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ABSTRACT OF THE DISSERTATION

Development of and Therapeutic Applications for

Novel Inhibitors of Deoxycytidine Kinase

by

Amanda Lee Armijo
Doctor of Philosophy in Molecular and Medical Pharmacology
University of California, Los Angeles, 2014

Professor Caius G. Radu, Chair

Deoxycytidine kinase (dCK), a rate-limiting enzyme in the deoxyribonucleotide
salvage pathway, participates in the production of deoxyribonucleoside triphosphates
(dNTPs). dCK is highly expressed in hematopoietic tissues and many cancers. In
addition, dCK is responsible for the phosphorylation, and thus activation of several
antiviral and anticancer nucleoside analog pro-drugs. Austin, Toy, and colleagues have
demonstrated that dCK deficient mice (dCK”) have severe developmental defects of the
lymphoid and hematopoietic progenitor cells, indicating that dCK is pivotal for their
normal development. Further study of the T, B, and erythroid lineages revealed
nucleotide pool imbalances resulting in replication stress and cell cycle arrest in the
early stages of DNA replication. Dual inactivation of both dCK and thymidine kinase 1
(TK1) in vivo supported our hypothesis that salvage of thymidine by TK1 was

responsible for the allosteric block of the de novo pathway enzyme, ribonucleotide

ii



reductase, consequentially perturbing the nucleotide pools. These findings and the role
of dCK in cancer led to our interest in developing a small molecule inhibitor. Positron
Emission Tomography and the dCK-specific substrate, '®F-L-1-(2'-deoxy-2'-F
luoroarabinofuranosyl) Cytosine, proved useful in the quick identification of top
performing dCK inhibitors in vivo. Following a high throughput screen and a structure-
activity relationship study we successfully identified high potency small molecule
inhibitors of dCK (dCKi) (ICsp = ~1-12 nM). The combination of the dCKi with
pharmacological perturbations of de novo dNTP synthesis, via thymidine, in acute
lymphoblastic leukemia cells depletes deoxycytidine triphosphate pools leading to DNA
replication stress, cell cycle arrest, and apoptosis in vivo, without detectable toxicity to
normal tissues. The results from our studies further our understanding of nucleotide
metabolism in normal hematopoiesis and hematological malignancies, and identify dCK

as a new therapeutic target in hematological malignancies.
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CHAPTER 1:

Introduction



Production of nucleotides for DNA synthesis via two connected pathways

Mammalian cells require a balanced supply of building blocks in order to support
replication and repair of the genome. There are two major pathways responsible for the
generation of such precursors: the de novo pathway that generates nucleotides from
glucose and amino acids; and the salvage pathway that recycles nucleosides present in
the extracellular environment (Reichard, 1988) (Figure 1.1). These pathways are not
independent of one another as they share intermediates and products. In addition, the

activity of one pathway can influence the activity of the other (Reichard, 1988).

Regulation of the de novo synthesis pathway by ribonucleotide reductase

De novo synthesis of pyrimidine deoxyribonucleotides (dNTPs) begins with the
transport and subsequent phosphorylation of glucose into glucose-6-phosphate, which
is then converted into 5-phosphoribosyl-1-pyrophosphate (PRPP). The pyrimidine base,
orotate, formed from glutamine and aspartate, combines with PRPP and
decarboxylation of the product generates the pyrimidine precursor uridine
monophosphate (UMP) (Evans and Guy, 2004; Jones, 1980). UMP can be
phosphorylated to uridine diphosphate (UDP) (Van Rompay et al., 2001), a substrate for
the enzyme ribonucleotide reductase (RNR) (Reichard, 1988). RNR reduces UDP to
deoxyuridine diphosphate (dUDP), which can then be converted into thymidine
triphosphate (dTTP) by thymidylate synthase. RNR can also convert cytidine
diphosphate (CDP) into deoxycytidine diphosphate (dCDP) following the conversion of
UDP into CDP. Subsequent phosphorylation of dCDP contributes to the deoxycytidine

triphosphate (dCTP) pools.



RNR has the ability to catalyze the reduction of all four NTP substrates to their
dNTP forms (Reichard, 1988). The enzymatic activity and substrate specificity of RNR is
highly regulated. Allosteric control of RNR enables the single enzyme to provide a
balanced supply of all four dNTPs required to maintain genomic integrity in all cells
(Nordlund and Reichard, 2006). RNR contains two distinct allosteric sites both of which
are located on the regulatory subunit, ribonucleotide reductase M1 (RRM1): the activity
regulation site binds adenosine triphosphate (ATP) to activate the enzyme or
deoxyadenosine triphosphate (dATP) to inhibit it; the specificity regulation site binds
effectors one at a time and determines the specific nucleotide substrate (Nordlund and
Reichard, 2006).

RRM1 is expressed throughout the cell cycle and two units of RRM1 bind to two
units of the enzymatic subunit ribonucleotide reductase M2 (RRM2) upon RRM2
transcription and translation during the S-phase of the cell-cycle to form a complete
multi-subunit RNR complex (Fairman et al., 2011). RRM1 can also pair with the p53-
inducible ribonucleotide reductase M2 B (RRM2B) in the presence of DNA damage
(Kolberg et al., 2004). Binding of dNTPs to the specificity regulation site promotes
reduction of NDPs at the catalytic site on the enzymatic subunit of RNR. Binding of ATP
or dATP promotes reduction of the pyrimidines CDP and UDP, whereas binding of
dTTP activates guanine diphosphate (GDP) reduction, while inhibiting CDP reduction.
Binding of deoxyguanosine triphosphate (dGTP) promotes reduction of adenosine
diphosphate (ADP) and GDP, while inhibiting reduction of CDP and UDP (Logan, 2011).

dCTP has no effect on the catalytic activity of RNR (Chimploy and Mathews, 2001).



