical interest around human CDA is due to its ability to deaminate both its natu-
ral substrate as well as several chemotherapeutic agents, such as the anti-cancer agents
5-azadeoxycytidine (bazadC) and difluorodeoxycytidine (gemcitabine). The deamination
of these agents leads to their pharmacological inactivation. For this reason, many CDA

inhibitors have been developed while others are under development. By data mining
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databases and available genomic data, CDA expression levels were evaluated across a wide
range of human cancers and CDA overexpression could be detected in pancreas, testis and
stomach cancer (Fig. 8.2). In accordance with this, in mouse models of pancreatic cancer
has been shown that treatment with nab-paclitaxel reduces the high CDA expression levels
and it is able to further sensitize cells to the activity of gemcitabine [Bapiro et al., 2012].
Additionally, this finding has been validated in clinical trials in human pancreatic cancers
underlying the fundamental importance of CDA expression in this setting in relation with
response to treatment [Von Hoff et al., 2013].

In vitro, CDA overexpression has been clearly linked to a decreased sensitivity to bazadC

U133Plus2

CDA Pancreatic cancer

1284 p<0.0001

log2

Log2GCRMA
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Figure 8.2: CDA expression across human cancers. Red indicates normal, green indicates cancer
(data obtained from the GENT database and a pancreatic cancer dataset [Pei et al., 2009]).

[Eliopoulos et al., 1998][Kanno et al., 2007]. Indeed, when overexpressed it is able to rescue
the toxicity induced by bazadC, and only co-treatment with inhibitors of CDA like THU
[Eliopoulos et al., 1998] or zebularine is able to reverse the growth phenotype [Lemaire
et al., 2008]. Numerous reports link CDA overexpression, with poor clinical response to
bazadC treatment and poor prognosis [Qin et al., 2011][Mercier et al., 2013], with mention
of high CDA expression observed in males [Mahfouz et al., 2013]. On the other side, CDA
downregulation has been linked to increased toxicity of bazadC treatment, with docu-

mented cases of death [Mercier et al., 2007]. Among the known genetic variants of CDA
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there are K27Q and A70T, which are associated with the polymorphisms 79A>C and
208G>A [Kiihn et al., 1993][Laliberté and Momparler, 1994|[Yue et al., 2003]. They have
been characterized enzymatically, and it has been shown that A70T displays generally
low catalytic activity, while K27Q has enhanced catalytic activity towards dC and 5azaC,
but not to bazadC, compared to the K27 variant. On the other hand, enhanced inhibi-
tion by THU and zebularine was measured for K27Q [Micozzi et al., 2014]. In agreement
with these findings in the clinic, CDA A70T has been associated with higher sensitivity
to bazadC and gemcitabine together with enhanced toxicity [Mercier et al., 2007][Giovan-
netti et al., 2008], while CDA K27Q-treated patients normally display lower efficacy of
bazaC treatment [Bhatla et al., 2009][Falk et al., 2013]. Moreover, further highlighting the
importance of CDA in 5azadC treatment, Down’s syndrome AML patients display a high
cure rate compared to non-Down’s syndrome patients. This is due to low CDA expression
paralleled by high expression of DCK, due to inactivating mutations in the transcription
factor GATAT1 which is present at the CDA promoter, in all AML cases observed in Down’s
syndrome patients [Ge et al., 2004][Ge et al., 2005]. Lastly, another SNP on the promoter
(-451C>T), which would lead to the loss of an ETS1 binding site and the gain of a LYF1
site, has been found to promote increased efficacy for cytarabine treatment, linked to de-
creased expression of CDA [Fitzgerald et al., 2006][Mahlknecht et al., 2009].

The results indicate that CDA overexpression would enable the conversion of both 5hmdC
and 5fdC pro-drug into their toxic counterparts, mediating the induction of DNA dam-
age and cell death. Further studies are therefore needed to assess whether sequential or
combined treatment with 5azadC and 5fdC or 5hmdC could lead to better prognosis in
these cases where CDA levels are elevated. According to the observed k,, values, com-
bined treatment might not be useful, since 5azadC has the lower k,, of the three, which
will always allow the compound to out-compete 5hmdC and 5fdC in the active site of the
enzyme. On the other hand, it might be that once 5fdC "conquers" the active site of CDA,

it would be able to be deaminated faster than any of the other two drugs (according to
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the observed V42 ), enabling the release of a high drug concentration. Therefore, it might
prove useful to derivatize 5fdC to improve its affinity to CDA, compared with the one
of bazadC, potentially offering new treatment options. The relative stability of the com-
pounds should also be taken into account and alternative injection schedules be proposed.
CDA upregulation, following 5azadC treatment, has been widely proposed as a resistance
mechanism [Steuart and Burke, 1971][Qin et al., 2011]. This, together with the increased
resistance to targeted therapies that is observed in the clinic, make the efforts directed
toward the development of secondary treatment regimes exploiting possible resistance
mechanisms much needed. 5hmdC and 5fdC, despite not displaying nanomolar potencies
in vitro, might offer possible treatment avenues in cases of multidrug resistance. Their
activity is hugely dependent on DNA incorporation rate and DNA damage repair, there-
fore combinatorial treatment with other drugs inhibiting these processes might improve
their potency. Following this line, it was previously shown that combination of 5hmdU
with a PolyADP ribose inhibitor (PARP) showed an increased response due to inhibition
of repair [Boorstein et al., 1987]. Other combinations possibilities might come from epi-
genetic therapies which are at the moment at the "tipping point" in cancer [Jones, 2014].
Promising results are being shown by the combination of DNA methylation and histone
deacytylases inhibitors in solid tumors (small cell lung cancer)[Ahuja et al., 2014] and
new avenues of therapies are being tested with the development of drugs targeting other
epigenetic proteins (BRD4, DOT1L, EZH2). This approach might offer a priming step
necessary to reprogram the cancer genome, making it more homogeneous to prime it to
subsequent therapeutic steps, in which more selective inhibitors might be needed. Resis-
tance to first line treatment is increasingly growing and as cancer is defined not only by
a hyperproliferative state, but as well by an altered metabolism and by the interaction
with the microenvironment and the with the immune system [Hanahan and Weinberg,
2011] targeted therapies, together with immuno-therapies or therapies yet to be developed

replacing oncometabolites, offer new exciting treatment opportunities.
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8.2 The TET2 interaction network

