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ABSTRACT OF THE DISSERTATION

Nucleoside Salvage Kinases Regulate Hematopoiesis by Linking

Nucleotide Metabolism with DNA Replication Stress

by

Wayne Robert Austin
Doctor of Philosophy in Molecular and Medical Pharmacology
University of California, Los Angeles, 2012
Professor Caius G. Radu, Co-Chair

Professor Johannes Czernin, Co-Chair

Deoxycytidine kinase (dCK) is a rate-limiting enzyme in the salvage pathway of
deoxribonucleotide triphosphate (dNTP) biosynthesis. dCK is highly expressed in
hematopoietic tissues such as the bone marrow and thymus, indicating that the enzyme
is important for the generation of a normal hematopoietic system. However, it has never
been determined as to why dCK is highly expressed in these proliferating cell types
versus others in the body. To begin answering this fundamental biological question, we
generated mice that were globally deficient for dCK activity (dCK™) using genetic
knockout technology. We found that inactivation of dCK activity results in severely

inhibited differentiation of major hematopoietic lineages consisting of T cells, B cells,



and erythroid cells. Examination of the cell cycle kinetics in dCK™ cells from these
distinct lineages revealed that these cells undergo cell cycle arrest early during the
process of DNA replication in vivo. This arrest is associated with the presence of active
DNA damage response, thus indicating that hematopoietic progenitor cells are subject
to significant DNA replication stress in vivo. We found that induction of DNA replication
stress in dCK”™ hematopoietic progenitors was dependent upon the salvage of thymidine
by the nucleoside salvage enzyme thymidine kinase 1 (TK1). We subsequently
demonstrated that simultaneous inactivation of both dCK and TK1 in mice greatly
ameliorated the proliferation and differentiation defects that were present in
hematopoietic progenitor cells from dCK” mice. The results from our studies thus
demonstrate that dCK functions to counteract the DNA replication stress-inducing
activity of TK1 that occurs during in vivo proliferation of murine hematopoietic

progenitors.
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CHAPTER 1:

Introduction

The Biochemical Role of Deoxycytidine Kinase

in Deoxyribonucleotide Metabolism



Nucleotides for DNA synthesis are generated by two interrelated pathways

It is a fundamental fact of biology that a cell must generate a balanced supply of
DNA precursors in order to support DNA replication and minimize the errors associated
with this process (1). However, underneath this seemingly trivial statement lies a
complex biosynthetic network that must produce and maintain the fundamental building
blocks of the genome. Nucleotide biosynthesis is traditionally thought of as consisting of
two pathways: the de novo pathway that generates nucleotides from essential
precursors such as glucose and amino acids; and the salvage pathway that recycles
previously formed nucleosides (2) (Figure 1.1). Often, the de novo and salvage
pathways are studied individually. This may be problematic, since it is inaccurate to
think of these two pathways as being independent from one another; they are
inextricably linked via shared intermediates and products, and the activity of one

pathway can drastically influence the other (2).

Deoxycytidine kinase, a multi-substrate salvage enzyme

The focus of this dissertation is to wunderstand the role that the
deoxyribonucleoside (dN) salvage enzyme deoxycytidine kinase (dCK) plays in the
overall regulation of DNA replication in hematopoietic cells. dCK is highly expressed in
hematopoietic tissues and it functions biochemically to help generate
deoxyribonucleotide triphosphates (ANTPs), the direct precursors of DNA synthesis (3).
The dCK enzyme has wide substrate capacity that naturally includes deoxycytidine
(dC), deoxyadenosine (dA), and deoxyguanosine (dG) (2). However, dCK can also

phosphorylate many synthetic nucleoside analog prodrugs (4). The clinical utilization of

2



dCK to activate various antineoplastic drugs makes understanding dCK’s fundamental
biological role a clinically important goal; a better understanding of this enzyme can lead
to improved or novel therapeutic strategies in the future.

The various dNs and related prodrugs that dCK phosphorylates enter a cell
through facilitated transport mediated by equilibrative and concentrative nucleoside
transporters (ENTs, CNTs) (Figure 1.2) (5, 6). dNs can freely efflux out of the cell until
dCK’s enzymatic activity covalently adds an electronegative phosphate group to the 5'-
OH position of the deoxyribose sugar ring, thus converting the dNs into monophosphate
nucleotides (dNMPs) (4). The electronegative phosphate group prevents the dNMPs
from exiting the cytoplasm via the ENTs, causing them to be trapped intracellularly (5).
These dNMPs are then quickly phosphorylated twice more by cytoplasmic nucleotide
kinases to become dNTPs (2). Through these mechanisms dCK can directly contribute
to intracellular deoxycytidine-, deoxyadenosine-, and deoxyguanosine- triphosphate
(dCTP, dATP, and dGTP, respectively) pools. dCK can also indirectly contribute to
thymidine triphosphate (dTTP) pools by way of the conversion of its product
deoxycytidine monophosphate (dCMP) into deoxyuridine monophosphate (dUMP) by
dCMP deaminase (DCTD) (7). The enzyme thymidylate synthase (TYMS) can then

convert dUMP into thymidine monophosphate (dTMP) for use in generating dTTP (8).

Ribonucleotide reductase regulates the de novo synthesis pathway
The de novo pathway can also generate dCTP (2). De novo synthesis of
pyrimidine dNTPs starts with glucose and amino acid metabolism to generate the

central pyrimidine precursor uridine monophosphate (UMP) (9). UMP can then be
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phosphorylated by uridine-cytidine kinase 2 (UCK2) to generate the product uridine
diphosphate (UDP) (10). UDP is a substrate for the rate-limiting de novo pathway
enzyme complex called ribonucleotide reductase (RNR) (Figure 1.1) (2).

RNR is a multi-component complex comprised of a regulatory subunit and an
enzymatic subunit. The regulatory subunit is called ribonucleotide reductase M1
(RRM1); it is expressed throughout the cell cycle (11). The enzymatic subunit is called
ribonucleotide reductase M2 (RRM2); its transcription and translation are activated upon
entry into S-phase of the cell cycle (11). Following completion of S-phase RRM2 is
rapidly eliminated through ubiquitination-mediated proteosomal degradation (12). An
alternative M2 subunit of RNR is the p53-inducible ribonucleotide reductase M2 B gene
(RRM2B), whose transcription is not cell cycle dependent but instead is induced by p53
activation in response to DNA damage (13). RRM1 pairs with either RRM2 or RRM2B
to form a complete RNR complex that is capable of reducing ribonucleoside
diphosphates (NDPs) into deoxyribonucleotide diphosphates (dNDPs) (Figure 1.3, A)
(14).

The enzymatic activity of RNR is allosterically controlled by the concentrations of
the triphosphate products of nucleotide synthesis (2) (Figure 1.3, B). RRM1 contains an
activity regulation site that binds either adenosine triphosphate (ATP) or
deoxyadenosine triphosphate (dATP), depending on relative concentrations of either
nucleotide in the cell (14). The binding of ATP to RRM1’s activity regulation site
activates the enzyme to reduce NDPs into dNDPs; conversely, the binding of dATP to

the activity regulation site turns off RNR’s enzymatic activity (14). The generation of



dATP through RNR is therefore a negative feedback mechanism to control the overall
generation of dNTPs through the de novo pathway (11).

RNR has the ability to reduce four separate NDPs into dNDPs, thereby allowing it
to generate the precursors for all four dNTPs (2). However, RNR cannot reduce all four
nucleotides simultaneously; its specific nucleotide substrate is dictated by other
nucleotides that occupy a substrate specificity regulation site located on RRM1 (11). For
example, the binding of ATP or dATP to RRM1’s substrate specificity site promotes the
binding of either cytidine diphosphate (CDP) or UDP to the M2 subunit’s enzymatic
activity site. In another case, the binding of deoxyguanosine triphosphate (dGTP) to the
specificity site promotes the binding of adenosine diphosphate (ADP) to the enzymatic
activity site. Lastly, the binding of dTTP to the specificity site promotes the binding of
guanosine diphosphate (GDP) to the enzymatic activity site. Intriguingly, dCTP is the

only dNTP that does not regulate RNR’s overall enzymatic activity (15).

Regulation of dCTP pool size through various mechanisms

Of the four dNTPs produced by the de novo pathway, dCTP appears to be the
most susceptible to pool depletions due to allosteric regulation of RNR’s substrate
specificity. The generation of dCTP by de novo synthesis requires that 1) ATP binds the
activity regulatory site, and that 2) ATP or dATP binds the substrate specificity site. In
such conditions of high available energy (i.e. sufficient ATP concentration), and
relatively high purine nucleotide availability (dAATP bound to the specificity site), RNR
will preferentially generate dCTP over other possible products. However, dCTP

generation via de novo synthesis can be shut down through the action of dTTP binding
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to RNR’s specificity site (16). This mechanism is commonly employed in the laboratory
to synchronize immortalized cell lines at the G1/S border in a method called a thymidine
block (17).

The thymidine block method to synchronize cells depends upon the activity of
another dN salvage enzyme: thymidine kinase 1 (TK1) (18). TK1’s substrate specificity
is distinct from that of dCK’s; TK1 can only phosphorylate the pyrimidine dNs of
thymidine (dT) and deoxyuridine (dU) (Figure 1.2) (3). Like RRM2, TK1 gene expression
is subject to S-phase activation (19). TK1’s salvage of both dT and dU converts these
dNs into dTMP and dUMP, respectively. dTMP can be phosphorylated twice more to
generate dTTP directly, while dUMP requires conversion into dTMP by the action of

TYMS in order to feed into dTTP pools (Figure 1.2) (2).

Regulation of dCK activity through various mechanisms

dCK is both transcribed and translated during the non-DNA replicating phases of
the cell cycle (i.e. Go/G4, G2 and M phases), making it unlike several key components of
the dNTP biosynthetic pathway, such as RRM2, TK1, and TYMS (19-23). The fact that
dCK is expressed and active at times when dNTPs are not required to support DNA
synthesis has led to the speculation that dCK plays a role in supplying dNTPs to enable
DNA repair (24, 25). Recently, dCK was identified as a potential phosphorylation target
for the key DNA damage response (DDR) sensor kinases of ataxia-telangiectasia
mutated (ATM) and ataxia-telangiectasia mutated Rad3-related (ATR) (26). In that
phosphoproteomic study, Stephen Elledge’s group identified dCK’s serine 74 (Ser74) as

residing in a conserved amino acid sequence motif that is the recognition target for the
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ATM/ATR kinases. This Ser74 residue is particularly significant in the post-translational
control of dCK activity. It is believed that phosphorylation of the Ser74 residue increases
dCK’s enzymatic activity by locking the enzyme in an open confirmation that more
readily accepts dC substrate and the ATP/UTP phosphate donor molecules (4, 27, 28).
Because this Ser74 occupies a conserved ATM/ATR kinase target motif, it has been
postulated that dCK activity may increase via ATM/ATR activation in response to DNA

damage (26).

Concluding remarks about dCK’s role in development

Although dCK expression and activity has been studied for decades, it has never
been determined what function, if any, that dCK has in supporting normal development.
Neither has it been shown if dCK functionally contributes to dNTP pools in vivo. To
address these questions, we generated mice globally and conditionally deficient for dCK
activity (dCK” mice). Chapter 2 will describe the profound defects in hematopoietic
development we observed in dCK” mice. In Chapter 3, we will document the cell cycle
defects and the presence of active DNA damage responses in dCK”" hematopoietic
progenitors. Chapter 4 will describe the underlying mechanisms that we believe cause
the cell cycle and differentiation defects present in dCK” mice. Lastly, Chapter 5 will
include a discussion of the potential clinical applicability of the fundamental biological

insights revealed by studying the dCK” mouse model.
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Figure 1.1. De novo and salvage synthesis of pyrimidine dNTPs. Schematic of de
novo (blue) and salvage pyrimidine nucleotide (red) synthesis 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 and aspartate 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 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
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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.
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Figure 1.2. dCK regulates a rate-limiting step in the nucleoside salvage pathway.
dCK is the only salvage enzyme that can supply cells with all 4 precursors of DNA, 3 of
them through direct phosphorylation and trapping of dC, dA and dG and the fourth
through metabolic processing of dCMP to dTMP. ENT, equilibrative nucleoside
transporter; CDA, cytidine deaminase; DCTD, dCMP deaminase; TYMS, thymidylate
synthase; AK, adenylate kinase; GMPK, guanylate kinase; CMPK, cytidylate kinase;
TMPK, thymidylate kinase; NDPK, nucleotide diphosphate kinase; TK2, thymidine

kinase 2; dGK, deoxyguanosine kinase.
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Figure 1.3. General structure and allosteric control of the ribonucleotide

@

reductase (RNR) complex. (A) RNR is composed of 2 RRM1 and 2 RRM2 subunits.
RRM1 contains activity and specificity regulation sites. The catalytic activity of RNR is
present at the interface between RRM1 and RRM2. The activity regulation site binds
either ATP (activating) or dATP (inactivating). The specificity regulation site binds ATP
(promotes pyrimidine reduction), dATP (promotes pyrimidine reduction), dGTP
(promotes ADP reduction), or dTTP (promotes GDP reduction). The catalytic activity
site binds UDP, CDP, ADP and GDP to reduce these RNA precursors into the DNA
precursors of dUDP, dCDP, dADP and dGDP, respectively. (B) Graphical
representation of allosteric control of RNR output as determined by nucleotide binding
to activity regulatory and specificity regulatory sites of RNR. (Figures adapted from Voet

and Voet, Biochemistry, 2" Ed., J. Wiley & Sons, with permission.)
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Abstract

Deoxycytidine kinase (dCK) is a rate-limiting enzyme in deoxyribonucleoside
salvage, a metabolic pathway that recycles products of DNA degradation. dCK
phosphorylates and therefore activates nucleoside analog pro-drugs frequently used to
treat various cancers, autoimmune diseases, and viral infections. While its therapeutic
relevance is well established, the biological function of dCK remains enigmatic. Highest
levels of dCK expression are found in thymus and bone marrow, indicating that dCK
may play a role in hemato- and lymphopoiesis. To test this hypothesis we generated
dCK knockout (dCK”") mice. dCK inactivation selectively and profoundly affected T cell,
B cell, and erythroid development. A 20-fold decrease in thymic cellularity was observed
in the dCK”" mice; this deficit in cellularity was associated with a differentiation block at
the CD4/CD8 double-negative stage of T cell development. Analogous blocks in B cell
development in the bone marrow of dCK” mice were observed. Additionally,
abnormalities in erythroid development were observed in the bone marrow and the
spleens of dCK” mice. The severe impact of dCK inactivation on lymphoid and erythroid
development were unexpected given that nucleoside salvage has been thought to play
a limited, ‘fine tuning’ role in regulating deoxyribonucleotide triphosphate (dNTP) pools
produced by the de novo pathway. The dCK” phenotype challenges this view and
indicates that, in contrast to the great majority of other somatic cells, normal
hematopoietic development critically requires the deoxyribonucleoside salvage

pathway.
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Introduction

T cell, B cell, and erythroid development are each characterized by stages of
massive, clonal proliferation of immature progenitors (1-3). It is currently poorly
understood how T cell, B cell, and erythroid progenitors meet the deoxyribonucleotide
triphosphate (ANTP) synthesis requirements to support DNA replication during these
phases of massive proliferation. Genetic deficiencies in purine and pyrimidine
metabolism are responsible for at least 14 different disorders, with a broad spectrum of
clinical manifestations (4). Of these documented clinical disorders of nucleotide
metabolism, mutations in the adenosine deaminase and purine nucleoside
phosphorylase genes lead to human immunodeficiency syndromes (5, 6). Increased
susceptibility to infections also accompanies disorders of pyrimidine metabolism such
as orotic aciduria and the pyrimidine nucleotide depletion syndrome (4). Therefore,
lymphocytes appear to be very sensitive to defects in nucleotide metabolism.