The nucleoside salvage pathway and deoxycytidine kinase

Salvage of extracellular nucleosides is catalyzed by the cytosolic enzymes
deoxycytidine kinase (dCK) and thymidine kinase 1 (TK1) (Arner and Eriksson, 1995).
dCK catalyzes the phosphorylation of many substrates, including deoxycytidine (dC),
deoxyguanosine (dG), and deoxyadenosine (dA) (Reichard, 1988). Subsequent
phosphorylation of the monophosphate nucleotides to their corresponding di- and
triphosphate forms are catalyzed by other kinases (Krishnan et al., 2003; Pasti et al.,
2003). In addition, dCK is responsible for the phosphorylation of several antiviral and
anticancer nucleoside analog prodrugs (e.g. gemcitabine, cytarabine, clofarabine)
required for the activation of these drugs (Van Rompay et al., 2003). Nucleotides are
effectively trapped within the cell by the addition of the electronegative phosphate group
covalently added by the salvage enzymes (Young et al., 2013). dCK is preferentially
expressed in hematopoietic and lymphoid tissues and is required for normal
hematopoietic development (Toy et al., 2010). In addition, dCK was recently implicated
in the regulation of the G2/M checkpoint in cancer cells in response to DNA damage
(Yang et al., 2012).

TK1 contributes to dTTP pools by catalyzing the phosphorylation of thymdine to
generate thymidine monophosphate (dTMP), which is quickly phosphorylated to its
triphosphate form. Binding of dTTP to the specificity site of RNR will prevents the de
novo synthesis of dCTP (Larsson et al., 2004).

The focus of this thesis is to understand the fundamental role of dCK in DNA
replication and repair, to develop a small molecule inhibitor of dCK, and to investigate

the efficaciousness of the inhibitor in treating hematological malignancies.



PET imaging as a tool to monitor dCK activity in vivo

Positron emission tomography (PET) is a non-invasive in vivo imaging technique
that is widely used in clinical oncology diagnostics and treatment monitoring (Czernin et
al., 2010; Weber et al., 2008). In addition, PET can be utilized early in the drug
discovery and development process to enable non-invasive evaluations of drug
pharmacodynamic (PD) and/or pharmacokinetic (PK) properties, thus facilitating faster
and more effective decision-making (Hargreaves, 2008). In our quest to develop a small
molecule inhibitor of dCK, PET could play a particularly important role given the
availability of validated PET biomarkers to assess dCK activity in vivo. One of these
PET PD biomarkers, '8F-L-1-(2'-deoxy-2'-FluoroArabinofuranosyl) Cytosine ('®F-L-
FAC), is a high affinity substrate for dCK and accumulates in tissues in a dCK-specific

manner (Figure 1.2) (Shu et al., 2010).

Concluding remarks

Elucidation of the fundamental biological role of dCK in DNA replication and
repair in hematopoietic tissues would provide invaluable insight into potential
therapeutic applications of a small molecule inhibitor against the enzyme. Austin, Toy,
and colleagues generated dCK deficient (dCK”) mice that have a profound phenotype
in which the erythroid and lymphoid development are severely impacted, thus
demonstrating that dCK plays a critical role in normal hematopoietic development (Toy
et al., 2010). The following chapter will describe the cell cycle defects and the presence
of active DNA damage responses that occurs in the hematopoietic progenitors from the

dCK” mice. Chapter 3 will document the development of high affinity small molecule



dCK inhibitors and demonstrate their in vivo efficacy using '®F-L-FAC PET as a non-
invasive and clinically applicable PD biomarker. Chapter 4 will describe the successful
use of the dCK inhibitor to eradicate tumor cells in mouse models. The final chapter will
include a brief discussion of another potential clinical application of the dCK inhibitor, as
well the necessary improvement of the pharmacokinetic properties of the first

generation dCK inhibitors.
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Figure 1.1 De novo and salvage synthesis of pyrimidine dNTPs. Schematic of the
de novo (blue) and the salvage (red) pathway inputs into pyrimidine dNTP pools for
DNA synthesis. Solid arrows indicate single-step processes; dashed arrows indicate
multi-step processes with intermediates not named/depicted in the schematic. Glucose
is transported and phosphorylated into glucose-6-phosphate (glucose-6-P), which can
be converted into 5-phosphoribosyl-1-pyrophosphate (PRPP). Glutamine (GIn) and
aspartate (Asp) contribute to the formation of the pyrimidine base orotate, which is
reacted with PRPP to later form uridine monophosphate (UMP). UMP is phosphorylated
once more to become uridine diphosphate (UDP), a substrate of ribonucleotide
reductase (RNR). RNR converts UDP into deoxyuridine diphosphate (dUDP), which can