The ten eleven translocation (TET) family of proteins, despite being known for many
years due to the role of TET1 in translocations occurring in myeloid leukemia [Lorsbach
et al., 2003][Ono et al., 2002], were only assigned a function in 2009, when it was discovered
that they are responsible for the production of 5hmC in the DNA [Tahiliani et al., 2009].
Given the number of mutations observed for one of its family members, TET2, in myeloid
malignancies, this investigation focused on trying to dissect its protein interaction network
to shed light on its function in hematopoiesis. The flexibility of the yeast two-hybrid tech-
nology was exploited, which allowed a bone marrow-derived library of prey interaction
candidates to be selected. Interrogating this question by biochemical techniques would
have been complicated in a bone marrow hematopoietic stem cell setting, as cellular ma-
terial is limited. The bait was constituted by TET2, which was split in two parts at
aminoacid 733: TET2A (1-733AA) and TET2B (734-2002AA). Bait and prey were con-
jugated with the respective GAL4 DNA binding and activation domains and, whenever a
productive interaction occurred, the proximity of the two domains activated the expression
of reporter genes which were then screened for. A list of putative targets was obtained
and validated for not inducing autoactivation when transformed with an empty binding
domain. Even though the Y2H screen led to the conclusion that the strength of the inter-
action was weak, by observing autoactivation for one of the four reporters assessed, the
TET2A putative interacting partner WDR61 was selected for further screening. WDR61
is a member of both the PAF and SKI complexes, and participates in the co-transcriptional
regulation of RNA synthesis [Zhu et al., 2005][Kim et al., 2010]. Different reports have
documented the presence of 5hmC over gene bodies in brain [Mellén et al., 2012], in vitro
during neuronal differentiation [Hahn et al., 2013] and in both human and mouse ESCs
[Xu et al., 2011][Stroud et al., 2011][Pastor et al., 2011][Wu et al., 2011a][Yu et al., 2012]

[Lister et al., 2013][Booth et al., 2012][Huang et al., 2014]. Recent literature also points
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to TET2 as a member of the family responsible for this deposition, since when it was
knocked down, 5hmC levels over gene bodies were reduced [Huang et al., 2014]. Moreover,
TET?2 lacks a CXXC domain, which is responsible for DNA binding, therefore, alternative
recruitment processes must occur to target it to the DNA. In this study it was speculated
that WDR61 might be the protein responsible for TET2’s targeting over gene bodies.
Screening was begun using a fibroblast-derived cell line (HEK 293T) which stably ex-
pressed tagged versions of WDR61 and, following doxycycline induction, TET2A. Coim-
munoprecipitation strategies followed by immunoblotting or mass spectrometry (MS) were
able to isolate members of the PAF and SKI complexes. Weak evidence of coimmunopre-
cipitation among the candidate proteins in the cell line studied were observed, leading
to the conclusion that, if an interaction occurred, it must be infrequent and unstable.
Therefore, microscopy approaches were employed to further validate this finding, which
offer the advantage of observing single cell events. Colocalization was used, alongside the
proximity ligation assay (PLA), a recently developed technology that allows the detection
of fluorescent spots when close proximity among the candidate proteins occurs [Soder-
berg et al., 2006]. An increase in the number of spots detected per cell and some degree
of colocalization between WDR61 and TET2A was seen, suggesting that the interaction
might occur. Further validation steps in an endogenous setting are necessary to provide
a final answer to the question. An ideal system with which to perform IP/MS analysis
of Tet2 interacting partners is that of a recently established mouse cell line (BM-HPC),
which fully recapitulates hematopoietic stem cells in its ability to reconstitute all blood
lineages in irradiated mice following xenotransplantation [Pinto do O, 1998][Pinto do O,
2002]. This would allow the validation of the interaction in an endogenous bone marrow
setting.

To provide a better understanding of the effect that the PAF complex might have on
TET2, a 293T 3xFITET2 cell line was established which could be used to detect TET2

binding over the promoter of HOXAY, a known target of the PAF complex [Milne et al.,
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2010], further confirming data observed in a published dataset from the same cell line
[Deplus et al., 2013]. Therefore, it was speculated that the targeting of the HOXA9 locus
by TET2 might upregulate its expression levels. In both 293T cells transiently transfected
with TET2 or stably overexpressing it, increased levels of HOXA9 were detected.

The data presented place TET2 in the context of transcriptional elongation and the co-
transcriptional regulation of gene expression (Fig. 8.3). In particular, TET2 could promote
the positive modulation of transcription, as it has been documented via the interaction
with OGT and HCF of the SET/COMPASS complex, responsible for the production of
H3K4me3 at gene promoters through its catalytic component SETD1 [Deplus et al., 2013].
Successively, transcription might be favored once the RNA polymerase was successfully
engaged and the PAF complex was recruited by TET2 mediated 5hmC deposition over
gene bodies (Fig. 8.3).

h
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Figure 8.3: Proposed Tet2 working model. The interaction between TET2 and OGT has been
widely documented [Chen et al., 2012b][Vella et al., 2013][Deplus et al., 2013], as well as the
interaction with the SET/COMPASS complex [Deplus et al., 2013]. Functional interaction of
Tet2 with WDR61, a member of the PAF complex, could occur on the HOXA9 locus and induce
its transcription. It is hypothesized that 5hmC is deposited over this gene body following
PAF-mediated TET?2 recruitment. 5hmC has already been detected over this locus [Bocker et al.,
2012].

Tet2 and cancer

TET2 has been shown to be highly mutated in hematopoietic cancers, probably linked

to its high expression levels in this context. Tet2 knockout bone marrow cells display a
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global reduction in H3K4me3 at Tet2-targeted promoters [Deplus et al., 2013], expansion of
the hematopoietic stem cell compartment, biased differentiation towards the myelomono-
cytic lineage and myeloid cell transformation resembling MDS [Moran-Crusio et al., 2011].
Moreover, it has been shown that its presence is important for the induction of myeloid
targets [Kallin et al., 2012] further supporting a potential role of TET?2 in transcription.
In embryonic stem cells, a reduction in the presence of 5hmC over gene bodies, mainly
those of highly expressed genes, was observed upon Tet2 downregulation [Huang et al.,
2014]. Moreover, DNMT3A, another gene important for the establishment of post replica-
tive methylation is frequently mutated in blood cancer, sometimes together with TET2
[Wakita et al., 2012]. DNMT3A mutant AML and knockout mice hematopoietic stem
cells have been shown to display global reduction in DNA methylation, localized at large
genomic regions (canyons, or shores) of low CpG density, including gene bodies [Raddatz
et al., 2012][Jeong et al., 2014|[Russler-Germain et al., 2014]. HoxA9 and Meisl have
been found present in these regions in hematopoietic stem cells [Jeong et al., 2014]. Fur-
thermore, Dnmt3a knockout mice display impaired hematopoietic differentiation [Challen
et al., 2012], underlying the important role of DNA methylation regulation in this process,
where it seems to be required for the establishment of defined transcriptional programs.