In theory, lymphocytes and other cells can rely on two pathways to produce
dNTPs for DNA replication and repair: the de novo synthesis pathway and the
deoxyribonucleoside (dN) salvage synthesis pathway. These pathways converge at the
level of deoxyribonucleotide diphosphates (dNDP) and are further connected by
complex feedback mechanisms (7). Ribonucleotide reductase (RNR), the most
important enzyme in the de novo pathway, produces all four dNDP precursors for DNA
synthesis by converting ribonucleotide diphosphates into ANDPs. Models explaining the
production and maintenance of dNTP pools by the de novo pathway alone, without input

from the dN salvage pathway, have been proposed (8). However, in tissues with active
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nucleoside salvage, recycling of extracellular dNs via the salvage pathway may also
contribute to cellular dNTP pools (9).

The dN flux through the salvage pathway is controlled by specialized kinases (7).
Mammalian genomes encode two cytosolic dN kinases with non-overlapping substrate
specificities: thymidine kinase 1 (TK1), and deoxycytidine kinase (dCK) (10). TK1
phosphorylates thymidine (dT) and deoxyuridine (dU), while dCK phosphorylates
deoxycytidine (dC), deoxyadenosine (dA) and deoxyguanosine (dG); dCK can also
contribute to dTTP pools since its product, dCMP, can be converted to dTMP by dCMP
deaminase and thymidylate synthase (11). While dCK resembles RNR in terms of its
ability to produce all four dNTPs, the biological function of this kinase is not yet defined.
Several hypotheses have been formulated including potential roles for dCK in DNA
repair, in synthesis of liponucleotide precursors of membrane phospholipids and in
programmed cell death (12). The evidence in favor or against these hypotheses is
circumstantial. According to a model proposed by Reichard and colleagues, dCK may
be responsible for “fine tuning” dNTP pools in dividing cells through its involvement in a
substrate (futile) cycle (13-16). The cycle consists of a phosphorylation reaction
catalyzed by dCK and a dephosphorylation reaction catalyzed by 5’-nucleotidase (5'-
NT). The rates of these opposing reactions are influenced by the rates of dNTP
synthesis through the de novo pathway and by other factors. For example, in rapidly
dividing cells, a decrease in the dCTP pool due to incorporation into DNA poises the
substrate cycle towards anabolism by attenuating a dCTP-dependent negative feedback

mechanism. dCK may be involved in a similar substrate cycle for deoxyadenosine (17).
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While the existence of salvage substrate cycles has been confirmed by
biochemical studies in cultured cancer cells (13-16), its in vivo significance has not been
tested experimentally. The enzymatic activities of dCK and nucleotidases vary widely in
different cell types (18). Lymphocytes and erythroid progenitors express high levels of
dCK (12, 19) and their nucleoside substrate cycles are geared towards anabolism (20).
Furthermore, the importance of the dN substrate cycles may increase during
developmental and functional events associated with proliferative stress, such as rapid
clonal expansion of T cell, B cell, and erythroid precursors in thymus and bone marrow.

To elucidate the function of the dN salvage pathway a genetic animal model of
dCK deficiency would be of considerable interest. In this chapter, we describe the
generation and characterization of hematopoietic development in dCK knockout (dCK™)
mice. The analysis of this new genetic model demonstrates that deletion of dCK has a
selective developmental impact. Embryogenesis and development of most organs and
systems are not affected. However, dCK inactivation significantly impaired T cell, B cell,
and erythroid development. In addition to establishing the immunological relevance of
an ancillary dNTP biosynthetic mechanism, the genetic model of dCK deficiency
described herein may improve our understanding of the differential “wiring” of dNTP
metabolic pathways in various cell types. In turn, this may lead to the identification of

new therapeutic targets for immune disorders and lymphoid malignancies.
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Materials and Methods
Generation of the dCK targeting vector.

A recombineering-based approach (21) was used that employed the temperature
sensitive A prophage Red Recombinase and Arabinose inducible Cre recombinase in E.
coli. This approach used 2 types of recombination sites: loxP sites (recognized by the
bacteriophage P1-derived Cre recombinase) and FRT sites (recognized by the flippase
recombinase - FLP). All reagents for recombineering were obtained from NCI-Frederick

(http://recombineering.ncifcrf.gov). A genomic DNA sequence containing dCK retrieved

from a BAC clone was transferred by homologous recombination into the pL253 vector
to generate the pL253/dCK plasmid. A mini-targeting vector containing a loxP flanked
Neo cassette surrounded by regions homologous to an intronic site upstream of dCK
exon 3 was electroporated into pL253/dCK-containing EL350 cells induced for A
prophage Red Recombinase. The Neo cassette was excised as described (21),
resulting in a single loxP site upstream of exon 3. A second targeting step was then
performed using a vector containing a FRT flanked Neo gene with an upstream loxP
site. This final step yielded a genomic targeting construct containing dCK exon 3 flanked

by loxP sites.

Generation of the global dCK” mice.

Upon sequencing verification of targeting construct integrity, the construct was
linearized and electroporated into LW-1 (129Sv/J) embryonic stem cells for integration
by homologous recombination. Neomycin resistant clones were selected (the HSV1-tk-
based selection was not used) and subjected to Southern blot analysis using probes
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specific for exons 2 and 5 of the dCK gene to verify insertion of the targeting construct.
The probes were generated by PCR using the following primers: Exon 2 probe - E2-left
(5'-GAG AAA GGT CTC AGT GTT TCT GC-3’) and E2-Right (5-GGC CAT GGA GAC
CAG ACG-3’); Exon 5 probe - E5-Left (5°-TCT GGC TAA AAT AAC TAC TGA TAG GG-
3’) and E5-Right (5°-TTG GGA AAA TGA GCA AAT CC-3’). Two positive clones were
selected and expanded for blastocyst injection followed by implantation into a pseudo-
pregnant female. Chimeric pups were selected and crossed with C57BI/6 mice. Agouti
pups were selected and subjected to Southern blot (performed as previously described
(22)) and PCR genotyping to verify germline transmission of the targeted allele. For
PCR-based genotyping, genomic DNA was isolated from mouse tail lysates using the
PureLink Genomic DNA kit (Invitrogen). Touchdown PCR for dCK alleles was
performed as described (23) using the following primers: P1 (5-AAC TGC TGA GCC
ATC TCT CC-3’); P2 (5-AAA AAT AAT ACA GGT TTC TCT GCA TC-3'); and P3 (5-
GGG CTC TAT GGC TTC TGA GG-3').

Agouti mice with verified germline transmission of the targeting construct were
then crossed with B6.C-Tg(CMV-cre)1Cgn/J mice (Jackson Laboratories, Bar Harbor
ME), which express Cre recombinase under the control of a CMV promoter in all cell
types, to generate dCK"™* Cre™ mice. dCK"™* Cre™ mice were then crossed with
C57BI/6 mice to obtain heterozygous knockout (dCK™) mice without the Cre transgene.
dCK"" mice lacking the Cre transgene were identified by PCR genotyping and were

subsequently intercrossed to yield the dCK™*, dCK*" and dCK™" littermates.
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MicroPET/CT Imaging

Mice were kept warm, under gas anesthesia (2% isoflourane) and intravenously
injected with 200 pCi of "8F.FAC. 1 hr interval for uptake was allowed between probe
administration and microPET/CT scanning. MicroPET data were acquired for 10 min
using Siemens Preclinical Solutions (Knoxville, TN) Focus 220 or Inveon microPET
scanners. CT scans were performed using MicroCAT Il CT instruments. Images were
analyzed using OsiriX software, an open access DICOM compatible image viewing,

analysis and fusion software (http://www.osirix-viewer.com). Color scale is proportional

to tissue concentration with red being the highest and lower values in yellow, green &

blue.

Immunophenotyping antibodies

The following antibodies from eBioscience were used for B cell and erythroid
phenotyping from whole bone marrow: B220 (Clone RA3-6B2) PE-Cy7 and APC-
eFluor780; IgM (Clone [1/41) 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.

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; CD45.1

(Ly5.2) (Clone A20) PerCP-Cy5.5; and CD45.2 (Ly5.1) (Clone 104).
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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.).

In vitro and in vivo assays to measure the enzymatic activity of dCK

Splenocytes and bone marrow cells were lysed and dCK kinase activity was
determined using selective binding of phosphorylated products of *H-FAC (Moravek
Biochemicals) to DE81 Whatman filter paper as previously described (24). '®F-FAC was

synthesized and used for microPET/CT imaging studies as previously described (25).

Statistical Analyses

Data are presented as means + SEM. Group comparisons were performed using
the One Sample T test function in column statistics in Prism 5 software (GraphPad
Software, La Jolla, CA) using the observed mean value of wild-type samples as the
theoretical mean of comparison. All P values are two-tailed and P values of <0.05 are
considered to be statistically significant. Graphs were generated using the Prism 5

software.
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Results
Generation of the dCK”" mice

Given the lack of evidence in favor or against dCK being critically required during
embryogenesis, organogenesis or other essential developmental processes, we
decided to use a conditional gene targeting strategy to avoid a lethal phenotype. A
recombineering-based cloning approach (21) was used to generate a dCK targeting
construct in which exon 3 was flanked by loxP sites (dCK™) (Figure 2.1, A). Exon 3
deletion by Cre recombinase eliminates the dCK catalytic domain and also causes a
frame shift mutation and early termination of dCK protein synthesis.

Targeting vectors encoding the dCK™* allele were transfected into 129/Sv
embryonic stem cells and integration by homologous recombination was selected for
through G418 antibiotic resistance. Several G418-resistant clones were counter-
screened for proper integration of the targeting vector using southern blotting
techniques (Figure 2.1, B). Two clones were chosen and subsequently injected into
C57Bl/6 blastocysts that were implanted into pseudopregnant C57BIl/6 females.
Chimeric pups were selected and backcrossed to C57BIl/6 mice to confirm germline
transmission of the dCK™* allele. dCK""™* mice were then crossed to C57BI/6 mice
transgenically expressing Cre recombinase (Cre™) under the control of a ubiquitous
cytomegalovirus (CMV) promoter in order to generate dCK™” Cre™ mice. These
heterozygous mice were then backcrossed to C57BI/6 again to eliminate the Cre
transgene and subsequent dCK"" Cre™? mice were intercrossed together to generate
dCK™* (wild-type, WT), dCK"", and dCK” progeny that were identified by PCR

genotyping (Figure 2.1, C). Intercrossing dCK"" mice yielded 1:2:1 ratios of WT, dCK™,
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and dCK” pups as the first 93 genotyped progeny produced 24.7% WT, 47.3% dCK™,
and 28% dCK” mice (Figure 2.1, D). This normal Mendelian distribution indicated that
the gene targeting strategy did not result in embryonic/perinatal lethality. Moreover, the
developmental growth rates of dCK” mice were comparable to WT littermates (Figure

2.1, E).

Deletion of exon 3 from dCK abolishes enzymatic activity

We employed two biochemical assays to validate that dCK” mice did in fact lack
dCK activity. These assays used radiolabeled 1-(2’-deoxy-2’-fluoroarabinofuranosyl)
cytosine (FAC), a high affinity substrate for dCK that closely resembles the endogenous
dCK substrate deoxycytidine (24, 25). We first performed an in vitro kinase assay using
tritiated-FAC (*H-FAC) as a substrate to assay dCK activity in lysates from bone marrow
and spleen tissues. This assay demonstrated that dCK” lysates did not have
measureable dCK activity (Figure 2.2, A).

As a corollary to the in vitro kinase assay, we imaged the dCK”" mice by Micro
Positron Emission Tomography (mPET) and computed tomography (CT) using fluorine-
18 labeled FAC ('®F-FAC) (25). "F-FAC mPET/CT imaging allows non-invasive
measurements of dCK activity throughout the body. There was a striking contrast
between the ®F-FAC biodistribution in the WT mice compared to the dCK” animals
(Figure 2.2, B). In the WT mice, "®F-FAC accumulated in hematopoietic and lymphoid
tissues such as bone marrow, thymus, and spleen reflecting the normal high dCK

activity present in these tissues. None of these signals were visible in the dCK” mice.
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The "®F-FAC uptake in the gastrointestinal tract observed in the WT mice was absent in

dCK” mice, indicating that probe accumulation in this tissue is also dCK-specific.