later be converted into thymidine triphosphate (dTTP). UDP can also be converted into
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cytidine diphosphate (CDP), another substrate of RNR. RNR converts CDP into
deoxycytidine diphosphate (dCDP), which is then phosphorylated once more to
contribute to deoxycytidine triphosphate (dCTP) pools. dCK contributes to dCTP pools
by phosphorylating deoxycytidine to generate deoxycytidine monophosphate (dCMP),
an intermediate that is rapidly phosphorylated twice more to generate dCTP. Thymidine
kinase 1 (TK1) contributes to dTTP pools by phosphorylating thymidine to generate
thymidine monophosphate (dTMP), an intermediate that is rapidly phosphorylated twice

more to generate dTTP. Thymidylate synthase (TYMS), dCMP deaminase (DCTD).
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Figure 1.2 Accumulation of deoxycytidine and '®F-L-FAC in dCK expressing

cells. Schematic of the mechanism by which dC and '®F-L-FAC accumulate in tissues
in a dCK dependent manner. dC and "®F-L-FAC are able to freely influx into and efflux
out of the cells through facilitated transport mediated by nucleoside transporters. dCK
covalently adds an electronegative phosphate group (-PO4) preventing the nucleotide or

nucleotide analog from being effluxed out of the cell.
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Abstract

Nucleotide deficiency causes replication stress (RS) and DNA damage in dividing
cells. How nucleotide metabolism is regulated in vivo to prevent these deleterious
effects remains unknown. In this study, we investigate a functional link between
nucleotide deficiency, RS, and the nucleoside salvage pathway (NSP) enzymes
deoxycytidine kinase (dCK) and thymidine kinase (TK1). We show that inactivation of
dCK in mice depletes deoxycytidine triphosphate (dCTP) pools and induces RS, early

S-phase arrest, and DNA damage in erythroid, B lymphoid, and T lymphoid lineages.
TK1-/- erythroid and B lymphoid lineages also experience nucleotide deficiency but,

unlike their dCK/- counterparts, they still sustain DNA replication. Intriguingly, dCTP
pool depletion, RS, and hematopoietic defects induced by dCK inactivation are almost
completely reversed in a newly generated dCK/TK1 double-knockout (DKO) mouse
model. Using NSP-deficient DKO hematopoietic cells, we identify a previously
unrecognized biological activity of endogenous thymidine as a strong inducer of RS in
vivo through TK1-mediated dCTP pool depletion. We propose a model that explains
how TK1 and dCK “tune” dCTP pools to both trigger and resolve RS in vivo. This new
model may be exploited therapeutically to induce synthetic sickness/lethality in hema-

tological malignancies, and possibly in other cancers.
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Introduction

Replication stress (RS), a common source of DNA damage and genomic
instability (Halazonetis et al.,, 2008), <can be caused by deoxyribonucleotide
triphosphate (dNTP) deficiency. For example, pharmacological modulators of dNTP
synthesis such as hydroxyurea and 5-fluorouracil induce RS (Arlt et al., 2011; Gagou et
al., 2010). RS is also triggered by overexpression of ras and cyclin E which promote cell
division without sufficient dNTP pools to complete genome replication (Bester et al.,
2011). How nucleotide metabolism is regulated in rapidly dividing cells to maintain
balanced dNTP pools, and to prevent RS is not well understood.

Mammalian cells synthesize dNTPs either de novo or via the nucleoside salvage
pathway (NSP) (Fig. 2.1 A) (Reichard, 1988). The de novo pathway utilizes glucose and
amino acids to generate ribonucleotides that are required for RNA synthesis, energy
storage, and signal transduction (Evans and Guy, 2004). A fraction of the cellular pool
of ribonucleotides is converted into deoxyribonucleotides by ribonucleotide reductase
(RNR) (Fairman et al.,, 2011). NSP transporters and kinases enable recycling of
extracellular deoxyribonucleosides (dNs) originating from DNA degradation in apoptotic
cells (Arner and Eriksson, 1995), liver biosynthetic processes (Fustin et al., 2012), and
from food intake. The metabolic flux through the NSP is regulated by rate limiting
kinases. Deoxycytidine kinase (dCK) phosphorylates deoxycytidine to produce
deoxycytidine monophosphate (dCMP), which is a precursor of both dCTP and dTTP
pools (Sabini et al., 2008). Deoxyadenosine and deoxyguanosine can also be

phosphorylated by dCK, albeit with significantly lower efficacy than deoxycytidine

14



(Sabini et al., 2008). Thymidine kinase 1 (TK1) phosphorylates thymidine to generate
dTMP, a precursor of thymidine triphosphate (dTTP) pools (Arner and Eriksson, 1995).
While de novo dNTP synthesis is critically important for normal DNA replication
and repair (D'Angiolella et al., 2012; Niida et al., 2010; Poli et al., 2012; Pontarin et al.,
2012), the role played by the NSP in maintaining the proliferating capacity and genomic
integrity of dividing cells is not well understood. Recent in vitro studies using
transformed cells and exogenous genotoxic agents have involved both dCK and TK1 in
RS and DNA damage responses (DDR) (Chen et al., 2010; Matsuoka et al., 2007).
However, the precise mechanisms connecting dCK and TK1 to RS and DDR pathways
are yet to be characterized. It is also unknown whether dCK and TK1 function in vivo to
prevent endogenous RS and DNA damage induction in proliferating primary cells.
Preliminary analyses of dCK” and TK1” mice (Dobrovolsky et al., 2003; Toy et al.,
2010) support the existence of a functional link between the NSP, RS, and
hematopoietic development. Studies from our group (Toy et al., 2010) and confirmed
independently by Rutschmann and colleagues (Choi et al., 2012) have documented
severe developmental abnormalities affecting dCK” T cell, B cell, and erythroid
lineages. TK71” mice also display hematopoietic defects characterized by slightly
abnormal secondary lymphoid structures and by elevated levels of micronucleated

erythrocytes (Dobrovolsky et al., 2003; Dobrovolsky et al., 2005).