On the other hand, deletion of Paf complex members in yeast has been associated with
growth defects ranging from mild in the case of RTF1 and LEO1 nulls, to strong for
PAF1 and CTR9 [Squazzo et al., 2002], and sensitivity to the nucleotide depleting drug
6-azauracil [Costa and Arndt, 2000], establishing thus a link with transcriptional elon-
gation [Exinger and Lacroute, 1992]. Given the prominent role of the PAF complex in
transcriptional elongation [Zhu et al., 2005] [Kim et al., 2010] and its localization over
gene bodies detected in both yeast [Krogan et al., 2002][Pokholok et al., 2002][Simic et al.,
2003] and mammals [Rahl et al., 2010], this interaction might be the missing link between
Tet2, 5hmC over gene bodies and the transcriptional effects of 5hmC on gene expression.

Future efforts could be directed towards the precise mapping of the region of interac-
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tion with its eventual correlation with a cancer-mutated residue. In TET2A (1-733AA)
a number of mutations have been documented. Among these, the ones harboring mis-

sense mutations that might indicate a loss/gain of function and that are evolutionarily

conserved are promising candidates for future screens (Fig. 8.4). The interaction could
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Figure 8.4: TET2A (1-733AA) missense mutations in conserved residues in hematopoietic
malignancies. Residues selected for sequence conservation (Appendix 2). Semi-conserved
indicates residues that are overall conserved except for Danio rerio. Pr indicates a proline rich
domain of Tet2. The number of times the mutation has been observed is indicated in brackets
(data obtained from COSMIC database [Forbes et al., 2001]).

either be lost in mutant case or strengthened. This could lead to a deregulated expres-
sion of HOXAY, and thus to myeloproliferation. The same has been documented in MLL
rearranged leukemia that display an increased HOXA9 expression compared to wild type
MLL [Milne et al., 2010]. Furthermore, MLL fusions are able to target Tetl and increase
the expression levels of one of its target, Hoxa9. In both Tetl knockdown and knockout
background the effects of MLLAF9 fusion on transformation are largely reduced and can
be rescued by enforced expression of HoxA9 [Huang et al., 2013]. DNA methylation might
regulate HoxA9 expression levels and its deregulation, both in DNMT3A mutants and
TET2 mutants, might be fundamental for the correct maintenance of a balanced differ-
entiation. If the interaction can be mapped to a single residue, a functional explanation

could be provided for a direct role of TET2 mutations in leukemia. Furthermore, as for
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the compound PRIMA-1 that could reactivate the transactivating function of mutated p53
and suppress tumor growth [Bykov et al., 2002], pharmacological targeting of particular

mutations linked to a function, might prove useful for drug development.



Appendix 1

Rank ID P.Value R N R logFC Gene symbol
1 202628 _s_ at 3.32E-06 21.38705 2.0901 1.26 SERPINE1
2 211343_s_ at 1.1E-05 16.8768 1.8351 1.14 COL13A1
3 202686__s__at 1.75E-05 15.3855 1.7073 1.46 AXL
4 212298 at 1.92E-05 15.10879 1.6802 9.99E-01 NRP1
5 204286_s_ at 2.12E-05 14.80968 1.6494 1.02 PMAIP1
6 213524 _s_ at 2.6E-05 14.21676 1.5839 1.34 GO0S2
7 217388 _s_ at 4.52E-05 -12.7312 1.388 -1.16 KYNU
8 202627_s_ at 5.04E-05 12.45538 1.3457 1.04 SERPINE1
9 201417_at 5.75E-05 -12.1327 1.2935 -9.72E-01 SOX4
10 213712_at 6.65E-05 -11.7812 1.233 -8.55E-01 ELOVL2
11 209278 _s_ at 8.83E-05 11.12617 1.1092 9.77E-01 TFPI2
12 212771_at 9.1E-05 11.05784 1.0954 6.80E-01 FAMI171A1
13 202454 _s_ at 0.000102 -10.8116 1.0441 -6.78E-01 ERBB3
14 219014 at 0.000109 10.66642 1.0127 1 PLACS8
15 205005__s__at 0.000113 10.57735 0.993 6.38E-01 NMT2
16 218718 _at 0.000134 10.22245 0.911 1.12 PDGFC
17 203186_s_ at 0.000148 10.02046 0.8617 9.28E-01 S100A4
18 204363__at 0.000151 9.982162 0.8522 1.05 F3
19 209369__at 0.000174 9.689985 0.7767 1.02 ANXA3
20 204285_s_ at 0.000176 9.670323 0.7714 8.51E-01 PMAIP1
21 209270__at 0.000179 9.639462 0.7632 6.82E-01 LAMB3
22 201042_at 0.000183 9.592096 0.7504 8.84E-01 TGM2
23 211668_s_ at 0.000204 9.380235 0.6917 8.11E-01 PLAU
24 205443_at 0.000205 9.374704 0.6901 6.08E-01 SNAPC1
25 203304__at 0.000256 -8.95716 0.5665 -8.45E-01 BAMBI
26 218322_s_ at 0.000283 8.769381 0.5074 5.69E-01 ACSL5
27 205016__at 0.000313 8.592364 0.4495 6.59E-01 TGFA
28 209946__at 0.000334 8.473995 0.4095 5.75E-01 VEGFC
29 205286__at 0.000352 -8.38528 0.3789 -7.20E-01 TFAP2C
30 219648 at 0.000354 -8.37511 0.3754 -6.22E-01 MREG
31 212473_s_ at 0.000361 8.341889 0.3637 8.53E-01 MICAL2
32 204222 s_ at 0.000397 8.176546 0.3046 5.70E-01 GLIPR1
33 206373__at 0.000432 -8.0339 0.2519 -6.82E-01 ZIC1
34 205479_s_ at 0.000445 7.986973 0.2342 8.51E-01 PLAU
35 212472 at 0.000445 7.984808 0.2334 6.49E-01 MICAL2
36 200878__at 0.000451 7.963447 0.2252 5.16E-01 EPAS1