Defective T cell development in the dCK” mice

dCK” mice at 6-8 weeks of age were severely microthymic with dCK” mice
averaging 20-fold fewer cells than those from the WT littermates (average of 155 x 10°
cells for WT, 8 x 10° cells for dCK”"; P<0.0001) (Figure 2.3, A). Histologically, the dCK”
thymi lacked the normal corticomedullary organization and appeared less basophilic
than WT thymi (Figure 2.3, B).

Discrete stages of T cell development have been well defined by the expression
of cell surface markers (1). We therefore immunophenotyped dCK” thymocytes to
determine if they were blocked at any particular stage of T cell development. We first
analyzed WT and dCK” thymocytes for their expression of the prototypical T cell
surface markers of CD4 and CD8. dCK” thymocytes were significantly reduced in
CD4/CD8 double-positive cells (DP) (average of 86% for WT, 33% for dCK”; P<0.01),
and, in turn, displayed significantly greater proportions of CD4/CD8 double-negative
(DN) cells (average of 5% for WT, 58% for dCK”; P<0.002) (Figure 2.3, C). This
observation was particularly interesting since it is known that first waves of proliferation
that immature T cells execute in the thymus occur when they are the DN stage (26).

The significant skewing of dCK” thymocyte cells to the DN population warranted
higher resolution immunophenotyping. The heterogeneous DN population can be further
subdivided based on the expression of CD44 and CD25 into four stages: DN1 (CD44",

CD25’), DN2 (CD44", CD25%), DN3 (CD44"°, CD25"), and DN4 (CD44", CD25’) with
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DN1 stage being the most immature and the DN4 stage immediately preceding the DP
stage (1). Analysis of the DN1-DN4 distribution of cells showed that dCK” DN
thymocytes have significantly more DN3 cells (average of 45% for WT, 78% for dCK™";
P<0.0001), and significantly fewer DN4 cells than WT DN thymocytes (average of 34%
for WT, 6% for dCK”"; P<0.0001) (Figure 2.3, D).

The DN3 stage at which dCK” thymocytes are apparently blocked in
development can be further subdivided into two distinct differentiation stages known as
DN3a and DN3b thymocytes (27). DN3a and DN3b cells differ from each another based
on the expression of CD25 and CD27: DN3a cells are CD25"™ CD27°, and DN3b cells
are CD25M%° cD27" (27). Analyzing WT and dCK” DN3 thymocytes for CD25 and
CD27 expression revealed that dCK”" DN3 thymocytes were blocked in their transition
from DN3a cells into DN3b cells (Figure 2.3, E). WT mice average 55% of DN3 cells in
the DN3a stage, while dCK” mice averaged 84% of DN3 cells in the DN3a stage
(P=0.0002). Concurrently, fewer dCK” DN3 cells were found in the DN3b stage
(average 11%) versus WT DNB3 cells in the DN3b stage (average 40%) (P<0.0001).

This block in development corresponds to a critical stage in T cell development. It
is during the DN3a stage that developing T cells rearrange the B chain of their T cell
receptor (TCRB) gene (27, 28). Expression of a successfully rearranged TCRp gene
paired with a non-rearranged a chain of the TCR creates DN3b thymocytes that express
a pre-TCR complex on their cell surface (27). Pre-TCR signaling stimulates proliferation

of DN3b thymocytes as they differentiate into DN4 and ultimately DP thymocytes (26).
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Defective B lymphocyte development in the dCK”" mice

The defects in T lymphocyte development prompted us to probe for potential
analogous defects in B lymphocyte development. Similar to the discrete stages of T cell
development, B cell development has also been mapped by expression of established
cell surface markers at various stages, as classified by Hardy and colleagues (29).
Analysis of Hardy Fraction E-F (B220", IgM*) cells revealed that dCK” mice have 7-fold
fewer Hardy E-F cells (average 0.9%) than WT mice (average 6.5%) (P<0.0001) (Figure
2.4, A). Consistent with the deficit in Hardy E-F cells was a 3-fold reduction in Hardy A-
D cells (B220*, IgM") in dCK” mice (average 4.3%) versus WT mice (13.4%) (P<0.001)
(Figure 2.4, A).

Further sub-fractionation of the general Hardy A-D population using the CD43
and CD19 markers revealed another significant block in B cell development in dCK”
mice. The most primitive of B cell-restricted progenitors are named Hardy Fraction A
and are identified as being CD19” and CD43" (30). We found an average of 16% of WT
Hardy A-D cells being specifically in the Hardy A stage, while dCK” mice had an
average of 68% of Hardy A-D cells being in the Hardy A stage (P<0.003) (Figure 2.4,
B). We did not observe a statistical difference in the percentage of WT and dCK” cells
in the Hardy B-C stages (CD43" CD19"™). However, we did identify a significant
decrease in Hardy Fraction D cells (CD43"°, CD19") amongst dCK” cells with WT
Hardy D cells averaging 64% of Hardy A-D cells, and dCK” Hardy D cells averaging
13% of Hardy A-D cells (P=0.0001) (Figure 2.4, B). The apparent block in differentiation

in dCK” mice from the highly proliferative Hardy B-C cells (2, 29) to the Hardy Fraction
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D indicate that inactivation of dCK may reduce the proliferative capacity of these B

lymphocyte progenitors.

Abnormal proportions of erythroid progenitors in the bone marrow and spleens
of dCK” mice

dCK is also highly expressed in developing erythroid cells (19) prompting us to
determine if dCK inactivation affects this hematopoietic lineage. We profiled erythroid
development in the bone marrow based on expression of Ter119 and CD71. In
conjunction with the Forward Scatter (FSC) measurement of general cell size by flow
cytometry, erythroid development is be categorized into basophilic erythroblasts (EryA;
Ter119* CD71* FSC™), late basophilic/polychromatic erythroblasts (EryB; Ter119*
CcD71* FSCM), and orthochromatic erythroblasts/reticulocytes (EryC; Ter119* CD71
FSC™) (31). Performing this analysis to investigate EryA, EryB, and EryC stages of
erythroid development in WT and dCK” mice revealed several significant differences.

dCK” mice averaged twice as many EryA cells (44% of Ter119* cells) as EryA
cells in WT mice (22% of Ter119" cells) (P<0.0001) (Figure 2.5, A). This population
corresponds to the highly proliferative erythroid progenitors that are in their final
nucleated stage prior to differentiation into reticulocytes (31, 32). The increase in EryA
cells was associated with a significant decrease in dCK” EryB cells (average 13%)
relative to WT EryB cells (average 34%) (P<0.001) (Figure 2.5, A), thereby suggesting a
potential block in differentiation from the EryA to the EryB stage in dCK” mice. Lastly,

dCK”" mice demonstrated a statistically significant decrease in EryC cells (36%) versus
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WT EryC cells (41%) (P<0.03), although this difference was much less pronounced than
the differences exhibited in the earlier stages of erythroid differentiation.

Abnormalities in erythroid development in the bone marrow of dCK” mice were
accompanied by similar manifestations in the spleen. dCK” mice displayed
splenomegaly characterized by a 2.5-fold increase in spleen size by weight (Figure 2.4,
B). Histological analysis of dCK” spleens revealed an absence of normal red and white
pulp architecture, typified by a distinct lack of white pulp (Figure 2.5, C), thus indicating
that these spleens contain excess erythroid progenitors resulting from potential
extramedullary hematopoiesis. Staining single cell suspensions of whole splenocytes
from WT and dCK” mice for the erythroid development markers revealed a significant
increase in the percentage of the EryA progenitor population in Ter119" dCK”
splenocytes (average 29%) versus Ter119" WT splenocytes (average 6%) (P<0.002)
(Figure 2.5, D), indicating the presence of abnormal red blood cell generation in dCK”

spleens.

Discussion
Deoxycytidine kinase plays a selective role in hematopoietic development

The de novo and salvage deoxyribonucleotide synthesis pathways have been
studied extensively. Recent in vivo studies of purine dNTP metabolism in various
organs and cell types (33-35) and older studies in cell culture (7) support a model in
which the de novo pathway plays the dominant role in ANTP synthesis (7). While the

general applicability of this model awaits experimental confirmation, it is possible that
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dNTP metabolism in developing hematopoietic cells follows a distinct set of rules (9). To
unequivocally determine the biological significance of the dN salvage pathway we
generated and analyzed mice deficient for dCK, the salvage enzyme that
phosphorylates pyrimidine and purine dNs. dCK” mice develop normally and are born
at the expected Mendelian ratio. In mice, dCK is therefore dispensable for dNTP
metabolism and DNA synthesis during embryogenesis, organogenesis and other
essential developmental processes. Since no other dN salvage enzyme can
compensate for the loss of dCK function, it is likely that de novo dNTP production is
sufficient to support rapid cell division during most developmental processes. The
exceptions are lymphocyte and erythroid development, which are affected by dCK
inactivation. The severity of the defects in these hematopoietic cell types were
surprising to us, given the functional redundancy of dNTP biosynthetic pathways, and
the ‘fine tuning’ role in ANTP metabolism assigned to the dN salvage pathway by
previous studies (7). Our data suggest that, unlike other developmental programs,
normal lymphopoiesis and erythropoiesis require dN salvage via dCK and that defects
in this pathway cannot be compensated by endogenously increased output of de novo

synthesis.

Hematopoietic development defects in dCK” mice occur at stages of massive
clonal proliferation

Thymocytes from the dCK” mice display a partial block at the transition from the
DN stage to the DP stage of development (Figure 2.3). A partial block is also present in

B cell development in the bone marrow between the Hardy B-C to Hardy D stages of
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development (Figure 2.4). These T and B cell developmental stages follow critical
checkpoints in lymphopoiesis at stages of recombination of Variable, Diverse, and
Joining (V(D)J) gene segments to generate pre-TCR and pre-BCR cell receptor
complexes (26, 36). Signaling through these receptors halts further V(D)J
recombination, induces differentiation and directs intense waves of clonal expansion.
The correlation of defective lymphocyte development in dCK” mice at stages of V(D)J
recombination indicate that dCK may be involved in this programmed DNA damage and
repair process similar to the way that various other genes involved in V(D)J
recombination (e.g. RAG1, RAG2, DNA-PKcs, Ku70, Ku80, XRCC4 and ligase 4)
quantitatively and qualitatively affect T cell and B cell development (37). However, an
argument against defective V(D)J recombination as being the primary reason for
defective hematopoietic development in dCK” mice lies in the fact that dCK” erythroid
cells have differentiation abnormalities (Figure 2.5). Developing erythroid cells do not
engage in V(D)J recombination, but deletion of dCK in these cells still induced severe
blocks in differentiation at stages of massive proliferation similar to the developing T and
B cells.

The rapid rate of cell division that occur during T cell, B cell, and erythroid
development may be a proliferative stress that overwhelms the de novo dNTP
biosynthetic machinery; it is estimated that immature T cell clones may expand 200-500
fold at this step (38). It is possible that the absence of dCK may create a “bottleneck” in
dNTP production that impairs the proliferation of DN thymocytes during their

differentiation into DP cells. An analogous mechanism may explain the defects in the B
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cell lineage. This hypothesis merits further study by quantitative measurements of dNTP

pools in dCK”" lymphocyte precursors.
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Figure 2.1. Targeting vector strategy to genetically eliminate dCK activity. (A) A
targeting vector was designed to replace endogenous exons 2-4 (E2, E3, E4) of dCK
allele with loxP-flanked (flox) version of dCK exon 3 (E3). Crossing mice with dCK™*

allele to mice transgenic for Cre recombinase will yield progeny containing a knockout
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allele of dCK that retains the Neomycin-resistance cassette (Neo). (B) Genomic DNA
from G418-resistant 129/SvJ embryonic stem cell lines (A, B, C) were probed for
integration of the targeting vector by EcoRI digestion followed by southern blotting using
probes specific for exons 2 or 5 of dCK. Stem cell lines A and C were selected for
injection into C57BI/6 blastocysts for implantation into pseudopregnant females. (C)
PCR genotyping strategy and representative DNA gel used to identify dCK"*, dCK"",
and dCK” littermates. (D) Percentages of dCK"*, dCK"", and dCK” mice generated
from the first 93 genotyped progeny from dCK"" intercrosses. (E) Weights of male and
female WT (Black bars) and dCK” (Grey bars) mice at 6 weeks of age. Graphs are

average values + SEM (N=4 mice per genotype and gender).
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Figure 2.2. Validation of complete inactivation of dCK activity. (A) In vitro *H-FAC
kinase assay using 5 ug of lysates from bone marrow (BM) and spleen cells from WT
(Black bars) and dCK” (Grey bars) mice. Graphs are average values + SEM (N=6
samples per genotype and tissues). (B) In vivo "®F-FAC mPET/CT imaging of WT and
dCK” mice. Images scaled 5-15% of injected dose/gram (%ID/g) of tissue. Thy-thymus;

Sp-spleen; BM-bone marrow; Gl-gastrointestinal tract; Bl-bladder.
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Figure 2.3. Defective T cell development in the dCK” mice. (A) Gross size and
average cellularity of WT and dCK” thymi. Graphs are average values + SEM (N=6
mice/genotype; P<0.0001). (B) Hematoxylin and eosin staining of WT and dCK”" thymi.
Scale bar = 250 ym. (C) CD4 and CD8 staining of whole thymocytes to identify CD4"
/CD8" thymocytes (DN cells), CD4*/CD8" thymocytes (DP cells), and CD4 and CD8

single-positive cells. Quantification of DN and DP subpopulations amongst whole
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thymocytes from WT (Black bars) and dCK” (Grey bars) mice. Graphs are average
values + SEM (N=5 mice/genotype; P<0.001 to 0.002). (D) CD25 and CD44 staining of
DN cells to identify DN1-DN4 populations. Quantification of relative DN1-DN4
subpopulations in the DN population. Graphs are average values + SEM (N=5
mice/genotype; P<0.0001 to 0.001). (E) CD25 and CD27 staining of DN3 cells to
identify DN3a and DN3b cells. Quantification of relative DN3a and DN3b populations in
the DN3 population. Graphs are average values + SEM (N=5 mice/genotype; P<0.0001

to 0.0002).
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Figure 2.4. Defective B cell development in the dCK” mice. (A) IgM and B220
staining of whole bone marrow cells from WT and dCK”" mice to identify Hardy Fraction
A-D and E-F populations. Quantification of Hardy A-D and Hardy E-F subpopulations
amongst whole bone marrow cells from WT (Black bars) and dCK” (Grey bars) mice.
Graphs are average values + SEM (N=5 mice/genotype; P<0.0001 to 0.0002). (B)
CD43 and CD19 staining of Hardy Fraction A-D cells to identify Hardy Fraction A, B-C,
and D populations. Quantification of Hardy A, Hardy B-C, and Hardy D subpopulations.