In this work we sought to elucidate the biochemical and molecular mechanisms
responsible for the hematopoietic phenotypes induced by dCK and TK1 inactivation. We

measured dNTP pools, cell cycle kinetics, and RS levels in lymphoid and erythroid
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lineages from mice lacking dCK or TK1. dNTP deficiency and RS induction were
detected in both dCK and TK1 knockout models, prompting us to generate dCK/TK1
double-knockout mice in order to analyze RS dynamics in highly proliferating NSP
deficient hematopoietic precursors. Unexpectedly, concomitant inactivation of both dCK
and TK1 ameliorated, rather than aggravated, the dCK” hematopoietic phenotype. To
gain additional mechanistic insight into how TK1 inactivation rescued the dCK” RS
phenotype we analyzed dCK”, TK1”, and DKO T cell precursors in the OP9-DL1 co-
culture model system for T lymphocyte development (Taghon et al., 2005). Collectively,
our in vivo and in vitro studies demonstrate an antagonistic functional relationship
between dCK and TK1 in regulating dCTP pools in vivo, and reveal a previously
unappreciated role for endogenous thymidine as a biologically active metabolite linked

to the induction of RS in major hematopoietic lineages.
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Materials and Methods

Animals. Mice were bred and housed under pathogen-free (SPF) conditions and were
treated in accordance with the UCLA Animal Research Committee (ARC) protocol
guidelines. The dCK” mice were generated and bred as previously described and
backcrossed to C57BI/6 for N=7 generations (Toy et al., 2010). TK7” mice were re-
derived from cryopreserved embryonic stem cells stored at the UC Davis Repository
(Stock VG18248) and genotyped as previously described (Dobrovolsky et al., 2003).
dCK/TK1 double-knockout mice were generated by first intercrossing dCK™" mice to
TK1”" mice to generate dCK” TK1"" progeny. dCK” TK1*" mice were then
intercrossed together to generate dCK/TK1 double-knockout mice at potential 1:16

frequency.

Tissue preparation. Single-cell suspensions were prepared from BM by flushing femur,
tibia and humerus with DMEM supplemented with 2% FBS using 25 G needles,
followed by 70 pym filtration. Whole BM was depleted of mature red blood cells by
overlaying cell suspensions on a solution of 16% iodixanol (Sigma-Aldrich, D1556),
0.63% NaCl, 10 mM HEPES (pH 7.4), and 0.1% NaNs, followed by centrifugation at
900g for 15 minutes. The mononuclear cell-containing supernatant was transferred and
washed twice prior to antibody staining or dNTP extraction. Single-cell suspensions of
thymus were prepared by mechanical dissociation using frosted glass slides in DMEM
supplemented with 2% FBS and 50 pg/mL DNasel (Roche) and passed through 70 um
sterile filters. CD4/CD8" thymocytes were purified from whole thymocyte suspensions

using combined CD4 and CD8 negative selection kits (Invitrogen).
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Immunophenotyping antibodies. The following antibodies from eBioscience were
used for B-cell, erythroid-cell and myeloid-cell phenotyping from whole BM: B220 (Clone
RA3-6B2) PE-Cy7 and APC-eFluor780; IgM (Clone I11/41) FITC, PerCP-eFluor710;
CD43 (Clone eBioR2/60) PE; CD19 (Clone 1D3) APC and PE-Cy7; Ter119 (Clone
TER-119) PerCP-Cy5.5 and PE-Cy7; CD71 (Clone R17217) APC and PE; and CD11b
(Clone M1/70) APC-eFluor780. The following antibodies from eBioscience were used
for thymocyte phenotyping: CD4 (Clone L3T4) FITC, PE, Alexa700, and PE-Cy7; CD8a
(Clone 53-6.7) PE, PE-Cy7, and PerCP-eFluor710; CD25 (Clone PC61.5) APC and PE-
Cy7; CD44 (Clone IM7) APC-eFluor780; CD27 (Clone LG.7F9) PE; CD45 (Clone 30-
F11) PE-Cy7. Hematopoietic stem cell phenotyping from whole BM: Lineage cocktail
PE, CD150 PE-Cy5 (Clone TC15-12F12.2), (Biolegend); CD127 APC-eFluor780 (Clone
A7R34), FIk2/FIt3 Biotin (Clone A2F10), Sca-1 PerCP-Cy5.5 (Clone D7), c-Kit PE-Cy7
(Clone 2B8), CD34 eFluor660 (Clone RAM34), CD16/32 Alexa700 (Clone 93),

(eBioscience); Streptavidin PE-Alexa610 (Invitrogen).

Flow cytometry analyses. All flow cytometry data were acquired on 4- and 5-laser
LSRII cytometers (BD Biosciences) for analysis, and FACS-purification of cells was
performed on 4-laser BD FACSAriall cell sorters running BD FACSDiva6 software (BD

Biosciences). All cytometry data were analyzed using FlowJo software (TreeStar, Inc.).