Continued on next page
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Rank ID p Value R N R logFC Gene symbol
37 212509_s_at 0.000457 7.940827 0.2166 5.80E-01 MXRA7
38 207876_s__at 0.000471 7.892574 0.198 5.14E-01 FLNC
39 203939_ at 0.000479 7.862631 0.1864 8.02E-01 NT5E
40 201425_at 0.000509 7.764303 0.1477 5.69E-01 ALDH2
41 201850__at 0.000524 7.716854 0.1288 6.92E-01 CAPG
42 204702_s_ at 0.000555 7.625343 0.0916 6.08E-01 NFE2L3
43 220057__at 0.000579 7.555522 0.0628 9.24E-01 XAGE1
44 218711_s_ at 0.000595 7.512537 0.0448 5.48E-01 SDPR
45 202558_s_ at 0.000604 7.4888 0.0348 5.44E-01 HSPA13
46 201951__at 0.000617 7.455448 0.0207 6.48E-01 ALCAM
47 201983_s_ at 0.000626 7.433107 0.0112 7.82E-01 EGFR
48 210845_s_at 0.000668 7.331663 -0.0327 5.64E-01 PLAUR
49 201466_s_ at 0.000722 7.213481 -0.085 4.63E-01 JUN
50 203725__at 0.000769 7.117087 -0.1286 4.97E-01 GADD45A
51 219489_s_at 0.000771 7.113572 -0.1303 4.90E-01 NXN
52 204268__at 0.000801 7.056125 -0.1567 4.78E-01 S100A2
53 218451__at 0.000806 7.045857 -0.1615 6.53E-01 CDCP1
54 220615_s_ at 0.000855 -6.95941 -0.2021 -4.88E-01 FAR2
55 210180_s_ at 0.000884 -6.90878 -0.2263 -4.08E-01 TRA2B
56 219109_ at 0.000889 6.901215 -0.2299 5.34E-01 SPAG16
57 203828_s_at 0.001007 6.719391 -0.319 4.48E-01 IL32
58 205097__at 0.001033 -6.68349 -0.337 -7.08E-01 SLC26A2
59 205287_s_at 0.001037 -6.678 -0.3398 -4.38E-01 TFAP2C
60 213603_s_ at 0.001139 6.543999 -0.4085 5.10E-01 RAC2
61 205263__at 0.001167 6.509905 -0.4263 4.36E-01 BCL10
62 201795__at 0.001183 6.491913 -0.4357 4.10E-01 LBR
63 209723__at 0.001192 6.480356 -0.4418 3.87E-01 SERPINB9
64 201474_s_ at 0.001209 6.461044 -0.452 4.74E-01 ITGA3
65 211962_s_ at 0.001217 6.451736 -0.457 3.99E-01 ZFP36L1
66 210663_s_ at 0.001266 -6.39681 -0.4863 -4.09E-01 KYNU
67 204653__at 0.001273 -6.38911 -0.4904 -4.49E-01 TFAP2A
68 215704_at 0.001289 6.372611 -0.4993 8.98E-01 FLG
69 218959_ at 0.001303 -6.35727 -0.5076 -5.12E-01 HOXC10
70 203889__at 0.001307 6.353358 -0.5098 7.26E-01 SCG5H
71 205006_s_ at 0.001411 6.248839 -0.5671 6.31E-01 NMT2
72 203323_at 0.001421 6.239401 -0.5724 7.97E-01 CAV2
73 212256__at 0.001455 6.207026 -0.5905 4.82E-01 GALNT10
74 211732_x_ at 0.00146 6.202649 -0.5929 5.22E-01 HNMT
75 213075__at 0.001467 6.196201 -0.5966 4.43E-01 OLFML2A
76 218880__at 0.001467 6.196158 -0.5966 4.23E-01 FOSL2
7 218980__at 0.001551 6.121294 -0.639 3.91E-01 FHOD3
78 203153__at 0.001699 6.000536 -0.709 5.88E-01 IFIT1
79 205627__at 0.001702 5.998686 -0.7101 6.58E-01 CDA
80 209817__at 0.001711 5.991519 -0.7143 3.62E-01 PPP3CB
81 201340_s_ at 0.001715 5.988797 -0.7159 4.99E-01 ENC1
82 220235_s_at 0.001748 5.963318 -0.731 4.19E-01 LRIF1
83 220945_x_ at 0.001751 -5.96112 -0.7323 -4.05E-01 MANSC1
84 204112_s_at 0.001798 5.926934 -0.7526 5.88E-01 HNMT
85 205596_s__at 0.001814 5.915408 -0.7595 6.84E-01 SMURF2

Continued on next page
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86 215073_s_ at 0.001838 5.898253 -0.7698 5.86E-01 NR2F2
87 209908__s_ at 0.001888 5.863639 -0.7907 3.88E-01 TGFB2
88 201289_ at 0.001895 5.858693 -0.7937 1.01 CYR61
89 210764_s_ at 0.001912 5.847167 -0.8007 8.27E-01 CYR61
90 204654_s_ at 0.001955 -5.81864 -0.8181 -4.94E-01 TFAP2A
91 207469_s_ at 0.001959 -5.81638 -0.8195 -6.85E-01 PIR

92 201810_s_ at 0.00204 -5.76414 -0.8516 -3.43E-01 SH3BP5
93 218854_ at 0.00213 5.709487 -0.8857 5.67E-01 DSE

94 203741_s_ at 0.002138 5.705166 -0.8884 3.51E-01 ADCY7
95 202291_s_ at 0.002195 -5.67154 -0.9096 -5.51E-01 MGP
96 207419_s_ at 0.00226 5.635078 -0.9328 5.45E-01 RAC2
97 210396_s_ at 0.002313 -5.6065 -0.9511 -3.62E-01 LOC595101
98 218317_x_ at 0.002327 -5.59848 -0.9562 -3.32E-01 SLX1A
99 209457__at 0.002376 5.573047 -0.9726 5.48E-01 DUSP5

Table 1: Gene expression analysis results comparing responding (MDA-MB-231 and HOP-92)
and not responding (MCF7 and MDA-MB-435) cell lines data. First 99 hits ranked by p value

(t-test with Benjamini-Hochberg correction).
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Figure 5: Localization of Y79, putative phosphorylation site of CDA. In different color the
different monomers and in red/ balls sticks is highlighted the position of Y79 [Chung et al., 2005].
Zn is visible in grey and diazepinone riboside in its atom colors.
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SELTETLRKYGTLTNRRCALNEERTCACQGLDPETCGASFSFGCSWSMYYNGCKFARSKI
SELTETLRKYGTLTSRRCALNEERTCACQGLDPETCGASFSFGCSWSMYYNGCKFARSKT
SELTETLRKYGMLTNRRCALNEERTCACQGLDPDTCGASFSFGCSWSMYYNGCKFARSKI
SELTETLRKYGTLTNRRCALNEERTCACQGLDPETCGASFSFGCSWSMYYNGCKFARSKI
SELTETLRKYGTLTNRRCALNEERTCACQGLDPETCGASFSFGCSWSMYYNGCKFARSKI
SELTDILGKCGICTNRRCSQNETRNCCCQGENPETCGASFSFGCSWSMYYNGCKFARSKK
SELTEILSNRGICTNRRCAQNENRNCCCQGENPETCGASFSYGCSWSMYYNGCKFARSKN