Graphs are average values + SEM (N=5 mice/genotype; P<0.0001 to 0.003).
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Figure 2.5. dCK” mice display abnormal erythroid population distributions in
the bone marrow and spleen. (A) FSC and CD71 characteristics of Ter119" cells from
whole bone marrow cells from WT and dCK” mice to identify EryA, EryB and EryC
stages of erythroid development. Quantification of erythroid subpopulations from WT
(Black bars) and dCK” (Grey bars) Ter119" bone marrow. Graphs are average values +
SEM (N=5 mice/genotype; P<0.0001 to 0.03). (B) Gross sizes and quantification of
weights (in mg) of spleens from WT and dCK”" mice. Graphs are average values + SEM
(N=6 mice/genotype; P<0.0004). (C) Hematoxylin and eosin staining of spleen sections

from WT and dCK” mice to identify white pulp and red pulp morphological structures.
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Scale bar = 100 ym. (D) FSC and CD71 characteristics of Ter119" cells from whole
spleen cells from WT and dCK” mice to identify EryA, EryB and EryC stages of
erythroid development. Quantification of erythroid subpopulations from Ter119* spleen
cells from WT and dCK” mice. Graphs are average values + SEM (N=5 mice/genotype;

P<0.0002 to 0.002).
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CHAPTER 3

Deletion of Deoxycytidine Kinase Causes dCTP pool
Deficiency, DNA Replication Stress, and Cell Cycle

Arrest in Murine Hematopoietic Progenitors
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Abstract

Mice deficient for deoxycytidine kinase activity display abnormal lymphopoiesis
and erythropoiesis. The differentiation blocks experienced by dCK deficient
hematopoietic cells coincide with developmental stages characterized by massive clonal
expansions. Prior to the work presented in this Chapter, the cellular and molecular
mechanisms underlying the differentiation blocks associated with dCK deletion were
unknown Here we demonstrate that the dCK” hematopoietic phenotype is cell-
autonomous to bone marrow derived cells. We then investigate a potential requirement
for dCK during V(D)J recombination by engineering the expression of a rearranged T
cell receptor (TCR) on the dCK” genetic background. Next, we show that intracellular
dCTP pools are severely depleted in developing dCK” T cells, B cells, and erythroid
cells. In vivo, actively proliferating lymphoid and erythroid subpopulations which
experience dCTP deficiency display early S-phase arrest, and biomarkers indicative of
the activation of the replication stress response pathway. Lastly, using a tamoxifen-
inducible conditional knockout mouse model we demonstrate that the S-phase arrest
and replication stress phenotypes observed in dCK” mice are specifically caused by the
absence of dCK activity in adult lymphoid and erythroid progenitor populations.
Collectively, these data indicate that deletion of dCK depletes dCTP pools in dividing
lymphoid and erythroid progenitors in the thymus and bone marrow. In turn, dCTP
deficiency triggers the activation of the replication stress response pathway, thus
causing both S-phase arrest and differentiation blocks affecting lymphoid and erythroid

precursors.
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Introduction

A knockout mouse model of deoxycytidine kinase (dCK) was previously
generated to investigate the role played by this deoxyribonucleoside (dN) salvage
kinase in hematopoietic development (1). We showed that dCK” mice display severe
defects in T cell, B cell, and erythroid development. The causes of these defects
remained, until now, unknown. Data in the literature point to several potential scenarios
that may explain the observed developmental defects affecting the dCK” mice. Genetic
mutations in enzymes of nucleotide metabolism cause immunodeficiency syndromes
similar to that observed in the dCK” mice (2-6). Syndromes such as deficiencies in
adenosine deaminase (ADA) and purine nucleoside phosphorylase (PNP) cause
developing lymphocytes to be eliminated because of cell non-autonomous mechanisms
of metabolic dysfunctions in non-hematopoietic tissues (5, 7). Therefore, it is important
to test the cell autonomous versus cell non-autonomous nature of the dCK” phenotype
in order to gain insight into the observed hematopoietic phenotypes.

Another mechanism by which the absence of dCK may cause defective lymphoid
development is related to a possible role for dCK in supporting DNA damage repair
during the recombination of T cell and B cell antigen receptor genes (8, 9). Variable,
Diverse, Joining (V(D)J) gene segment recombination is the process by which antigenic
diversity is first created in developing T cells and B cells (8, 9). The process depends
upon the induction of DNA double-strand breaks (DSBs) at antigen receptor gene loci
by the recombination activating genes 1 and 2 (RAG1 and RAGZ2) (10). These DSBs are
then repaired by non-homologous end joining (NHEJ) mechanisms to generate unique

DNA sequences at antigen receptor loci (8). Failure to repair the DNA damage induced
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during V(D)J recombination causes arrested lymphocyte development in various genetic
models (8, 9). dCK has previously been implicated as functioning in DNA damage repair
pathways (11-13). It is therefore possible that the arrested lymphocyte development in
dCK”" mice might be caused by defective V(D)J recombination in developing T and B
cells.

An established experimental method to rescue defective T cell development and
B cell development caused by impaired V(D)J recombination is to transgenically
express fully rearranged antigen receptor genes (14-17). Therefore, the generation of
dCK”" mice that transgenically express fully rearranged T cell receptor (TCR) genes or
B cell receptor (BCR) genes could help answer questions regarding defective
lymphocyte development in dCK” mice.

Alternatively, hematopoietic defects in the dCK” mice may reflect a limited
capability of developing T cells, B cells, and erythroid cells to synthesize and maintain
sufficient dNTP pools. Since nucleotide pool imbalances are known to cause DNA
synthesis defects and DNA replication stress (18-20), analyses of dNTP pool levels,
DNA synthesis in vivo, and the possible presence of replication stress markers in highly
proliferative lymphoid and erythroid progenitors might also vyield insights into the
biological function of dCK in vivo.

To investigate these and other possibilities, we determined whether abnormal
hematopoiesis in dCK” mice was cell autonomous to bone marrow-derived cells. We
also investigated a potential requirement for dCK in DNA damage repair during V(D)J
recombination in developing thymocytes by generating dCK” mice that express a fully

rearranged transgenic TCR. We quantified dNTP pools in developing lymphoid and
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erythroid cells from WT and dCK” mice, and we examined cell cycle kinetics and
activation of the DNA replication stress response pathway in highly proliferative

subpopulations.

Material and Methods
Mice

Pmel-1 transgenic mice (Strain: B6.Cg Thy1%-Tg(TcraTcrb)8Rest/J; Stock:
005023) and CreERT2 transgenic mice (Strain B6.Cg-Tg(UBC-cre/ERT2)1Ejb/J; Stock
008085) were purchased from The Jackson Laboratory (Bar Harbor, ME). Pmel-1 mice
were genotyped using Touchdown PCR conditions (21) with primers oIMR3388 (5'-GGT
CCT GTG GCT CCA GTT TAA T-3’) and oIMR3389 (5'-CTG CTT AAC CTG TCC CTC
ATG T-3’) to amplify the transgenic TCRa chain; and oIMR3390 (5’- CTG GGC AGT
GTT CTG TCT CC-3’) and olIMR3391 (5-ACC ATG GTC ATC CAA CAC AG-3’) to
amplify the transgenic TCR chain. CreERT2 mice were genotyped with oIMR1084 5'-
GCG GTC TGG CAG TAA AAA CTA TC-3 and olIMR1085 (5-GTG AAA CAG CAT
TGC TGT CAC TT-3') to identify the CreERT2 transgene. dCK™™* mice were
genotyped with primer FLP Forward (5-CAG AAG AGG GCA CCA GAT CC-3’) and
FLP Reverse (5-TTT TGT TAT TGT GGG TTT TTC C-3') to differentiate between
dCK™ and dCK" alleles. dCK” mice containing the Neomycin resistance cassette were
identified using primers Long Arm Forward (5-AAC TGC TGA GCC ATC TCT CC-3’)

and Cre Reverse (5-GGG CTC TAT GGC TTC TGA GG-3’) to identify the dCK" allele.
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Bone marrow transplant experiments

Mice receiving bone marrow transplant were 6-8 weeks old at time of irradiation.
Recipient mice received 950 rad of dose, and were then injected with 10° whole bone
marrow cells. Mice were subsequently maintained on a regimen of acidified water
supplemented with trimethoprim-sulfamethoxazole antibiotic for 4 weeks post-
irradiation. Hematopoietic reconstitution was allowed to proceed for 6 weeks before

analysis.

Tissue preparation

Single-cell suspensions were prepared from bone marrow by flushing femur, tibia
and humerus bones with DMEM supplemented with 2% FBS using 25 G needles,
followed by 70 um filtration. For bone marrow fraction purification, whole bone marrow
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
pug/mL DNasel (Roche) and passed through 70 um sterile filters. CD47/CD8" thymocytes
were purified from whole thymocyte suspensions using combined CD4 and CD8

negative selection kits (Invitrogen) to deplete CD4" and CD8" populations.
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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 of
ddH;0, vortexed and centrifuged for 15 min at 17,000 g at 4°C to clear insoluble debris.
5 uL of concentrated lysate was used in a 25 pL reaction volume. Reactions were

carried out for 2 hrs according to published conditions and reagents (22).

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

BrdU (1 milligram) was administered by intraperitoneal injection. Tissues were
collected, antibody-stained for surface antigens to identify DN3b thymocytes, Hardy
Fraction B-C, and bone marrow EryA populations as described in Chapter 2. Surface-
stained cells were then fixed and permeabilized for intracellular detection of BrdU and
pH2A.X using a BrdU-FITC kit staining protocol and reagents (BD Biosciences). Cells
were then intracellularly stained with BrdU-FITC and/or pH2A.X antibodies conjugated
to FITC (Millipore, Clone JBW301) or Alexa647 (BD Biosciences, Clone N1-431). The
total DNA content was assessed by staining with DAPI (Roche) at 1 pg/mL final

concentration in PBS containing 2% FBS.
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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) was purchased from Cell Signaling

Technology.

Tamoxifen-induced deletion of dCK
Tamoxifen (Sigma-Aldrich, T5648) was dissolved in vegetable oil at 20 mg/mL
and aliquots were stored at -20°C. 100 pL of tamoxifen solution was administered once

a day for 4 days by intraperitoneal injection.

Results
The dCK™” phenotype is cell autonomous to bone marrow-derived cells.

Bone marrow transplant (BMT) experiments were performed to determine
whether the dCK” phenotype is autonomous to hematopoietic cells. WT recipient mice
were lethally irradiated and reconstituted with whole bone marrow from WT and dCK”
donor mice. Six weeks post-BMT, recipient mice were imaged by mPET/CT using 8.
FAC to determine relative WT or dCK”" bone marrow engraftment. Mice transplanted

with WT marrow exhibited normal '®F-FAC retention in bone marrow, thymus, and
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spleen, while mice transplanted with dCK” marrow displayed "®F_FAC uptake only in
the gastrointestinal tract (Figure 3.1, A). The mPET/CT imaging data indicated that the
dCK”" donor bone marrow had successfully engrafted in the WT recipients.

Analyses of the BMT mice yielded the following findings: WT mice transplanted
with dCK”" marrow displayed hematopoietic characteristics similar to germline dCK”
mice. Mice transplanted with dCK” bone marrow displayed massive splenomegaly
(Figure 3.1, B and C; N=6 mice/recipient group; P<0.0001), indicating that the abnormal
erythroid phenotype of germline dCK” mice was transferred to the WT recipient mice.
Furthermore, the thymic hypoplasia phenotype of germline dCK” mice was also
transferred to WT recipient mice. Thus, mice transplanted with dCK” bone marrow
averaged 5x10° viable thymocytes, while mice transplanted with WT bone marrow
averaged 100x10° viable thymocytes (Figure 3.1, D; N=6 mice/recipient group;
P<0.0001). The thymic hypoplasia of mice transplanted with dCK” bone marrow was
accompanied by a dramatic skewing of thymocyte differentiation towards the DN stage
(Figure 3.1, E), identical to the phenotype observed in the germline dCK” mice. Based
on the results from the BMT experiments, we conclude that the dCK” phenotype can be
transplanted into WT recipients even though the recipient mice retain dCK activity in
non-hematopoietic tissues.

Next, we determined if WT bone marrow cells can rescue the dCK” phenotype.
Prior to transplantation (pre-BMT), germline dCK” mice were scanned by mPET/CT
using the dCK-specific probe '®F-FAC. The "®F-FAC PET scans documented the lack of
dCK activity in hematopoietic tissues from designated recipient dCK”" mice (Figure 3.2,

A). These mice were then lethally irradiated and transplanted with bone marrow from
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WT donor mice. Six weeks after transplant (post-BMT), "®F-FAC mPET/CT scans of the
dCK” mice transplanted with WT bone marrow showed functional dCK activity in the
bone marrow, thymus, and spleen (Figure 3.2, A). These imaging results thus indicated
that the WT marrow successfully engrafted in dCK” mice and likely restored normal
hematopoiesis in the 6 weeks since transplantation.