DNA content staining and intracellular detection of BrdU and pH2A.X. BrdU (1

mg/mouse) was administered by intraperitoneal injection. Cells were collected,

18



antibody-stained for surface antigens, and then processed for intracellular detection of
BrdU and pH2A.X using a BrdU-FITC kit staining protocol and reagents (BD
Biosciences). Cells were then stained with BrdU-FITC and/or pH2A.X antibodies
conjugated to FITC (Millipore, Clone JBW301) or Alexa647 (BD Biosciences, Clone N1-
431). Total DNA content was assessed by staining with DAPI (Roche) at 1 ug/mL final

concentration in PBS containing 2% FBS.

CTV labeling of thymocytes. Single-cell suspensions of thymocytes were
resuspended in PBS containing 0.5% FBS at a cell density of 50x10° cells/mL. 5 mM
stocks of CTV dye (Invitrogen) dissolved in DMSO were diluted to 50 yM in PBS/0.5%
FBS and then added at a dilution of 1:10 to the cell suspension (5 uM final
concentration). Cells were mixed well, incubated at 37°C for 20 min, and then washed
twice with 40 mL of PBS/5% FBS. Cells were then stained with fluorescent antibodies to

identify DN3a thymocytes and purified via FACS.

OP9-DL1 co-cultures. OP9 cells were purchased from ATCC (CRL-2749) and
transduced by retroviral infection with Delta-like Ligand 1 vector (DL1), kindly provided
by Dr. Juan Carlos Zuniga-Pflicker, and FACS-sorted based on their GFP
fluorescence. OP9-DL1 cells were maintained in Minimum Essential Medium, Alpha
Modification (Sigma-Aldrich) supplemented with 20% FBS, 100 U/mL penicillin, 100
ug/mL streptomycin. Thymocyte/OP9-DL1 co-cultures were initiated by plating 50x10°
OP9-DL1 cells in 250 pyL of media/well in 48-well tissue culture dishes at Day -1. On

Day 0, DN3a thymocytes were FACS purified and resuspended in OP9-DL1 media
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supplemented with 10 ng/mL FIt3-L (Peprotech) and 10 ng/mL IL-7 (Peprotech) at a cell
density of 10° cells/mL. The single cell suspensions (250 L) were then plated atop
OP9-DL1 monolayers (25x10° cells, 5 ng/mL final concentrations of FIt3-L and IL-7 in a
500 uL total volume). Co-cultures were incubated for 2 or 4 days. Thymocytes were
harvested by forceful pipetting, surface stained for developmental or intracellular

markers and analyzed by flow cytometry.

Western blots. Purified hematopoietic cell populations were lysed in 1X RIPA buffer
containing 1X Halt Protease/Phosphatase Inhibitor (Pierce, 78440); supernatants were
isolated after centrifugation at 17,000g for 15 min. Lysates were mixed with 1X
Laemmli-SDS loading buffer, boiled, electrophoresed, and transferred to nitrocellulose
membranes for immunoblotting. Monoclonal rabbit anti-Phospho-CHK1 (Ser345) (Clone
133D3); monoclonal mouse anti-CHK1 (clone 2G1D5); and monoclonal rabbit anti-
Phospho-CHK2 (Thr48) (Clone C13C1) were purchased from Cell Signaling
Technology. Monoclonal mouse anti-Actin (Clone MM2/193) was purchased from

Sigma-Aldrich.

Intracellular dNTP pool measurements. Purified hematopoietic cell populations were
counted and pelleted. Pellets were then suspended in 1 mL of ice-cold 60% methanol,
vortexed for 1 min and stored overnight at -20°C. The following day, the lysates were
boiled for 3 min and then centrifuged for 15 min at 17,000g at 4°C. Supernatants were
evaporated overnight in a SVC100H SpeedVac Concentrator (Savant). Dry pellets were

resuspended in 100 pL ddH,0, vortexed and centrifuged for 15 min at 17,000 g at 4°C
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to clear insoluble debris. 5 puL of concentrated lysate was used in a 25 pL reaction
volume. Reactions were carried out for 2 hrs according to previously described

protocols (Mathews and Wheeler, 2009).

In vivo measurements of dCK-dependent incorporation of ['*C/"°N]-deoxycytidine
into dCTP and dTTP pools. Mice were injected intraperintoneally with 200 pL of 2.5
mM uniformly-labeled [*C/'°N]-deoxycytidine (Cambridge Isotopes). Mice were
euthanized 30 min post injection to harvest BM cells and DN thymocytes. Cells were
washed with ice cold PBS/2% FBS and then extracted with 60% methanol overnight at -
20°C, evaporated, and the dry pellets were resuspended in 100 to 500 yL of 5 mM
hexylamine. dTTP/dCTP concentrations were then determined by liquid
chromatography-tandem mass spectrometry (LC-MS/MS) using an Agilent 6460 Triple
Quad LC/MS system. The stationary phase was a Phenomenex Gemini-NX C18 column

(2.0 x 100 mM) with 5 mM hexylamine in ddH,O and acetonitrile as the mobile phases.