kkgg K g ok ok kkky Kk ok Kk KKK 3 g pkhKKKK RRKKKANKKKKRRKKAR

PRKFKLLADDPKEEEKIEQNLQGLATYIAPVYKKMAPDAY SNQVEHENRAPDCRLGLKEG

899
200

780
1006
1027
1004
1008
1015
951
954

840

1066
1087
1064
1068
1075
1005
1010

890

1125
1146
1124
1128
1135
1041
1053

950

1185
1206
1184
1188
1195
1098
1112

1010
1245
1266
1244
1248
1255
1158
1172

1070
1305
1326
1304
1308
1315
1218
1232

1130



8.2 The TET?2 interaction network

240

Homo
Pan

Bos
Mustela
Canis
Mus
Rattus

Danio
Homo
Pan

Bos
Mustela
Canis
Mus
Rattus

Danio
Homo
Pan

Bos
Mustela
Canis
Mus
Rattus

Danio
Homo
Pan

Bos
Mustela
Canis
Mus
Rattus

Danio
Homo
Pan

Bos
Mustela
Canis
Mus
Rattus

Danio
Homo
Pan

Bos
Mustela
Canis
Mus
Rattus

Danio
Homo
Pan

Bos
Mustela
Canis

PRKFKLLGDDPRKEEEKLESHLONLSTLMAPTYKKLAPDAYNNQIEYEHRAPECRLGLKEG
PRKFKLLGDDPRKEEEKLESHLQNLSTLMAPTYKKLAPDAYNNQIEYEHRAPECRLGLKEG
PRKFKLLGDDPKEEEKLESHLQNLSTLMAPTYKKLAPDAYNNQIEYEHRAPECRLGLKEG
PRKFKLLGDDPKEEEKLESHLOQNLSTLMAPTYKKLAPDAYNNQIEYEHRAPECRLGLKEG
PRKFKLLGDDPKEEEKLESHLQNLSTLMAPTYKKLAPDAYNNQIEYEHRAPECRLGLKEG
PRKFRLHGAEPKEEERLGSHLONLATVIAPIYKKLAPDAYNNQVEFEHQAPDCCLGLKEG
PRKFRLHGDEPKEEEKLGSHLQNLATVIAPIYKKLAPDAYRNQVEFEHRAIECRLGLKEG

dkkk gk | pkkkkkgpg ,  kk kgk gkk kkkghkkkkk kkpk ok gk gk kkkkkk

RPFSGVTACLDFCAHAHRDLHNMOGGSTVVCTLTREDNREIGKIPEDEQLHVLPLYKPSS
RPFSGVTACLDFCAHAHRDLHNMONGSTLVCTLTREDNRE FGGKPEDEQLHVLPLYKVSD
RPFSGVTACLDFCAHAHRDLHNMONGSTLVCTLTREDNREFGGKPEDEQLHVLPLYRVSD
RPFSGVTACLDFCAHAHRDLONMONGSTLVCTLTREDNREIGGKPEDEQLHVLPLYKVSD
RPFSGVTACLDFCAHAHRDLHNMONGSTLVCTLTREDNRE IGGKPEDEQLHVLPLYRVSD
RPFSGVTACLDFCAHAHRDLHNMONGSTLVCTLTREDNREIGGKPEDEQLHVLPLYKVSD
RPEFSGVTACLDFSAHSHRDQONMPNGSTVVVTLNREDNREVGARKPEDEQF HVLPMYIIAP
RPFSGVTACLDFSAHAHRDQONMANGSTVVVTLTREDNREVGGOPEDEQLHVLPLYTIAT

KhA kKKK A KK KK  kkghhhk ghK  Khkkgkh Kk kkkEkkk Kk KRKRKKgRRAK K :

TDEFGSAEAQLEKTKTGAIQVLSSFRR-QVRMLPEPAKSCRQRKLDAKRANKPNNNTPNS
VDEFGSVEAQEEKKRSGAIQVLSSFRR-KVRMLAEPVKTCRQRKLEAK——--KAAAEKLSS
VDEFGSVEAQEEKKRSGAIQVLSSFRR-KVRMLAEPVKTCRQRKLEAK—---KAAAEKLSS
VDEFGSVEAQEEKKRNGAIQVLSSFRR-KVRMLAEPVKTGRQRKLEAK——--KAAAEKLSS
VDEFGSVEAQEKKKQNGAIQVLSSFRR-KVRMLAEPVKTCRQRKLEAK---KAAAEKLSS
VDEFGSVEAQERKKQNGAIQVLSSFRR-KVRMLAEPVKTCRQRKLEAK---KAAAEKLSS
EDEFGSTEGQERKKIRMGSIEVLOSFRRRRVIRIGELPKSCKKRKAEPKKAKTKKAARKRSS

EDEFGSTEGQEEKILQGSIQVLHSFRRRRVRRLVDPPKNCRQKKL—-———— EAKKARKLSS
KKK KK K Kk gk Kgkgkk Kkkk sk oz 3 *, 12 ce W *
KTDNT=-———=——————————— QOAKQRKOQTAYENPTVTGRGNMRTNLDSGHLPQAHAGHQP

LENSSNKNEKEKSAPSRTKQTENAS QAKQLAELLRLSGPVMQQSQQPQP- ——~LOKQPPQP
LENS SNKNEKEKSAPSRTKQTENAS QAKQLAELLRLSGPVMQQSQQPQP - ——~LOKQPPQP
LETSTNKSEKEKSAASRLKQTENAS QAKQLAELLQPPGPVMQLPQOPQSQ POLOKQLPQP
LENSANKNEKEKSAS SRTKQTENAS QAKQLAELLRLSGPVMQQPQQPPP- PPLOKQPPQP
LENNTNKNEKEKSAS SRTKQTENAS QAKQLAELLRLSGPVMQOQSQQPPP- PPLOKQPPOP
LENCSSRTEKGKSS-SHTKLMENAS HMKQMTAQPQLSGPVIRQPPTLORH LOQGORPOQP
LENCSNKNEKEKSS - SRTRPMENAS PMIQMTAQLRLSGSVIQQPQSLORH LOQVORPPQP

: HEE * : *%
QQQFPQ———————————— QTHPNP-———————— SY-———ASPP———————— FTRFPNASK
0QQ===—m——= QRPQQQQPHH=———~ PQTESVNSYSASGSTNPYMRRPNP -VSPYPNSSH
0QQ———————- QRPOQQQPHH————— PQTESVNSYSASGSTNPYMRRPNP -VSPYPNSSH
ORQPPOLOQPOQQPPOOQPHHPL TNNSQSESVSSY SSSGSTNLYMRRPNA ~MSPYPGSSH
ORQPPQH-———————— PPQHHPVTNNPQSEPVNSYSSSGSANLYTRRPNPVIQAYPSSSH