Analyses of germline dCK” mice transplanted with WT bone marrow revealed
normal hematopoiesis that was undistinguishable from that observed in WT mice
transplanted with WT marrow. Moreover, dCK” recipient mice had spleen sizes and
weights that were statistically indistinguishable from spleens retrieved from WT recipient
mice (Figure 3.2, B and C). These results indicated that the erythroid abnormalities
previously present in dCK” mice were corrected by the BMT transplant. Additionally,
dCK”" recipient mice averaged numbers of total viable thymocytes that were statistically
indistinguishable from those from WT recipient mice (Figure 3.2, D). Furthermore,
thymocytes from dCK”" recipient mice also had DN and DP thymocyte differentiation
profiles that were indistinguishable from those observed in thymocytes from WT
recipient mice (Figure 3.2, E). The findings from both sets of BMT experiments therefore
demonstrated that the dCK” phenotype can be transplanted into normal mice and that it

can be rescued through the transplantation of WT bone marrow.

Forced expression of a transgenic TCR does not rescue the dCK” thymocyte
phenotype
To address the possibility that the T cell developmental phenotype in dCK” mice

was caused by defective V(D)J recombination, we generated dCK” mice that
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transgenically express a fully rearranged TCR. We chose to use mice that express the
Pmel-1 transgenic TCR (Pmel™) that recognizes a mouse melanocyte epitope
presented on MHC-I H-2D° molecules (23). The MHC-I H-2D® molecules of Pmel™ mice
are also expressed in C57BI/6-129Sv/J hybrid mice like those of the dCK” line (24),
thus making the transgenic TCR compatible to stimulate the differentiation of transgenic
CD8* thymocytes in the dCK” background. We first intercrossed dCK"* Pmel™ mice
with dCK” Pmel™9 mice to produce dCK"”" Pmel’ progeny. dCK"~ Pmel’ mice were
then crossed to dCK”" Pmel"®? mice to yield dCK"" Pmel™ and dCK” Pmel™ littermates
for developmental analysis.

Thymocytes from dCK”" Pmel™ and dCK” Pmel'® littermates were analyzed for
the expression of TCR VB13, the TCRp chain subtype that constitutes half of the Pmel-
1 TCR (23). CD8" thymocyte populations from transgenic dCK"" and dCK”" mice each
averaged having 85% of cells being positive for TCR V(13 expression (Figure 3.3, A).
This indicated that expression of the transgenic TCR was equivalent between the
genetic lines and thus made direct comparison of the transgenic TCR’s effects upon
differentiation possible. However, despite successful expression of the rearranged TCR
in dCK” mice, total thymocyte cellularity was not rescued in transgenic dCK” mice
when compared to transgenic dCK*”" mice. Whereas dCK"”" Pmel™ mice averaged
12x10” viable thymocytes, dCK” Pmel™ mice possessed significantly fewer viable
thymocytes with an average of 2x10” cells per mouse (Figure 3.3, B; N=4
mice/genotype; P<0.0001). Staining whole thymocytes for CD4 and CD8 to identify DN
and DP thymocyte populations revealed that DN to DP proportion abnormalities were

not rescued in dCK” Pmel™ mice (Figure 3.3, C). While the percentages of DN
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thymocytes between transgenic dCK™ and dCK” mice did not differ in a statistically
significant manner, the percentage of DP thymocytes between these two genotypes did
differ significantly (Figure 3.3, D; N=3 mice/genotype; P<0.004). Thus, the failure of the
transgenic TCR to rescue thymocyte development in transgenic dCK” mice indicated
that defective V(D)J recombination was likely not responsible for the block in the

development of dCK™ T cells.

dCK” hematopoietic lineages have drastically depleted intracellular dCTP pools.
Because dCK is capable of supplying cells with all four dNTPs needed for DNA
replication and repair (25), we quantified dNTP pools in hematopoietic lineages affected
by dCK inactivation. We purified DN thymocytes, whole bone marrow B cells, and
nucleated bone marrow erythroblasts and assayed their intracellular dNTP pools. In
each affected lineage, dCTP pools were significantly reduced in dCK” cells relative to
WT cells, averaging 2.7 to 7.9-times lower dCTP concentrations in dCK” cells (Figure
3.4; P<0.001 to 0.03). In contrast, we could not demonstrate statistically significant
differences in dTTP, dATP and dGTP pools in dCK” cells. These data indicate that,
despite dCK’s ability to help provide all four dNTPs, the enzyme appears to primarily

supply dCTP to developing lymphocytes and erythroid cells.

Proliferating dCK" "~ hematopoietic cells undergo S-phase arrest
Having determined that dCK” hematopoietic progenitors experience dCTP pool
deficiency, we next analyzed the ability of these cells to replicate their DNA. We

therefore analyzed the cell cycle profiles generated by total DNA content staining in
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highly proliferative DN3b thymocytes, Hardy Fraction B-C cells, and bone marrow EryA
erythroblast subpopulations. While the percentages of dCK” DN3b and Hardy B-C cells
in S-phase appeared normal, the distribution of these cells in the S-phase appeared to
be shifted towards early S-phase rather than being evenly distributed throughout S-
phase as was observed in WT cells (Figure 3.5, A). Unlike the comparable S-phase
percentages observed between WT and dCK” developing lymphocytes, dCK” EryA
cells averaged approximately 1.8-times as many cells in S-phase cells than were
observed for WT EryA cells (Figure 3.5, A; N=3 mice/genotype; P<0.01). Furthermore,
dCK” EryA S-phase cells had a pronounced early S-phase shift. While these findings
strongly suggest that dCK” cells have abnormal early S-phase kinetics, these data
alone do not show unequivocally that dCK” cells proliferate abnormally in vivo.

In order to determine the actual in situ S-phase kinetics of the proliferating
subpopulations, we performed in vivo DNA replication assays using bromodeoxyuridine
(BrdU). BrdU labels all cells that are in S-phase by the virtue of its incorporation into
newly synthesized DNA (26). We pulsed WT and dCK” mice with BrdU by
intraperitoneal injection and then isolated thymus and bone marrow cells 1 hour post-
injection in order to determine BrdU incorporation in DN3b thymocytes, Hardy Fraction
B-C cells, and EryA erythroblasts. Surprisingly, unlike the S-phase percentages
generated by total DNA content staining alone, the BrdU assay indicated that
significantly more dCK”" cells from each of the three probed lineages were in active S-
phase (i.e. BrdU") than were WT cells (Figure 3.5, B-D). These results indicated that

dCK” cells are hyperproliferative relative to WT cells.
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However, despite the fact that dCK” populations averaged more BrdU" cells than
WT populations, dCK” cells displayed clear and reproducible abnormalities in BrdU
incorporation. BrdU* dCK™ cells were in fact primarily in early S-phase rather than being
distributed evenly throughout S-phase as was observed in BrdU* WT cells (Figure 3.5,
B-D). Furthermore, overlaying matched WT and dCK” populations to compare BrdU
incorporation revealed that BrdU® WT cells had approximately 4-fold greater BrdU
fluorescence than BrdU* dCK” cells (Figure 3.5, E-G; N=4 mice/genotype; P<0.001 to
0.01). Since the relative fluorescence of BrdU incorporation into the DNA is directly
proportional to the amount of newly synthesized DNA in the proliferating cells, we
concluded that dCK” cells in S-phase synthesize one-fourth the amount of DNA as
observed in S-phase WT cells.

The results of the 1 hour BrdU pulse experiment were intriguing and warranted
further analyses using pulse-chase conditions to more precisely determine the kinetics
of DNA synthesis by the BrdU* dCK” cells. Free circulating BrdU is rapidly eliminated
from the body of a mouse over a 1 hour period, creating natural “chase” conditions at
time points following 1 hour (27, 28). It is during the chase period that BrdU" cells’
progression through S-phase and into G,/M can be traced for 5 to 8 hours (28).
Successful progression through S-phase creates a characteristic BrdU “Chase Gap” as
BrdU" cells move forward with DNA synthesis in the absence of new BrdU incorporation
(28). Additionally, cells entering S-phase in the absence of BrdU can be visualized by
flow cytometry because they are BrdU™ but have a DNA content that is greater than G

cells (BrdU™ S-phase).
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We pulsed mice with BrdU by intraperitoneal injection and then isolated bone
marrow and thymus cells 4 and 6 hours post-injection, thereby creating approximate 3
and 5 hour chase conditions, respectively. Whereas BrdU® WT cells generated
characteristic BrdU Chase Gaps at 3 and 5 hours of BrdU chase, significantly more
dCK” cells resided in the Chase Gap gates, thereby indicating arrested DNA synthesis
(Figure 3.6, A-C; N=4 mice/condition; P<0.01 to 0.001). Furthermore, dCK” cells failed
to generate BrdU™ S-phase populations during the chase (Figure 3.6, A-C), thereby
indicating abnormal early S-phase kinetics. These BrdU pulse-chase experiments thus
demonstrated that dCK” DN3b thymocytes, Hardy Fraction B-C cells, and EryA

erythroblasts experience early S-phase arrest in vivo.

Proliferating dCK" ” hematopoietic cells activate the Replication Stress Response
pathway

Since dCK” hematopoietic progenitors experience both dCTP pool deficiency
and early S-phase arrest, it is likely that these cells activate the replication stress
response (RSR) pathway (29, 30). The RSR pathway is activated by DNA lesions
during S-phase and is primarily modulated through an ATR and checkpoint kinases 1
(Chk1) signaling pathway to induce cell cycle arrest and DNA repair (31). The RSR
pathway is essential for preserving genomic integrity and the proliferative capacity of
dividing cells (32). To determine if there was evidence of RSR pathway activation in
dCK” hematopoietic progenitors, we purified DN thymocytes, total bone marrow B cells,
and bone marrow erythroblasts and immunoblotted for Chk1 phosphorylated on Ser345

(pChk1), which is an activated form of Chk1 found during RSR pathway activation (33).
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We found elevated levels of pChk1 in dCK” lysates from all three cell types (Figure 3.7,
A-C), indicating activation of the RSR pathway in dCK”" cells in vivo.

We then sought to determine if markers of the RSR pathway are present in
proliferating subsets of dCK” hematopoietic progenitors. We therefore stained WT and
dCK” DN3b thymocytes, Hardy Fraction B-C cells, and bone marrow EryA cells for
H2A.X phosphorylated on Ser139 (pH2A.X), another key marker of an activated RSR
pathway (33-35). dCK” cells had 55 to 77-times more cells staining positive for pH2A.X
than WT cells (Figure 3.6, D-F; N=7 mice/genotype; P<0.0001). Furthermore, pH2A.X"
cells were primarily located in early S-phase (Figure 3.6, D-F), consistent with the
previously identified S-phase arrest phenotypes in dCK” lymphoid and erythroid
progenitors (Figure 3.5). We therefore concluded that the RSR pathway is likely
activated in early S-phase in dCK” cells to induce in vivo cell cycle arrest that is

responsible for the observed hematopoietic defects associated with dCK deletion.

RSR responses in dCK”* hematopoietic cells are intrinsic to adult progenitors
Although global dCK” mice demonstrated reproducible transplantation of their
hematopoietic defects into WT mice, one caveat that had to be addressed was the
possibility that the observed hematopoietic development defects in adult mice were the
result of permanent defects caused in dCK” hematopoietic stem cells (HSCs) during
embryogenesis. Defects incurred in dCK” HSCs during embryogenesis could thus
result in defective adult hematopoiesis regardless of whether dCK is expressed in adult
tissues. To address this possibility, we generated conditional knockout mice in which

dCK can be inactivated during adulthood by the administration of the estrogen receptor
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antagonist tamoxifen. For this, we crossed dCK™"* mice (CreM®%) to mice that
ubiquitously express the CreERT2 transgene (36) to produce dCK™/"* CreERT2'™
(Cre') conditional knockout mice. CreERT2 is a fusion of Cre recombinase and an
estrogen receptor mutant (ERT2) that enters the nucleus to target flox alleles only when
4-hydroxytamoxifen binds to the ERT2 portion of CreERT2 to promote nuclear
translocation (37). Therefore, conditional knockout mice should develop normally with
dCK activity intact until the administration of tamoxifen induces genetic deletion of dCK
in adult mice.

Cre™ mice were scanned by mPET/CT with "®F-FAC to confirm functional activity
of dCK prior to administration of tamoxifen (Pre-TAM). These scans demonstrated that
"®F_LFAC probe retention in the hematopoietic tissues of Cre™ mice was
indistinguishable from WT mice, indicating that dCK™* allele did not significantly affect
dCK activity. Cre™ mice were then treated with 4 doses of tamoxifen by intraperintoneal
injection over 4 days, and then were scanned again by '®*F-FAC mPET/CT, one day
following the last injection of tamoxifen (Post-TAM) (Figure 3.8, A). The results from
these scans demonstrated that tamoxifen treatment drastically reduced dCK activity
throughout the bodies of Cre’® mice.

After demonstrating successful post-developmental inactivation of dCK activity in
Cre'™ mice, we sought to determine if the absence of dCK in treated Cre’™ mice induces
DNA replication defects and pH2A.X upregulation over treated Cre™*9 control mice. As a
baseline control, some Cre™? and Cre’® were mock treated by injecting vegetable oil
vehicle for 4 days and were then immunophenotyped to see if mock treatment caused

Cre'™ mice to display any differentiation defects or pH2A.X upregulation. We stained
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whole thymocytes from mock treated Cre® and Cre™ mice for CD4 and CD8 markers
and found no differences in DN and DP proportions between the two genotypes (Figure
3.8, B). Nor did we detect any significant presence of pH2A.X in DN3b thymocytes from
mock treated Cre™ mice (Figure 3.8, C). We concluded from these control
measurements that untreated or mock treated Cre™ mice have normal hematopoietic
development that lacks significant RSR activation.