Whole tissue nucleoside concentration measurements. Solid tissues were
homogenized at 4°C in acetonitrile:methanol (9:1) using the BulletBlender Tissue
Homogenizer (NextAdvance) according to the manufacturer's specifications. BM cells
were flushed using ice-cold PBS, filtered into single-cell suspensions, pelleted and
resuspended in homogenization buffer. Whole blood was collected in heparinized tubes
and then centrifuged to separate plasma and blood cells. Both fractions were extracted
directly with the homogenization buffer. Extracted samples were evaporated and the dry

pellets were resuspended in ddH,O. Thymidine concentrations were then determined by
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LC-MS/MS. The stationary phase was a Thermo Fisher Hypercarb column (2.1 x 100
mM) with 0.1% formic acid in ddH,O and 0.1% formic acid in acetonitrile as the mobile

phases.

Statistical analyses
All statistics presented as average of biological replicates with standard error of the
mean (+SEM). P value significances were calculated using one sample t-test function in

GraphPad Prism 5 (GraphPad Software).
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Results

dCTP pool depletion, RS induction, early S-phase arrest, and DNA damage in
dCK” lymphoid and erythroid hematopoietic lineages. To investigate the possibility
that nucleotide deficiency causes the hematopoietic abnormalities identified in the dCK”
mice (Toy et al., 2010), we quantified dNTP pools in CD4/CD8 double-negative (DN)
thymocytes, bone marrow (BM)-resident B-cell progenitors, and in nucleated erythroid
progenitors. dCTP pools were significantly reduced in all three dCK” hematopoietic
lineages (Fig. 2.1 B; *, P<0.003; **, P<0.02); dTTP, dGTP and dATP pools were largely
unaffected (Fig. 2.1 B; Table 1). Next, we asked whether dCTP deprivation triggers RS
in dCK” hematopoietic lineages by probing for the presence of the activated form of the
key ATR effector and replication stress response (RSR) regulator CHK1 kinase (Branzei
and Foiani, 2008). Compared to WT cells, dCK” lineages displayed significantly higher
levels of CHK1 phosphorylated on Ser345 (pChk1), indicating exposure to endogenous

RS in vivo (Fig. 2.1 C).

To examine the functional consequences of dCTP deficiency and RS, we
analyzed the cell cycle profiles of highly proliferative sub-populations that we found to
be selectively depleted (e.g. T and B-cell precursors) or overrepresented (erythroblast
precursors) amongst dCK” hematopoietic progenitor populations. These highly
proliferative subpopulations included DN3b T-cell precursors (CD4°, CD8, CD44,
CD25™%°  CcD27" thymocytes) (Taghon et al., 2006), Hardy Fraction B-C B-cell
progenitors (IgM", B220*, CD43", CD19") (Hardy et al., 2007), and nucleated

erythroblast cells (EryA; Ter119*, CD71*, FSC") (Liu et al., 2006). dCK” cells from all
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three progenitor populations showed abnormal cell cycle profiles (Fig. 2.1 D), with dCK”"
EryA cells displaying the most pronounced increase in the percentage of cells in S-
phase. Each of the three subpopulations appeared to be arrested in early S-phase (Fig.

2.1 D).

To unequivocally demonstrate that dCK inactivation triggers early S-phase arrest,
we performed kinetic measurements of DNA synthesis in vivo by measuring
bromodeoxyuridine (BrdU) incorporation into WT and dCK” DN3b, Hardy B-C, and
EryA cells 1 hr after intraperitoneal injection of the probe. We found that the amount of
BrdU incorporated per BrdU® cell was reduced significantly in all three dCK”
subpopulations (Fig. 2.1, E and F), a result consistent with impaired DNA synthesis. To
confirm this interpretation, we used a BrdU chase approach to analyze productive DNA
synthesis in vivo (Begg et al., 1985; Terry and White, 2006). Mice were pulsed with
BrdU and the free circulating probe was allowed to be eliminated (i.e. chased) for 3 and
5 hrs before analyzing BrdU incorporation. This approach enabled detection and
quantification of BrdU chase gaps, which are indicators of productive DNA synthesis
(Terry and White, 2006). While BrdU*™ WT cells synthesized sufficient new DNA during
the 3 and 5 hr chase points to generate typical BrdU chase gaps, BrdU* dCK” cells did
not display chase gaps, thus indicating arrested DNA synthesis (Fig. 2.1 G).
Consequently, BrdU* dCK” cells remained stationary in early S-phase (Fig. 2.1 G).
Moreover, few dCK” cells entered the S-phase during the 3 and 5 hr chase periods
(Fig. 2.1 G, BrdU™ S-phase gates), further confirming that dCK inactivation perturbed cell

cycle kinetics. The degree of S-phase arrest triggered by dCK inactivation correlated

24



with strong upregulation of the RSR/DDR marker histone H2A.X phosphorylated on
Ser139 (pH2A.X) in early S-phase cells from all three hematopoietic subpopulations
(Fig. 2.1, H and I; *,P<0.0001). While the effects of dCK inactivation were highly
penetrant in lymphoid and erythroid progenitor populations that have short S-phases (<7
hrs), myeloid lineage cells which have a longer S-phase (>9 hrs) were significantly less

affected (Fig. 2.1, I and J).