ORQPPOOOQ00Q0--00QQHHPMTNNSQSESVNSY SSSGSANLYMRRPNPVIQAYPSSSH
0--PPQPQPQTTPOPQPQPOHIMPGNSQSV-——GSHCSGSTSVYTRQPTP —~HSPYPSSAH
Q==PPmmmmmm———— e QPQHILPSNSQPV-==-GSHSSGSTNVYMRQPAP -LSPYPSSSH
* * . HEH HE
PSTPHPQTPSVDPYASPLHAPNSYINASNAPSPYSRSLAPSPLYNGYQCNGGIPMDNYHP
TSDIYGSTSPMNFYSTSSQAAGSYLNSSNPMNPYPGLLNONTQYPSYQCNGNLSVDNCSP
TSDIYGSTSPMNFYSTSSQAAGSYLNSSNPMNPYSGLLNONTQYPSYQCNGNLSVDNCSP
TSDIYGGANPVNLYSTSSQAAGSYLNSSNPMSPYPGLLNQSNOYPSYQCNGNISVDNCSQ
TSDVYGSASPMNLYSTPSQATGSYLNSSNPMNPYTGLLNONNQYPSYQCNGNVSVDNCSP
TSDIYGGASPMNLYSTSSQATGSYLNSSNPMNPY TGLLNQNNQYPAYQCNGNVSVDNCSP
TSDIYGDTNHVNFYPTSSHASGSYLNPSNYMNPYLGLLNONNQYAPFPYNGSVPVDNGSP
AADMYGDANHVNFHPTSSHAAGLYLSPSNSMNPYPGLFNQNNQYAASQCNGSMSADSGPP
H H H LI I HEd *g, k% SRk H . * *k g *,
YHSSNLKHPDMFHPQR————NP——————————— LYSEQQYNAPQHYGVUNY PPH-—-YGEA
YLGSYSPQSQPMDLYRYPSQDPLSKLSLPPTHTLY(Q-PRFGNSQSFTSKY LGYGNQNMQG
YLGSYSPOSOPMDLYRYPSQDPLSKLSLPPTHTLYQ-PRFGNSQS FTSKY LEYGNONMOG
YLGSYSPQSQPMDLYRYPNQDPLSKLNLPPTHTLYQ=PRFGNSQSFTSKY LGYGNQNMQG
YLGSYSPQPQPMDLYRYPNQDPLSKLNLPPTHTLYQ-PRFGNSQNFSSKY LGYGNQTMQG
YLGSYSPQSQPMDLYRYPNQDPLSKLNLPPTHTLY(Q=-PRFGNSQSFSSKY LEYGNQNIQG
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1375
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1292
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1428
1435
1338
1352
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1502
1480
1484
1491
1398
1407

1293
1538
1559
1540
1543
1550
1457
1466

1320
1584
1605
1599
1594
1608
1511
1508

1380
1644
1665
1659
1654
1668
1571
1568

1422
1703
1724
1718
1713
1727
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Figure 6: TET2 sequence alignment among: Danio rerio, Pan troglodytes, Homo sapiens,

FLGSYSPQAQSRDLHRYPNQDHLTNQNLPPIHTLHQ-QTFGDSP---SKYLSYGNQNMOR
FLGPYSPOSQSRGLHRYPNQDHLSNLNLPPTHTLYP-QR-SDSP-~--FKYLNYGNQNNVQ
I ] * : *3 HE
MATNGYGNCNMRPGIHSMGHYPGFDSNMSTNAFARPP——--—— SAHLHLDYAAAGNAYPK
——-DGFSSCTIRPNVHHVGKLPPYPTHEMDGHFMGATSRLPPNLSNPNMDYRKNGEHHSFES
===DGFSSCATRPNVHHVGKLPPYPTHEMDGHFMGATSRLPPNLSNPNMDYKNGEHHSPS
——-DAFSSCTIRPNVHHVGTFPPYSTHEMDGHFIGATSRLPPNLSTSNIDYRKNGEHHPAS
—-—=-DAFSSCTLKTNVHHVGTFTPYSTHEMDGHFMGAASRLPPSVSNPNIDYKNGEHPPSS
——-DAFSSCTIKTNVHHVGTFPPYSTHEMDGHFMGATSRLPTNLSNSNIDYRKNGEHPPSS
D--AFTTNSTLKPNVHHLATFSPYPTPKMDSHFMGAASRSPY--SHPHTDYKTSEHHLPS
RDRDAFTNCPLKPNVHHLPTFSSYATPRKMDGHFMGAASRLPY--SHPNME YKSSDHHLPP
e. 33 H ] * : P
PHISQN-——--PHMFSPNLNTLSMQSHKDLGISMHEANGISQGFPPLGKECFNFNQPSSLK
HITHNYSAAP=-GMFNSSLHALHLON=-KENDMLSHTANGLSKMLPALNHDRTACVQGGLHK
HITHNYSAAP-GMFNSSLHALHLON-KENDMLSHTANGLSKMLPALNHDRTACVQGGLHK
HLIHNYSAAA-NVFNSSLHALHLON-KENDMLSHTANGLSKVLPGLNHERTPPVQEGLHK
HIIHNYGAAP-GMFNSSLHALHLON-KENDMLAHTANGFSKMLPGLSHDRTASVOQEGLHK
HITHNYGAAP-GMFNSSLHALHLON-KENDMLSHTANGLSKMLPGLNHDRTASVQOEGLHK

HTIYSYTAAASGS—-SSSHAFHNK--ENDNI----ANGLSRVLPGFNHDRTASAQELLYS
HMIHGYPTAASGSVSSSSHAFHNK--ENDNMVSHTANGLSRVLPGFNHDRTASAQGPLYS
* o e H HH H *hkgoks gk 1 ogd *

LPNENAHNP-AVNPTQLPQVSEKKEEDVWSDSEHNFLDPEIGGVAVAPSHGSITIIECAKR
LSDANGQERQPLALVQGVASGAEDNDEVWSDSEQSFLDPDIGGVAVAPTHGSILIECAKR
LSDANGQEKQPLAPVQGVASSAEDNDEVWSDSEQSFLDPDIGGVAVAPTHGSILIECAKR

VHEAGSQEKQPS———————- ATEDNDEVWSDSEQSFLDPDIGGVAVAPTHGSILIECAKR
LOEAGNQERQPS———=———= ATEDNDEVWSDSEQSFLDPDIGGVAVAPTHGSILIECARR
LODAGNQERQPS————-———— AAEDNDEVWSDSEQSFLDPDIGGVAVAPTHGSILIECAKR

LTGS-SQERQPE--VSGODAAAVOEIEYWSDSEHNFQDPCIGGVATAPTHGSILIECARC
LPDY=-SQERQPG-=-VSGQDGASVEDIEVWSDSEHNFQDPSIGGVATIAPTHGSILIECAKC