We then deleted dCK in Cre’ mice and performed 3 hour BrdU chase studies.
We found that Cre’™ mice treated with tamoxifen had 2 to 6-times more DN3b
thymocytes, Hardy Fraction B-C cells, and bone marrow EryA cells present in the BrdU
Chase Gaps than did cells from tamoxifen-treated Cre™®® mice (Figure 3.8, D-F, Top
panels; N=2 mice/genotype). The failure of Cre’™ cells to progress through early S-
phase indicated that they were arrested in early S-phase in a manner similar to that
observed in the global dCK” cells which undergo cell cycle arrest. Furthermore, 19 to
36-times more DN3b thymocytes, Hardy B-C cells, and bone marrow EryA cells from
Cre™ mice stained positive for pH2A.X than did Cre™ cells (Figure 3.8, D-F, Bottom
panels; N=4 mice/genotype). Similar to the pH2A.X staining patterns in dCK” cells,
pH2A.X staining in Cre™ cells was also mainly found in cells in early S-phase. The
recapitulation of cell cycle arrest and apparent RSR pathway activation in conditional
knockout lymphoid and erythroid cells led us to conclude that the global dCK”
phenotype is specifically caused by the absence of intrinsic dCK activity in adult

hematopoietic progenitor cells.
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Discussion

Studies presented in this chapter allowed us to draw the following conclusions:
(i), the dCK” phenotype is cell autonomous to bone marrow-derived cells, indicating that
hematopoietic progenitors need intrinsic dCK activity to support development; (ii),
hematopoietic progenitor populations from dCK” mice suffer from severe dCTP
deficiency; (i), dCK” DN3b thymocytes, Hardy Fraction B-C cells, and bone marrow
EryA cells exhibit significant S-phase arrest phenotypes; (iv), the early S-phase arrest
phenotypes are directly associated with the expression of activated RSR pathway
markers of pChk1 and pH2A.X. Together, these data indicate that the developmental
defects observed in dCK” lymphoid and erythroid progenitors likely reflect DNA
replication stress and cell cycle arrest caused by dCTP pool deficiency.

In this chapter, we have laid down the foundation for future studies to understand
exactly why developing lymphoid and erythroid progenitors critically require dCK activity
to prevent the dCTP pool deficiency, replication stress and early S-phase arrest in vivo.
A potential explanation for these defects may be that developing lymphoid and erythroid
cells have a limited ability to produce dCTP through the de novo pathway of nucleotide
biosynthesis and therefore must rely upon dCK to supplement this essential ANTP pool.
Microenvironmental conditions in the bone marrow and thymus might impair RNR'’s
activity such that this critical regulator of de novo synthesis pathway can only efficiently
contribute to dTTP, dATP, and dGTP pools in developing lymphoid and erythroid cells.
Further studies into the mechanisms of RNR regulation in developing T cells, B cells,
and erythroid cells would thus provide valuable insight why these cells depend upon dN

salvage through dCK to supplement their dCTP pools.
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Figure 3.1. dCK” hematopoietic defects are transplantable into WT mice. (A) WT
mice were scanned with '®F-FAC mPET/CT 6 weeks after lethal irradiation followed by
bone marrow transplantation with cells from WT or dCK” donor mice. Images scaled 2-
10% of injected dose/gram of tissue (%ID/g). BM-bone marrow; Thy-Thymus; Sp-
Spleen; Gl-Gastrointestinal tract; Bl-Bladder. (B-C) Gross sizes (B), and weights (C), of
spleens recovered from WT mice transplanted with WT or dCK” donor bone marrow.
Graphs are average values + SEM (N=6 mice/donor genotype; P<0.0001). (D-E) Total
viable thymocytes recovered (D), and CD4/CD8 staining of whole thymocytes (E), from
thymi from WT mice transplanted with WT or dCK” donor bone marrow. Graphs are

average values + SEM (N=6 per donor genotype; P<0.0001).
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Figure 3.2. dCK™ hematopoietic defects are rescued by bone marrow
transplantation with WT cells. (A) A dCK” mouse scanned with '®F-FAC mPET/CT
prior to lethal irradiation and bone marrow transplant (Pre-BMT), and 6 weeks after
bone marrow transplantation using cells from a WT donor mouse (Post-BMT). Images
scaled 3-10% of injected dose/gram of tissue (%ID/g). BM-bone marrow; Thy-Thymus;
Sp-Spleen; Kd-Kidney; Bl-Bladder. (B-C) Gross sizes (B), and weights (C), of spleens
recovered from WT and dCK” recipient mice transplanted with WT donor bone marrow.
Graphs are average values + SEM (N=3 mice/recipient genotype; NS-Not statistically
significant). (D-E) Total viable thymocytes recovered (D), and CD4/CD8 staining of
whole thymocytes (E), from thymi from WT and dCK” recipient mice transplanted with
WT donor bone marrow. Graphs are average values + SEM (N=3 mice/recipient

genotype; NS-Not statistically significant).
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Figure 3.3. Expression of a transgenic TCR fails to rescue dCK” thymocyte
development. (A) TCR VB13 expression analysis on CD8" thymocytes from dCK” (Top
curve), dCK”Pmel™ (Middle curve), and dCK” Pmel™ (Bottom curve) mice.
Percentages of cells staining positive for VB13 are indicated next to genotypes. (B-C)
Total viable thymocytes recovered (B), and CD4/CD8 staining of whole thymocytes (C),
from dCK”Pmel™, and dCK” Pmel™ mice. Graphs are average values + SEM (N=4
mice/genotype; P<0.0001). (D) Quantification of percentages of whole thymocytes
dCK""Pmel™ (Black bars) and dCK” Pmel™ mice (Grey bars) that are in DN or DP
stages of differentiation. Graphs are average values + SEM (N=3 mice/genotype;

NS=Not Statistically Significant; P<0.004).
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Figure 3.4. dCTP pool deficiency in dCK” lymphoid and erythroid progenitor
populations. (A-C) dCTP, dTTP, dATP, and dGTP pools measured in DN thymocytes
(A), bone marrow B cells (B), and bone marrow erythroblast populations (C), from WT
(Black bars) and dCK™ (Grey bars) mice. Graphs are average values + SEM from 3
independent measurements. Each measurement was generated using pooled

progenitor populations from 4 mice per genotype per experiment (P<0.001 to 0.03).
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Figure 3.5. Abnormal S-phase
Total DNA content and cell cycle phase determinations in WT and dCK” DN3b
thymocytes, Hardy Fraction B-C cells, and bone marrow EryA cells. Quantification of
percentages of WT (Black bars) and dCK” (Grey bars) cells found in S-phase are
shown on the right. Graphs are average values + SEM (N=3 mice/genotype; P<0.01).
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profiles in dCK” hematopoietic progenitors. (A)



content from DN3b thymocytes (B), Hardy Fraction B-C cells (C), and bone marrow
EryA cells (D), from WT and dCK” mice pulsed with BrdU for 1 hour. Cell cycle phases
determined by BrdU and DNA content are indicated (N=4 mice/genotype). (E-G)
Overlays of BrdU incorporation profiles and calculation of relative BrdU incorporation
per BrdU" cell from DN3b thymocytes (E), Hardy Fraction B-C cells (F), and bone
marrow EryA cells (G), from WT and dCK” mice. Blue gates on BrdU overlays indicate
cells that are BrdU*. Mean fluorescent values (MFI) of BrdU-FITC fluorescence for
BrdU" (BrdU"vr) cells from each genotype are indicated next to the BrdU overlay plots.
Relative BrdU incorporation values were calculated by taking BrdU"yr and dividing it by
the MFI of BrdU-FITC fluorescence for BrdU™ cells. Graphs are average values + SEM

(N=4 mice per genotype; P<0.001 to 0.01).
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Figure 3.6. dCK” hematopoietic progenitors are arrested in early S-phase in vivo.
(A-C) Representative flow cytometry plots of BrdU and total DNA content detection
during 3 and 5 hr BrdU chase conditions in DN3b thymocytes (A), Hardy Fraction B-C
cells (B), and bone marrow EryA cells (C). BrdU Chase Gaps (top gate in each plot) and
BrdU™ S-phase cells (bottom gate in each plot) are depicted and the percentages of cells
found in each gate are depicted. Quantifications of percentages of WT (Black bars) and
dCK” (Grey bars) cells found in BrdU Chase Gap gates during 3 hr and 5 hr BrdU
Chase conditions are provided below the flow cytometry plots. Graphs are average

values + SEM (N=4 mice/genotype; P<0.001 to 0.03).
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Figure 3.7. dCK™ hematopoietic progenitors undergo replication stress responses
in vivo. (A-C) Western blot analysis probing for Chk1 phosphorylated on Ser345
(pChk1) and total Chk1 present in WT and dCK”" lysates of DN thymocytes (A), bone
marrow B cells (B), and bone marrow erythroblasts (C). (D-F) Representative examples
of flow cytometry detection of H2A.X phosphorylated in Ser139 (pH2A.X) and total DNA
content from WT and dCK” DN3b thymocytes (D), Hardy Fraction B-C cells (E), and
bone marrow EryA cells (F). Quantification of percentages of WT (Black bars) and dCK
~ (Grey bars) cells from each subpopulation staining positive for pH2AX are provided to
the right of the flow cytometry plots. Graphs are average values + SEM (N=7

mice/genotype; P<0.0001).
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Figure 3.8. Conditional deletion of dCK in adult mice recapitulates the cell cycle
defects and RSR pathway activation phenotypes characteristic of germline dCK" -
mice. (A) "®F-FAC mPET/CT scans of a dCK™/"* CreERT™ (Cre’¥) mouse one day
before (Pre-TAM) and one day after (Post-TAM) 4 days of single doses of tamoxifen by
intraperintoneal injection. Images are scaled from 10-3% of injected dose/gram of tissue
(%ID/g). BM-bone marrow; Thy-Thymus; Sp-Spleen; Gl-Gastrointestinal tract; BI-
Bladder. (B-C) CD4/CD8 staining of whole thymocytes (B), and pH2A.X staining of
DN3b thymocytes (C), from dCK™™* (Cre™®9) and Cre'? after 4 days of intraperintoneal

injection of vegetable oil (vehicle). N=2 mice/genotype. (D-F, Top Panels)
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Representative flow cytometry plots of BrdU and total DNA content detection during 3 hr
BrdU chase conditions in DN3b thymocytes (D), Hardy Fraction B-C cells (E), and bone
marrow EryA cells (F), from Cre™®9 and Cre’® mice treated with tamoxifen for 4 days
immediately prior to analysis. Percentages of cells found in BrdU Chase Gap gate are
depicted on each plot (N=2 mice/genotype). (D-F, Bottom Panels) Representative flow
cytometry plots of pH2A.X and total DNA content detection in DN3b thymocytes, Hardy
Fraction B-C cells, and bone marrow EryA cells from Cre™®? and Cre¥ mice treated with
tamoxifen for 4 days immediately prior to analysis. Percentages of cells staining positive

for pH2A.X are depicted on each plot (N=4 mice/genotype).
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CHAPTER 4

Deoxycytidine Kinase Counteracts DNA Replication

Stress Induced by Thymidine Kinase 1 Activity In Vivo
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Abstract

Nucleotide deprivation is known to induce replication stress (RS) and DNA
damage in dividing cells. However, the mechanism by which nucleotide biosynthesis is
regulated in vivo to prevent such deleterious effects remains unknown. In Chapter 4 we
investigate a functional link between nucleotide deficiency, RS and the
deoxyribonucleoside (dN) salvage pathway enzymes deoxycytidine kinase (dCK) and
thymidine kinase (TK1). We show that lymphoid and erythroid precursor cells
differentiate and proliferate in vivo in tissue environments that contain high levels of
thymidine. To test thymidine’s role in producing RS in dCK” T cell precursors, we
performed in vitro proliferation assays to demonstrate that the salvage of thymidine in
dCK” cells selectively and acutely causes proliferation arrest due to RS induction. To
further explore thymidine’s impact upon T cell, B cell, and erythroid development in
dCK” mice, we generated dCK/TK1 double-knockout (DKO) mice. Characterizing
hematopoietic development in these DKO mice revealed that DKO hematopoietic cells
have restored dCTP pools, improved differentiation, and overall reduced RS in vivo, as
compared to dCK” mice. These results thus 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 explaining how kinases of the
deoxyribonucleoside salvage pathway “tune” nucleotide biosynthesis to both induce and

resolve endogenous RS in hematopoietic precursor cells.
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Introduction

Replication stress (RS) is a common source of endogenous DNA damage
induced by accumulation of single-stranded DNA (ssDNA) at stalled replication forks
and processed double-stranded DNA breaks (DSBs) (1). These lesions activate the
ATR and CHK1 checkpoint kinases, which orchestrate a complex signal transduction
network termed the Replication Stress Response (RSR) pathway (2). The RSR pathway
is essential for preserving genomic integrity and the proliferative capacity of dividing
cells (3). While significant progress has been made in mapping the RSR pathway and
elucidating its biological relevance, less is known about endogenous causes of RS.

Genetic and pharmacological approaches point to deoxyribonucleotide
triphosphate (ANTP) pool deficiency as a strong inducer of RS (4-6). Ectopic expression
of oncogenes such as ras, myc, cyclin E, mos, cdc25A, and E2F1 will elicit RS and
induce genomic instability (3, 7-9). The underlying mechanism of oncogene-triggered
RS is the forced, unregulated entry into the cell cycle of quiescent cells that lack a
sufficient supply of DNA precursors to fully execute genome replication (1).
Pharmacological interventions can also induce RS. Such interventions typically use
inhibitors like hydroxyurea (HU) or 5-fluorouracil (5-FU) to interrupt dNTP synthesis in
S-phase cells (10, 11). These genetic and pharmacologic studies raise the question of
whether endogenous factors could also induce RS by inhibiting dNTP synthesis. If
endogenous RS inducers do exist, it is possible that (i) they will exert their functions by
interfering with critical nodes of the dNTP metabolism network, and (ii) the resulting
alterations in metabolism could modulate both normal and pathological biological

pathways.
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In mammalian cells, dNTPs can be synthesized either de novo or by recycling
nucleosides via the cytosolic nucleoside salvage pathways (12). De novo synthesis
utilizes glucose and amino acids to generate ribonucleotide precursors of RNA (13). A
fraction of the de novo synthesized ribonucleotides are converted into
deoxyribonucleotides by the rate-limiting ribonucleotide reductase (RNR) enzyme
complex (14). In addition to de novo synthesis, cells can also utilize cytosolic nucleoside
salvage pathways to produce dNTPs from previously formed deoxyribonucleosides
(dNs) (15). The rate-limiting enzymes of the salvage pathway are deoxycytidine kinase
(dCK) and thymidine kinase (TK1). dCK converts deoxycytidine, deoxyadenosine, and
deoxyguanosine into deoxyribonucleotide monophosphate (dNMP) precursors of dNTPs
(16). TK1 phosphorylates thymidine and deoxyuridine to generate dNMP precursors of
thymidine triphosphate (dTTP) pools (15).