Effects of TK1 inactivation on dTTP pools, hematopoietic development, and
endogenous RS. Next, we determined whether inactivation of TK1, the other cytosolic
NSP kinase expressed in mammalian cells (Fig. 2.1 A), also affected hematopoietic
development in a manner similar to dCK inactivation. Unlike the severe defects in
hematopoiesis induced by dCK inactivation, lympho- and erythropoiesis appeared
significantly less affected in the TK7” mice. Nonetheless, dTTP levels were significantly
decreased in TK1” B cell and erythroid lineages compared to corresponding WT
populations (Fig. 2.2 A; *, P<0.005; **, P=0.0001); dCTP pools were largely unaffected

(Fig. 2.2 A).

In contrast to dTTP pool depletions in TK7”" B cell and erythroid lineages, TK1”
DN thymocytes had normal dTTP pools, suggesting the existence of a compensatory
mechanism. dCMP produced by dCK can contribute to the dTTP pool through the
sequential actions of deoxycytidine monophosphate deaminase (DCTD) and
thymidylate synthase (TYMS) (Fig. 2.1 A) (Staub et al., 1988). To determine whether

such dCK-dependent contributions occur in vivo to potentially help maintain dTTP pools
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in the absence of TK1, we measured the relative efficiencies of deoxycytidine to
thymidine conversion in WT and TK7”" mice by utilizing ["*C/"°N]-labeled deoxycytidine
("*C/"®N]-dC). Both genotypes were pulsed with [*C/'°N]-dC for 30 min and the
conversion of [*C/"°N]-dC to [*C/"®N]-dCTP and to ["*C/"*N]-dTTP was determined in
target hematopoietic populations using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) (Fig. 2.2 B). We found that the [*C/"°N]-dTTP to ["*C/"*N]-
dCTP ratio was over two-fold higher in TK7” DN thymocytes than in the corresponding
WT subpopulation (7.3:1 vs. 3.5:1) (Fig. 2.2 C). Therefore, DN thymocytes may
compensate for the loss of the TK1-dependent input in the dTTP pools by converting a
larger fraction of dCMP to dTTP (Fig. 2.2 A). In contrast to DN thymocytes, TK1” BM
cells displayed a lower [*C/">N]-dTTP to ["*C/"°N]-dCTP ratio than WT BM cells (1.3:1
vs. 2.1:1) (Fig. 2.2 C). We also observed an approximately four-fold decrease in the
amount of ["*C/"™NJ-dTTP in TK1” BM cells relative to WT controls (Fig. 2.2 C).
Collectively, these findings suggest that, compared to TK7”" DN thymocytes, TK1”" BM

cells are less able to rely upon dCK to maintain dTTP pools.

The dTTP pool depletion observed in TK1” BM cells suggested that, similar to
their dCK” counterparts, these cells would also be subjected to RS induction. BM-
resident TK71”" hematopoietic populations indeed displayed elevated pChk1 levels while
TK1” DN thymocytes were not affected (Fig. 2.2 D), consistent with the dTTP pool
depletion found in BM TK71” and with the normal dTTP pools in TK71” thymocytes,
respectively (Fig. 2.2 A). Regardless of their dTTP pool status, proliferating TK1”

hematopoietic progenitors did not display detectable changes in the cell cycle profiles
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(Fig. 2.2 E). Moreover, in contrast to the highly elevated levels of pH2A.X found in dCK”
DN3b thymocytes and Hardy B-C B-cell progenitors (Fig. 2.1, H and 1), corresponding
TK1” lymphoid cells did not upregulate pH2A.X (Fig. 2.2 F). Only TK1” EryA cells
significantly upregulated the expression of this DDR marker (Fig. 2.2 F; *, P<0.03),

albeit at levels that were 8-fold lower than those observed in dCK” EryA cells (Fig. 2.1

).

Blocking thymidine salvage alleviates the RS triggered by dCK inactivation in
bone marrow-resident hematopoietic progenitors. To further investigate the
mechanistic basis of INTP pool imbalances and RS phenotypes observed in the dCK”
and TK1” mice we examined the consequences of concomitant inactivation of these
two NSP kinases. dCK/TK1 double-knockout (DKO) hematopoietic cells should
completely lack the ability to salvage dNs from their extracellular environment and must
rely exclusively on the de novo pathway to produce dNTPs for DNA replication and
repair. DKO mice were born at sub-Mendelian frequencies (hazard ratio 1.85) and
weighed 30% less than WT, TK71”, and dCK” littermates at 5 weeks of age
(N=7/genotype, P<0.001), indicating that the NSP was important to support animal
growth. However, combined inactivation of dCK and TK1 did not further aggravate the
defects observed in the dCK single knockout mice, but rather significantly rescued their
hematopoietic development. Thus, relative to dCK” cells, DKO B-cell progenitors
showed greatly improved differentiation past the Hardy B-C stage (Fig. 2.3, A-C).
Moreover, the cell cycle profile and pH2A.X expression of DKO Hardy B-C cells

appeared normal (Fig. 2.3 A). In the erythroid lineage, dual inactivation of dCK and TK1,
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partially reduced the relative abundance of EryA cells in the bone marrow, but DKO
EryA cells still displayed an abnormal cell cycle profile with upregulated pH2A.X
expression relative to WT and TK1”" cells (Fig. 2.3 D). Nonetheless, these cells were in
fact relieved of the early S-phase arrest phenotype characteristic of their dCK”
counterparts (Fig. 2.3 D). Intriguingly, pH2A.X upregulation in DKO EryA cells occurred
in mid/late S-phase rather than at the G+/S border corresponding to early stages of DNA
synthesis, as seen following dCK inactivation (Fig. 2.3 D). Altogether, erythropoiesis
itself in DKO mice appeared significantly normalized as further evidenced by the
alleviation of the abnormal extramedullary erythropoiesis manifested as splenomegaly

in the dCK” mice (Fig. 2.3E).