. I . Lt 3 kkkkkg Kk Kk Kkkkkghokghkkkkghkhkhk
ELHATTPVRKKPDRNHPTRISLVFYQHKNLNEAKHGLSLWEAKMAEKAREKEEDAEKHGAE
ELHATTPLKNPNRNHPTRISLVFYQHKSMNEPKHGLALWEAKMAEKAREKEEECEKYGPD
ELHATTPLRKNPNRNHPTRISLVEFYQHKSMNEPKHGLALWEAKMAEKAREKEEECEKYGPD
ELHATTPLRKNPNRNHPTRISLVFYQHKSMNEPKHGLALWEARMAERAREKEE--EKCGPD
ELHATTPLEKNPNRNHPTRISLVFYQHKSMNEPKHGLALWEARKMAEKAREKEEECEKYGPD
ELHATTPLKNPNRNHPTRISLVFYQHKSMNEPKHGLALWEAKMAEKAREKEEECEKYGFD
EVHATTKVNDPDRNHPTRISLVLYRHKNLFLPKHCLALWEAKMAEKARKE -EECGKNGSD
EVHATTRKVNKPNRKKPARISLVFYQHKNLNEPKHS LAVWEAKMAGKARKEEEECEKYGSD
Kekkkk ga kgkgakskkkkkakghk, o kk kgakkkkkk ghkkgs K * % g
NTSSKSGGKKAKREHSEHSEPSEPPYKQFLLMLTERSMSCTTNTYVSTSPYAFTKVTGPY
YVPQKSHGKKVKREPAEPHETSEPTYLRFIKSLAERTMSVTTDSTVITTSPYAFTRVTGPY
YVPQKSHGRKKVKREPAEPHETSGPTYLRFIKSLAERTMSVTTDSTVTTSPYAFTRVTGEY
YVSQKTHGKKVKREPTEPHEPSEPTYLRFIKSLAERTMSVTTDSTVTTSPYAFTRVTGPY
YVPQKTHGKKVKREPTEPHEPSEPTYLRFIKSLAERTMSVTTDSTVTTSPYAFTRVTGEY
YVPQKTHGKKVKREPTEPHEPSEPTYLRFIKSLAERTMSVTTDSTVTTSPYAFTRVTGPY
HVSQKNHGKQEKREPTGPQE-——-PSYLRFIQSLAENTGSVTTDSTVTTSPYAFTQVTGEY
HVESQKNHGKRVKREPTGPQETPKPSYLRFIHSLAENTVSMTTDSTVTTRPYAFTQVTGPY

Lok, Kkkg kRK g * * ok gkg  kgk,g Kk kkgg Khgk KkkkhghRAkK
NNFM 1715
NRYT 2002
NRYI 2023
NRYI 2007
NRYI 2004
NRYI 2018
NTEV 1912
NTYV 1920

* 22

1627
1623

1476
1760
1781
1775
1770
1784
1683
1681

1532
1818
1839
1833
1828
1842
1735
1739

1591
1878
1899
1885
1880
1894
1792
1796

1651
1938
1959
1943
1240
1954
1851
1856

1711
1998
2019
2003
2000
2014
1908
1916

Mus musculus, Bos taurus, Canis familiaris, Rattus norvegicus, Mustela putorius furo.
 (asterisk) Indicates perfect conservation, : (colon) indicates conservation between groups of
strongly similar properties; . (period) indicates conservation between groups of weakly similar

properties.

Color coding: red indicates small hydrophobic aminoacids (AVFPMILW including Y), blue acidic
aminoacids (DE), magenta basic aminoacids (RK, escluding H), green other aminoacids
(STYHCNGQ including G) , grey is for unusual aminoacids.
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cont: JINNnmNNNRENRERRRnnRRENRN RN znz o RRRNE
Pred: Q:::D

Pred: CCCCCECECECECCCCCECECECCCCCECHEEREECCCECE
An: MEQDRINHVEGNRLSPELIPSPPICOTEPLATKLONGSPL

10 20 30 40

cont: JINNNNENRNNERNN=onNnERNNENRNRIRNNRNRNREss

Pred:

Branls S0 DO O
AA: PERAHPEVNGDTEWHSFKSYYGIPCMKGSONSRVSPDETO
1 1 1 1

50 60 70 80

SSTERSRSRR || | [ || o || [ e e e |
Pred: @

Bred: COCCCCCCCOCCCCCUCOCCCrCCCCCHHECCOCCCCaoan
AR ESRGYSKCLONGGIKRETVSEPSLSGLLOTKKLKQDOKANG

90 100 110 124
cont JANNINNNNRENNNNNANNENRNNN NN NN sk
el —

Pred: CCCCCECECECCCCCCCECECECeCCCECECCHHEEREHE
AZ: ERRNFGVIQERNPGCESSQPNVSDLSDKKESVSSVAQENAY

130 140 150 160
conf : nNNINIENNNNRRNRNEREnnnnann N RNNENNnnxt
Pred: ] )D— e

Brenls 000 o0o0oenOnor eI NSO oot RO R R R
AR : KDFTSEFSTHNCSGPENPELOILNEQEGKSANYHDKNIVLL
1 1 1 1

170 180 190 200

cont : IninsnniRIRENRIRREnnEREnonnnnnnn RN anst
Rren 1 —

Bred: COCCCCCCCOCCCCCUCOCCCCCHERRHCCCOCCCCCEER
AR KNKAVIMPNGATVSASSVEHTHGELLEKTLSQYYPDCVST

210 220 230 240

cont: JaziillinzzzniiNiEnnnnnsRRRRRNERERRRRRNNE

Pred:

Pred: ECCCCECECECECCCCCECECECeCeCaCececerecaece
An: AVOKTTSHINAINSQATNELSCEITHPSHTSGOQINSAQTS

250 260 270 280
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cont: JINNNRNIRnannnRRRENRRNEERoznn NN RRNERNSE

Pred:

Erech dgcguluigtoduigigiadaigeaalaigogdaiaig
AR NSELPPKPAAVVSEACDADDADNASKLAAMINTCSEQKEPE
1 1 1 1

290 300 210 220

cont : juniIHENEERERRNRNRERRNRNnnEn Nnan ANNRNANE
Pred:

Eig=ic Mk e dcasaldiagag e asada g B as s g ag Beias alaa
AA: QLOQOKSVEEICPSPAENNIQGTTKLASGEERFCSG353NL

230 340 350 360

cont: JHINNNNNEanoninEiRinnnninnnnnNNRNNNRN NN
Pregs

PreOE OO0 e oo el oot reluorarereny
AL QAPGGSSERYLKONEMNGAYEROSSVETKDSESATTTPPP
1 1 1 1

370 380 380 400

cont: jENNNNNNRNNERRNRNERNNNNnanNNn nnox A NRNNN

Pred:

Erech dgcguluigtoduigigiadaigeaalaigogdaiaig
AR: PSQLLLSPPPPLPOVPOLPSEGKSTLNGGYLEEHHHYPNQ
1 1 1

1
410 420 430 440

cont : JilnnnuazxnniENNRNNNRNNNNNNENNNNRNNNNRNANt
Pred:

Eig=ic lhe e dcasaldiagag s ada A B asa s e Beiag aga
A7 SNTTLLREVKIEGKPEAPPSQSPNPSTHVCSPSPMLSERP

450 460 470 480

cont: JHNINANNNERNERNNRNEnNRNNRNnENNnnnnnnnnnN o
Pregs

PreE OO0 O oo e oot ereuorerereny
AL QNNCVNRNDIQTAGTMTVPLCSEKTRPMSEHLKHNPPIFEG
1 1 1 1