While drugs like HU and 5-FU induce RS by inhibiting the generation of dNTPs
through the de novo pathway (17, 18), putative endogenous inducers of dNTP
insufficiency that cause RS may exert their actions through these kinases that regulate
the critical first steps of the nucleoside salvage pathways. It is well established from cell
culture studies that exposure to high thymidine levels during cell division can induce S-
phase arrest (11, 19, 20). This effect is mediated by the triphosphate form of thymidine,
dTTP, a strong allosteric inhibitor of RNR'’s affinity for its pyrimidine ribonucleotide
substrates cytidine diphosphate (CDP) and uridine diphosphate (UDP) (21). The
inhibition of CDP conversion to deoxycytidine diphosphate (dCDP) causes dCTP pool
deficiencies that result in S-phase arrest (21, 22). This phenomenon forms the

biochemical basis of a widely used experimental approach for synchronizing cells in S-
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phase known as “the thymidine block” (23). However, the millimolar thymidine
concentrations typically used to induce S-phase arrest and RS are likely non-
physiological (24). Nonetheless, such in vitro demonstrations of nucleoside salvage
pathway-mediated induction of RS suggest that nucleoside kinases may indeed provide
a functional link between nucleotide metabolism and RS in vivo. In support of this
hypothesis, dCK has been recently identified as a direct target of the DNA damage
sensor kinases ATM and ATR, providing evidence that the salvage pathway may be
directly involved in RS and DNA damage responses (25).

In this chapter, we investigated the role that thymidine salvage plays in
generating the RS phenotypes observed in dCK” mice. We performed in vitro
proliferation assays using dCK” thymocytes to demonstrate that proliferation in the
absence of the high thymidine concentrations present in vivo alleviates much of the RS
phenotype in dCK” cells. Additionally, we show that addition of low amounts of
thymidine to cultures of proliferating thymocytes selectively blocks dCK” cell
proliferation by inducing acute RSR activation. To further test the role that thymidine
salvage plays in generating RS in the absence of dCK activity, we generated dCK/TK1
double-knockout (DKO) mice to analyze RS induction in vivo. Despite the complete
absence of cytosolic dN salvage activity in DKO hematopoietic precursors, DKO status
restored dCTP pool levels in DKO bone marrow cells to that of WT levels and
ameliorated, rather than aggravated, hematopoiesis in DKO mice relative to the defects
observed in dCK” mice. Collectively, these in vitro and in vivo studies show that
thymidine itself is a major inducer of endogenous RS in proliferating hematopoietic

progenitors. Our results demonstrate an antagonistic functional relationship between
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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 endogenous RS in the hematopoietic niches of the bone marrow and the thymus

Material and Methods
Mice

TK1” mice were re-derived from cryopreserved embryonic stem cells stored at
the UC Davis Repository (Stock VG18248) and genotyped as previously described (26).
dCK/TK1 double-knockout (DKO) 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.

Whole tissue nucleoside concentration measurements

Solid tissues were homogenized at 4°C using the BulletBlender Tissue
Homogenizer (NextAdvance) according to the manufacturer's specifications.
Homogenization buffer was acetonitrile:methanol (9:1). 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 dried using a SpeedVac

Concentrator and then resuspended in ddH>O. Thymidine concentrations were then
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determined by liquid chromatography-tandem mass spectrometry (LC-MS/MS) using an
Agilent 64060 Triple Quad LC/MS system. 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.

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-Pflucker, and FACS-sorted based on their GFP fluorescence. OP9-DL1 cells
were maintained in Minimum Essential Medium, Alpha Modification (Sigma-Aldrich,
M4526) supplemented with 20% FBS, 100 U/mL penicillin, 100 pg/mL streptomycin.
Thymocyte/OP9-DL1 co-cultures were initiated by plating 50x10°> OP9-DL1 cells in 250
uL 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 supplemented with 10 ng/mL
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FIt3-L (Peprotech, 250-31L) and 10 ng/mL IL-7 (Peprotech, 217-17) at a cell density of
10° cells/mL. 250 pL of thymocyte suspensions were then plated atop OP9-DL1
monolayers (25x10° cells, 5 ng/mL final concentrations of FIt3-L and IL-7 in 500 pL total
volume). Co-cultures were incubated for 2 or 4 days. Thymocytes were harvested by
forceful pipetting, surface stained for developmental markers and analyzed by flow
cytometry. Total cell counting was achieved by adding 10 yL of homogenized 7.66 ym
AccuCount Blank particles (Spherotech, ACBP-70-10) solution (~10* beads/tube) to
stained cell suspensions just prior to acquisition on the flow cytometer. Total cell counts
per well were back-calculated using the following equation: [total viable cells acquired] +

[total beads acquired] x [10* beads/tube].

Results
Hematopoietic progenitors proliferate in the presence of high thymidine levels

An established approach to deplete dCTP pools and induce RSR pathway
activation in transformed cancer cells grown in culture is to exogenously add millimolar
amounts of thymidine to the cell culture medium (11, 19, 20). In many cell types,
salvage of exogenous thymidine by TK1 leads to the generation of excess dTTP pools
that allosterically inhibit RNR from reducing CDP into dCDP, thereby depleting
intracellular dCTP pools (12, 22). The ultimate outcome of acutely depleting dCTP pools
is S-phase arrest mediated by RSR pathway activation (11). Because of the apparent

similarities between thymidine-induced S-phase arrest in cultured cells and the in vivo
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S-phase arrest we found in dCK” hematopoietic progenitors, we hypothesized that
perhaps thymidine played a major role in generating the dCK” phenotype.

To start investigating a potential role for thymidine as an inducer of RS in
hematopoietic progenitors, we first sought to quantify endogenous levels of this
nucleoside in various tissues in C57BI/6 mice. We extracted nucleosides from whole
tissue homogenates and determined the relative abundance of thymidine (in ymol per
milligram of tissue) using mass spectrometry. Thymidine levels were highest in the bone
marrow and thymus (Figure 4.1, A). The high concentrations of thymidine in these
tissues could mean that developing lymphoid and erythroid cells proliferating in their
normal in vivo environments may be subjected to thymidine-induced replication stress.

Next, we sought to experimentally determine if removing developing dCK”
lymphocytes from these environments would relieve their RS-induced S-phase arrest.
To test this assumption, we used the OP9-DL1 co-culture system that supports the
proliferation and differentiation of DN thymocytes into DP thymocytes (27). Using mass
spectrometry, we first determined that normal OP9 cell culture medium contained sub-
micromolar levels of thymidine (Figure 4.1, B). These concentrations are likely much
lower than what developing thymocytes are exposed to in vivo. We therefore proceeded
with testing the proliferative capacity of dCK” thymocytes in the low-thymidine

environment of the OP9-DL1 co-culture system.

Thymidine specifically inhibits dCK” thymocyte proliferation
To measure thymocyte proliferation in vitro, we used CellTrace Violet (CTV) (28),

a fluorescent dye that allows tracking at the single cell level of mitotic events executed
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by thymocytes in the OP9-DL1 co-culture system. The CTV dye covalently labels
primary amines in intracellular proteins, thereby conferring violet fluorescence to cells.
Upon cell division, fluorescently-labeled intracellular proteins are evenly distributed
between daughter cells, which now have a fluorescent intensity that is one-half of the
fluorescent intensity of parent cells. Fluorescent peaks of diminishing intensity are
therefore a direct readout of the number of times that the cells in each peak have
divided, starting from 0 divisions and going up to as many as 8 divisions (Figure 4.2, A).

In this model we chose to study DN3a thymocytes from WT and dCK” mice
because DN3a cells are primarily G4-synchronized (80-90% in G1) (Figure 4.2, B), and
dCK” DN3a cells have about one-third as many pH2A.X-positive cells as compared
dCK” DN3b cells (Figure 4.2, C). These two qualities of DN3a cells would thus enable
better interpretation of environmentally-induced RS between the WT and dCK”
genotypes. We anticipated that dCK”~ DN3a thymocytes would proliferate normally in
the OP9-DL1 system because their ability to salvage thymidine would likely be
significantly reduced compared to the in vivo conditions.

We cultured CTV-labeled DN3a cells with OP9-DL1 stroma for 4 days and then
measured proliferation over this period by CTV dye dilution. Mock treated dCK”
thymocytes (i.e. no thymidine supplement) were able to proliferate robustly as
evidenced by equal numbers of cell divisions (Figure 4.2, D, First row) and comparable
numbers of total viable thymocytes remaining in culture after 4 days of incubation when
compared to WT cells (Figure 4.2, E). However, addition of thymidine (20 pM)
significantly and specifically inhibited the proliferation of dCK” thymocytes as evidenced

by the reduction of division peaks and reduced total viable cell counts amongst dCK”
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cells (Figure 4.2, D, Second row; Figure 4.2, E). Higher concentrations of thymidine (50
and 100 uM) completely blocked the proliferation of dCK” thymocytes (Figure 4.2, D,
Third and Fourth rows). Therefore, in contrast to the in vivo phenotype, dCK”
thymocytes proliferate normally in cell culture. However, these cells are acutely

sensitive to thymidine-induced proliferation block in vitro.

Thymidine specifically induces RS and cell death in proliferating dCK”
thymocytes

We sought to determine if the thymidine-induced blockade of dCK” thymocyte
proliferation in vitro was associated with RS induction in S-phase. We therefore stained
for the RS marker of pH2A.X in WT and dCK” DN3a thymocytes cultured on OP9-DL1
stroma for 2 days. In absence of added thymidine (Mock treatment), dCK” thymocytes
had low pH2A.X staining (2% positive), which was comparable to the background
staining in WT thymocytes (0.5% positive) (Figure. 4.3, A, First row). However, addition
of low amounts of thymidine (20 uM) induced a 10-fold increase the percentage of dCK
" thymocytes staining positive for pH2A.X staining (20%), while WT thymocytes failed to
induce increases in pH2A.X staining (Figure 4.3, A, Second row). Furthermore, the
induction of pH2A.X in dCK” thymocytes was specific to cells that were in S-phase, as
determined by total DNA content staining. Increasing the thymidine concentration to 100
MM induced WT thymocytes to be 20% positive for pH2A.X, but with low mean
fluorescent staining intensity of pH2A.X within the pH2A.X-positive cells, thus indicating
lower levels of RS (29) than the 20% positive pH2A.X staining seen in dCK”

thymocytes treated with 20 pM thymidine (Figure 4.3, A, Second and Third rows).
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Lastly, while dCK” thymocytes treated with 100 uM thymidine showed reduced
numbers of pH2A.X-positive cells (6% positive), this reduction in pH2A.X-positive cells
was associated with a decrease in dCK” thymocytes in S-phase. This observation
indicated that the higher levels of RS induced in dCK” thymocytes by 100 uM thymidine
were perhaps preventing the in dCK” cells from entering or progressing further through
S-phase.

We next determined whether the thymidine-induced RS was also triggering cell
death in dCK” thymocytes over 2 days of in vitro culturing. Total DNA content staining
was used to identify dead cells via Sub-G1 DNA content, a marker of apoptosis-induced
DNA fragmentation (30). Mock-treated dCK”" thymocytes had statistically higher basal
percentages of cells with Sub-G4 DNA content than did WT cells (N=3; P<0.04), but
overall cell cycle profiles were comparable between WT and dCK” cells (Figure 4.3, B,
First row). 20 uM thymidine increased the percentages of Sub-G; dCK”" thymocytes, but
had no effect upon WT cells (Figure 4.3, B, Second row). 100 uM thymidine triggered a
dramatic 4-fold increase in Sub-G; dCK” thymocytes over mock-treated cells, while
again no effect was seen in WT cells (Figure 4.3, B, Third row). Thymidine addition thus
had a selective dose-dependent killing effect upon dCK” thymocytes (Figure 4.3, C;
N=3 independent measurements; P<0.001 to 0.04). The OP9-DL1 co-culture
experiments allowed us to conclude that thymidine specifically prevents the proliferation
of dCK” thymocytes by inducing RS in S-phase cells that can lead to selective cell

death in dCK™ thymocytes at concentrations that have little effect upon WT thymocytes.
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Hematopoietic development in TK1-deficient mice

The observation that exogenously added thymidine induced RS and cell death in
proliferating dCK”" thymocytes warranted further investigations of the mechanism by
which thymidine could cause such acute proliferation defects. Since thymidine induces
RS in proliferating cells via TK1-mediated salvage (12), we sought to directly test the
role of TK1 in generating the dCK” hematopoietic phenotype. TK1-deficient mice have
been reported previously, but the only hematopoietic defects described in these mice
were the presence of slightly abnormal secondary lymphoid structures and elevated
levels of micronucleated erythrocytes (26, 31). We therefore sought to carefully
characterize hematopoietic development, dNTP pools, and RS phenotypes in TK1"
mice. Our ultimate goal was to generate dCK/TK1 double-knockout mice directly test
the role that salvage of thymidine via TK1 plays in generating the in vivo RS phenotypes
we observed in dCK” mice.

Our analysis revealed that thymi from 5-week old TK7” mice were reduced in
size by ~20% compared to WT littermates (Figure 4.4, A). However, CD4 and CD8
staining of total thymocytes to identify DN and DP populations revealed that thymocyte
development in TK71” mice was, in fact, normal (Figure 4.4, B). Consistent with the
absence of any overt defects in T cell development in the TK7” mice, we did not
observe any obvious defects in cell cycle kinetics of TK1”" DN3b thymocytes in vivo
(Figure 4.4, C).