Underlying the rescue of early S-phase arrest in DKO B cell and erythroid
precursors was a surprising finding concerning the restoration of dCTP pools in dCK”
BM hematopoietic cells following TK1 inactivation. Thus, DKO BM cells had normal
dCTP pools, which corresponded to a more than two-fold increase over dCTP pools
from dCK” BM cells (Fig. 2.3 F; *, P<0.001). In contrast to dCTP pools, dTTP pools
from DKO BM cells were not restored to WT levels and remained at levels comparable

to those of TK1” BM cells (Fig. 2.3 F).

TK1 inactivation rescues the development of dCK” T cells. Similar to its effects on
the development of dCK” B cells, TK1 inactivation also rescued dCK” T cell
development. DKO thymi were significantly larger than those from the dCK” mice due

to increased overall cellularity (Fig. 2.4, A and B; *, P<0.001). In DKO mice, the 8-fold
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increase in thymic cellularity over dCK” thymi was accompanied by a striking
normalization of a key event in thymic T cell development, specifically the transition
from the DN to the CD4/CD8 double-positive (DP) stage (Fig. 2.4 C). Thus, in contrast
to the dCK” thymocytes, which experience a severe block at the DN to DP transition,
DKO thymocytes displayed a DN to DP ratio that was nearly indistinguishable from that
of their WT and TK1” counterparts (Fig. 2.4 C). This phenotypic rescue was
accompanied by reduced levels of the RSR activation markers pChk1 and CHK2 kinase
phosphorylated on Thr68 (pChk2) in DKO DN thymocytes compared to the
corresponding dCK”" population (Fig. 2.4 D). Furthermore, both the early S-phase arrest
and pH2.AX induction were significantly reduced in DKO cells relative to dCK”" DN3b
thymocytes (Fig. 2.4 E). Collectively, these findings indicated that elimination of TK1
activity drastically lowered the levels of RS in DKO versus dCK” thymocytes, an effect

reflected by a dramatic improvement of dCK” T cell development (Fig. 2.4 A).

Endogenous thymidine plays a critical role in the induction of a RS phenotype in
dCK” thymocytes. Excessive levels of intracellular dTTP have been shown in in vitro
studies to negatively regulate dCTP pools through allosteric inhibition of RNR-mediated
synthesis of deoxycytidine diphosphate (dCDP), the direct precursor of dCTP (Reichard,
1988). It is conceivable that the RS experienced by dCK”" hematopoietic cells in vivo
can be attributed to concomitant inhibition of both salvage and de novo pathways for
dCTP production, therefore creating conditions of synthetic sickness/lethality (SSL). As
shown in Fig. 2.5 A, hematopoietic progenitors in bone marrow and thymus are exposed

to endogenous concentrations of thymidine that are significantly higher than in other
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tissues and in plasma. Such high levels of endogenous thymidine may increase dTTP
pools via TK1-mediated salvage. Decreased dTTP production caused by TK1
inactivation would relieve the inhibition of RNR’s ability to reduce CDP to dCDP in
proliferating dCK” cells residing in bone marrow and thymus. The corresponding
increase in the output of the de novo pathway would therefore help restore dCTP pools
depleted by dCK inactivation. To test the validity of this model we reasoned that if
excessive thymidine salvage in thymus and bone marrow was indeed responsible for
the dCK” phenotype, then removal of dCK”~ hematopoietic cells from a thymidine-rich in
vivo environment should relieve their RS phenotype. To test this prediction we modeled
T cell development in vitro using the OP9-DL1 co-culture system (Taghon et al., 2005).
Importantly, LC-MS/MS measurements showed that the OP9-DL1 culture media used in
these experiments contained submicromolar amounts of thymidine that are comparable
to plasma levels (Fig. 2.5 B), and are much lower than those measured in thymus and
bone marrow (Fig. 2.5 A). DN3a thymocytes (CD4", CD8", CD44", CD25", CD27") from
WT, dCK”, TK1”, and DKO mice were subsequently labeled with a fluorescent
proliferation dye (CellTrace Violet, CTV), cultured on the OP9-DL1 stroma, and then
assessed for cell division four days later by flow cytometric analysis of CTV dye dilution
(Fig. 2.5 C). We found that, in contrast to their in vivo phenotype, dCK” DN3a
thymocytes proliferated robustly in the in vitro co-culture system that contained
submicromolar levels of thymidine. Thus, dCK” cells divided up to 8 times, which was
equivalent to the rate of cell division observed for WT, TK71”, and DKO thymocytes over

the course of the in vitro study (Fig. 2.5 D). These findings indicated that salvage of
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endogenous thymidine in vivo contributes to the induction of S-phase arrest and RS in

dCK” hematopoietic progenitors.

To confirm this hypothesis, we titrated thymidine into the DN3a/OP9-DL1 co-
cultures and determined how this affected the rate of cell proliferation. We found that
the addition of 20 yM thymidine to the co-culture media significa