490 500 510 521

cont : jIINIEREEnnzaEiNonzznnElENNnnRNRRRNRRRNENE
Pred: @

BErech CgcoCuuigCoduicHCodgigeacaaiaogdaaaig
AR SSGELODNCOOLMRNKEQETITLKGRDEKEQTRDLVPPTOHYL
1 1 1 1

530 540 5510 560
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cont: jilnannnRNNERRNRNERRRNNRNNRN D nnnnnNRNNEN

Prag:

BPred: COCOCLCCCECRCLCECECLCLILCHCUCUCECRCECECE
AL KPGWIELKAPREHOAESHLEKRNEASLPSILOYQPNLSNQM
1 1 1 1

50 580 580 600

cont: JININARENNRRNRNRRNENEREERnRiRnnEEEnnnnnnNt
Pred:

- o MG GOECPEBE GG H P L VGG PV GEHEHE B0
A7 TSKOYTGNSNMPGCLPROAYTOKTTOLEHKSOMYOVEMNG
1 1 1 1

610 620 6§30 640

cont: JNNINNNENERNRRNNNNENRREnnRRNERnnonnnnnn DNt
Pred:

TRds: B i e s
AN GOSQOGTVDOHLOFQORPSHOVHESKTDHLPKAHVOSLCGTR

650 660 670 680

cont: NIINANERENEnaniEiNnonnniNRRNNRNRRRNNNRE NN
Prag:

R e e st e n se et en Rt s s s e et en g nle else
AA: FHFQORADSQTEKLMSPVLKQHINQQASETEPFSNSHLLO
1 1 1 1

690 700 710 720
cont: JNNNNRREERRRRERERERENDnnnRiRnonnnnnninnnt
Bl . —

BRpr: CooculecocnoncnecocnapHENEEECeCEgecel
A4 HKPHKQAAOTOPSQSSHLPONOOOOOKLOIKNKEEILOTE
1 1 1 1

T30 740 150 760

cont : |HNNIRREEERERRENERRERoozoniiRNERRREREEEEE
Pred:

P oR MRS IRUIE G R URBe R U G USRI U R ARG RGN G Gl G
AA: PHPOSNNDQOREGSFFGOTKVEECFHGENQOYSKSSEFETH

770 780 790 800

cont: jinniNnnzsnNiRNNRERENEEnRRRRnnRRRRERnat
Pred:

BPred: COCOCLCCCECRCLCECECLCLILCHECUCUCECRCLCECE
AL NVOMGLEEVONINRRNSPYSQOTMESSACKIOQOVSCSNNTHL
1 1 1 1

810 820 830 840
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cont: juNIINEEENERRenENinnnnnnnnnniiNNNRinnnnnst
Pred:

Pred: CCCCCCCCCUCCCCCCToCCCECeccececeiteecereta
AR : VSENKEQTTHPELFAGNKTONLHHMOYFPNNVIPKODLLH
1 1 1 1

850 860 870 880

cont : juninzannnznEnananANRERRNRERznERRERDaanast
Pred: —D T

Pred: CCCCHHHHHCCCCCCCCCCCCCCCCCCCHHHHHHHHCCCT
Ar: RCEQEQEQKSQQASVLOGCYKNRNOQDMSGQOAAQTLAQORYL

390 9500 910 920
cont : InllNNNNNINNRNRNRRNNRENR 0o NENNDnnnnnst
Pred: £] )_6:

Prad: CCLCCECELCELCLECECELELCCCHEHHHRHMHEHCCOHHE
AR : THNHANVEPVPDOGGSHTQTIPPOKDTQKHAATLRWHLLOKO

@30 940 950 960

cont: JanznnNNINzERNNERRNNEonENRNNANRNRNNNRNx!

Pred: Bk
_—

Pred: HHOCCCCCCCCCCCCCCCCCCCCCCCCCCceCcoteCceLeta
AR : EQOOTOOPOTESCHSOMHRP IKVEPGCKPHACMHTAPPEN
1 1 1 1

970 980 990 1000

cont: jinnunEnnaEERNERERRENERnnERRN i noonnnEnnnat
Presds g

jSar Vo R GG G G M G 5 G o M G G S s N O G W G G G
Ax: KTWEKKVIKQENPPASCDNVOOKSITIETMEQHLKQFHAKSL

1310 1020 1130 1040

cont : jEIINEaazaRnnanaxz o innannnznnn RN ERt
Pred:

Pradd CELECECELCELELEEERCCEURFEFCECCECECEHERCEE
AZ: FDHRKALTLKSOROVKVEMSGPVTIVLTRQTTAAELDSHTPA

1050 1060 1070 1080

cont : junnnERENIRRRRRNNnznonnnnRRRRRNRRRDnnnnnit
Pred:

Pred: CCCCCCCCCUCCCCCCToCCCECeoceececeiteecereta
AR: LEQOQTITSSEKTPTERTAASVILNNEIESPSKLLDTPIKNLL
1 1 1 1

1020 1100 1110 1120
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cont: JININEEnEEENNRnznnnonn il ERNnzxoERRDERRNNNE
Pred: E

Prad: CCECCCECCCCLELECECECCEERECECECCECECEHEHHE
AR : DTPVKTQYDFPSCRCVEQITEKDEGPEYTHLGAGPNVAAT
] ] 1 1

1130 1140 1150 1160

ISR | [ | [ [| FEELLEEEL LD BEEREEEEL] L] SR ]
Pred: :_

Pradlt HEHHHEHHCCCCCCRERERRERRCCCCECECCCCCRERRR
AR : REIMEERFGOKGKATRIERVIYTGKEGKSSOGCPIAKWVY

o ) 1180 1190 1200
corf: nnlinNazINERNnzniiinEnn-RRRRRNRnnnRRRnnt
Prag: N . _E:

Pred: ECCCCCCEEEEEEERECCCCCCCCEEEREEREEEEECCCCHHH
AL RRSSSEEKLLCLVRERAGHTCEAAVIVILILVWEGIFLSL
1 1 1 1

12108 1220 1230 1240

oreekl | | | [ [ 1111 EEREr] [ EEERRmm] | ] gl R

Pred: !

Pred: HEHHHHHEHHHHCCCCECOUCCOCLCCECHCECELELEOERE
AR ADKLYSELTETLRKYGTLTNRRCALNEERTCACOGLDPET
1 1 1 1

1250 1260 1270 1280

STSTSRARR | | | [t g | g 1] | oL | S]]
Pred:; { h

Predld (e CRRFRRRCCCERROCCCCICRFCOCCCCHTHITH
AR: CGASEFSFGCSWSMYYNGCKEARSKIPREKFEKLLGDDPKEEE

1290 1300 1310 13240

St | || [ [T EEERRELEL P EERE | | FEeeeel] | R

Pred: ey
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Figure 7: TET2 secondary structure prediction (Psipred). C indicates Coiled coil, H indicates
Helix and E Strand.
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Figure 8: TET2 secondary structure according to the published crystal structure 4NM6 [Hu
et al., 2013].
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