Analyses of Hardy Fraction A-D and Hardy Fraction E-F populations of
developing B cells in the bone marrow of TK7” mice also did not reveal any obvious

developmental defects (Figure 4.4, D). Additionally, no cell cycle defects were observed
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in highly proliferative Hardy Fraction B-C cells from TK1” mice (Figure 4.4, E). Surface
staining for erythroid developmental markers in TK1” mice did not reveal any
abnormalities in EryA, EryB, and EryC populations (Figure 4.4, F). We did, however,
observe an increase in the percentage of TK1”" EryA cells found in S-phase (average
50% in S-phase), as compared to WT controls (average 43% in S-phase) (Figure 4.4,
G), but this difference did not achieve statistical significance (Figure 4.4, H). We thus
concluded from our hematopoietic developmental phenotyping and cell cycle phase
determinations that proliferating hematopoietic progenitors largely do not require TK1

activity to support differentiation.

dNTP pool imbalances and RS induction in TK1”" hematopoietic progenitors

Despite the absence of severe developmental defects in TK7”" hematopoietic
progenitors, it was important to determine whether TK1 deletion altered dNTP pools in
developing hematopoietic cells. We therefore assayed dNTP pools in DN thymocytes,
bone marrow-resident B cells, and bone marrow-resident erythroid progenitors from WT
and TK1™” littermates.

TK1” DN thymocytes did not display any depletions in dNTP pools (Figure 4.5,
A). In contrast, bone marrow-resident developing B cells from TK7” mice demonstrated
significantly decreased dTTP concentrations; the other three dNTP pools appeared
unaffected (Figure 4.5, B; P<0.005). Bone marrow-resident developing erythroblasts
also showed significantly decreased concentrations of dTTP in TK7” mice (Figure 4.5,
C; P<0.002). Interestingly, TK1”" BM erythroblasts concurrently displayed a significant

increase in dCTP pools (Figure 4.5, C; P<0.05). The dNTP measurements allowed us to
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conclude that TK1 deletion significantly influences dTTP pools in bone marrow-resident
hematopoietic progenitors, but its absence does not significantly affect dTTP pools in
DN thymocytes. The inconsistency in dTTP pool perturbations between developing T
cells, B cells, and erythroid cells could be the result of an in vivo compensatory
mechanisms present in the thymus but not in the bone marrow. We plan to further
investigate this possibility by performing in vivo labeling studies using nucleosides
labeled with stable isotopes followed by LC/MS analyses of the size and origin of

intracellular dNTP pools.

Bone marrow-resident TK1"" hematopoietic progenitors experience RS in vivo

The dramatic dTTP pool deficiency present in bone marrow-resident TK1"
developing B cells, and erythroid cells indicated that these populations may undergo RS
in vivo. We therefore purified DN thymocytes, bone marrow-resident B cells, and bone
marrow-resident erythroid progenitors to probe for the presence of the RS marker of
Chk1 phosphorylated on Ser345 (pChk1) by western blot.

We did not detect any elevation of pChk1 in TK1” DN thymocytes versus WT
controls (Figure 4.6, A), consistent with the absence of significant dTTP depletions in
TK1” DN thymocytes (Figure 4.5, A). In contrast, we did detect significantly elevated
levels of pChk1 in TK1” developing B cells (Figure 4.6, B), and in TK1” erythroid
progenitors (Figure 4.6, C). These findings indicated that TK1” developing B cells and
erythroid cells were indeed subject to RS in vivo. Whether the degree of RS in
proliferating TK1” cells was comparable to that experienced by dCK” cells remained to

be determined. To enable more direct comparisons of RS we performed flow cytometry
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analysis to detect pH2A.X in proliferating DN3b thymocytes, Hardy Fraction B-C cells,
and EryA cells from TK1” mice. We found slightly elevated levels of pH2A.X staining in
TK1” DN3b thymocytes (Figure 4.6, D), Hardy Fraction B-C cells (Figure 4.6, E), and
EryA cells (Figure 4.6, F), versus WT controls. However, only the pH2A.X increases in
TK1” EryA cells achieved statistical significance (Figure 4.6, G; N=4 mice; P<0.03). The
pH2A.X analyses allowed us to conclude that EryA cells have the highest degree of RS
in TK1”~ mice amongst T cell, B cell and erythroid progenitor cells. Nonetheless, the
degree of RS induction in TK1”" cells was far less than that observed in dCK”" EryA cells

(Figure 3.7, F).

Generation of dCK/TK1 double-knockout mice to test development in the absence
of cytosolic dN salvage activity

Next, we sought to test whether inactivation of thymidine salvage in vivo would
rescue the defects in hematopoietic development observed in dCK” mice. We therefore
intercrossed the dCK”" and TK71” mouse lines to generate dCK/TK1 double-knockout
(DKO) mice. These mice should lack all cytosolic dN salvage activity and would have to
rely entirely on the de novo synthesis pathway to generate cytosolic pyrimidine dNTPs.

dCK"”" TK1*" double-heterozygous mice were first generated and then
intercrossed to generate DKO mice at an expected 1:16 Mendelian frequency.
However, DKO mice were generated at sub-Mendelian frequencies with a hazard ratio
of approximately 1.85. DKO mice demonstrated overall slower growth as 5 week old
DKO mice weighed approximately 30% less than WT, TK1”, and dCK” littermates

(Figure 4.7, A; N=7 mice/genotype; P<0.0001). The sub-Mendelian rate of DKO
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generation and the apparent growth retardation in DKO mice indicated that the absence
of all cytosolic dN salvage had deleterious effects upon overall development.
Nonetheless, we found that dCTP pools from DKO whole bone marrow cells were on
average 2.7-times higher than dCTP pool levels in dCK” cells (Figure 4.7, B; N=4
mice/genotype; P<0.0004). Additionally, dTTP pools from DKO whole bone marrow
cells averaged approximately 90% reduced relative to concentrations found in dCK”
cells (Figure 4.7, C; N=4 mice/genotype; P<0.0001). These results indicated that
inactivating TK1 in dCK”" mice prevents dCTP pool deficiency induced by thymidine

salvage via TK1 in hematopoietic tissues.

Inactivation of TK1 dramatically improves the thymic T cell development in the
dCK” mice

Investigating hematopoietic development in DKO mice yielded surprising results.
DKO thymi were smaller than WT and TK7” thymi, but significantly larger than dCK”
thymi (Figure 4.8, A; N=7 mice/genotype; P<0.0001). The increase in overall thymic
cellularity in DKO thymi versus dCK” thymi indicated that that inactivation of TK1
normalized thymic T cell development. To further characterize T cell development in the
DKO mice, we performed flow cytometric analysis using thymocyte development
markers.

Staining WT, TK1'/', dCK'/', and DKO thymi with CD4 and CD8 to identify DN and
DP populations showed that DKO thymi had DP to DN proportions that were virtually
indistinguishable from WT and TK1”" thymi (Figure 4.8, B). This observation indicated

that DKO DN thymocytes were rescued from the proliferation block that is present in
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dCK” DN thymocytes. The DN thymocyte population was further characterized by
CD25 and CD44 staining to identify the DN1-4 populations. This analysis revealed that
the apparent block in dCK” DN differentiation during the DN3 stage was largely relieved
in DKO DN thymocytes as evidenced by the reduction in the percentage of DN3 cells
relative to the other DN subpopulations (Figure 4.8, C). Lastly, staining the DN3
populations for CD27 to discriminate between DN3a and DN3b thymocytes revealed
that DKO thymi had a significant restoration of the proportion of DN3b thymocytes
relative to dCK” DN3b cells (Figure 4.8, D). The cell surface phenotyping data indicated
that the proliferative defects present in dCK” thymocytes were largely rescued in DKO
mice.

We next investigated whether the improved T cell development in DKO mice
versus dCK” mice was associated with a reduction in RS markers. We probed DN
thymocytes from WT, TK1”", dCK”", and DKO mice by western blot for the presence of
the RS markers of pChk1 and the Chk2 kinase phosphorylated on Thr68 (pChk2). We
found significantly lower levels of pChk1 and pChk2 in lysates from DKO DN
thymocytes versus dCK” DN thymocytes (Figure 4.8, E), thus indicating that DKO DN
thymocytes experience less RS in vivo than dCK” DN thymocytes. We further probed
for the presence of the RS marker of pH2A.X with respect to cell cycle position in the
highly proliferative DN3b thymocyte population. We found significantly less pH2A.X in
DKO DN3b thymocytes than in dCK” DN3b thymocytes (Figure 4.8, F). The pH2A.X
staining that was present in DKO DN3b thymocytes appeared to be in the G phase of

the cell cycle rather than the S-phase. These data indicated to us that DKO DN3b

96



thymocytes were largely relieved of the RS present in early S-phase that affects dCK”

DN3b thymocytes in vivo.

DKO thymocytes are resistant to thymidine-induced proliferation block

To confirm that the improved differentiation of DKO thymocytes versus dCK”
thymocytes was accompanied by increased resistance to thymidine-induced
proliferation block, we stimulated CTV-labeled WT, TK71”, dCK”, and DKO DN3a
thymocytes on OP9-DL1 stroma and measured proliferation in the presence of
increasing concentration of thymidine. While dCK™ thymocyte proliferation was again
severely inhibited by 20 uM thymidine—and completely inhibited by 100 uM thymidine—
DKO thymocytes were completely resistant to thymidine induced proliferation block at
both concentrations (Figure 4.9). We therefore concluded that the resistance of DKO
thymocytes to thymidine-induced RS likely enables T cell development to proceed much

more efficiently than in dCK single-knockout mice.

Inactivation of TK1 improves B cell development in dCK” mice

Next, we investigated whether B lymphocyte development was improved in DKO
mice over the defective development observed in dCK” mice. Staining whole bone
marrow cells to identify Hardy Fraction A-D and E-F populations revealed significant
increases in both DKO Hardy Fraction A-D and E-F populations over dCK” mice (Figure
4.10, A). Further analyzing the Hardy A-D population to identify Hardy Fraction A, B-C,

and D populations demonstrated that DKO mice had a large restoration of the Hardy
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Fraction D population over dCK”" mice (Figure 4.10, B). These results indicated that the
proliferative defects observed in the preceding differentiation stage (Hardy Fraction B-C)
were corrected relative to dCK” cells.

We therefore stained Hardy Fraction B-C cells for total DNA content to directly
determine their cell cycle state in vivo. DKO Hardy Fraction B-C cells appeared to have
normal cell cycle distributions with an absence of the early S-phase arrest profile
observed in dCK” cells (Figure 4.10, C). Concurrent with the normalization of cell cycle
profiles in Hardy Fraction B-C cells in DKO mice was a reduction in pH2A.X staining
DKO S-phase cells (Figure 4.10, D). These data indicated that, similar to developing T
cells, developing B cells in DKO mice were subject to less RS in vivo than their dCK”
counterparts because of the absence of TK1-mediated salvage of thymidine. This
reduction in RS likely allows the developing DKO B cells to proliferate and differentiate

in vivo more easily than developing dCK” B cells.

Inactivation of TK1 relieves early S-phase arrest in erythroid progenitors

Lastly, we sought to determine the effect that inactivation of both dCK and TK1
had upon erythroid development. We stained whole bone marrow cells to identify EryA,
EryB, and EryC stages of erythroid development and found a large proportion of EryA
cells with high FSC profiles in DKO bone marrow (Figure 4.11, A). The identification of
this population in DKO mice indicated that DKO EryA cells were still arrested in cell
cycle because their large cell size correlates with greater proportions of cells being in

the S-, Gz, or M-phases of the cell cycle (32).
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We therefore analyzed total DNA content in EryA cells from WT, TK1”, dCK”,
and DKO mice to determine if the early S-phase arrest present in dCK”" EryA cells was
rescued. We found that DKO EryA cells were in fact relieved of the early S-phase arrest
observed in dCK” EryA cells (Figure 4.11, B). However, unlike the rescues we
observed in DKO DN3b thymocytes and Hardy B-C cells, DKO EryA cells retained a
significant late S-phase arrest profile (Figure 4.11, B). To determine if the late S-phase
arrest was associated with RSR activation in DKO cells, we assayed pH2A.X levels. We
found a strong correlation between strong pH2A.X staining in late S-phase with cells
that displayed an arrest DNA profile (Figure 4.11, C). These results indicated that while
DKO EryA cells were still subject to significant RS in vivo, RS appears to primarily occur

in late S-phase rather than in the early S-phase seen in dCK” EryA cells.

Discussion
A functional interplay between dCK and TK1 regulates dNTP pools and prevents
RS during hematopoietic development

Using genetic models of individual and combined deficiencies in the cytosolic dN
kinases dCK and TK1 (Figure 4.12), we demonstrate that the dN salvage pathways
contribute to both induction and prevention of RS during hematopoietic development.
We also show that endogenous thymidine itself is a highly active metabolite that
induces RS in vivo. Concerning the latter finding, it is important to emphasize the

biochemical similarities between our observations in vivo and a widely used in vitro
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experimental approach for synchronizing cultured cells in cell cycle known as the
“thymidine block” (23).

Despite its frequent use by many groups and for many decades, the thymidine
block approach has been thought of exclusively as an in vitro “laboratory tool” (33) with
little if any relevance to in vivo conditions. Our data challenge this assumption by
establishing thymidine block as a metabolically relevant phenomenon in vivo, which has
profound consequences for the development of major hematopoietic lineages. In the
course of a typical thymidine block experiment, cultured cells exposed to high
concentrations of thymidine undergo S-phase arrest through a TK1-dependent
mechanism (11). It is through the kinase action of TK1 that exogenously added
thymidine is trapped in cells, thus enabling its conversion to dTTP in the cytosol. dTTP
is not only a precursor of DNA but also a strong allosteric inhibitor of RNR’s affinity for
the pyrimidine ribonucleotide substrates cytidine diphosphate (CDP) and uridine
diphosphate (UDP) (21). dTTP-mediated inhibition of CDP conversion to dCDP depletes
dCTP pools and consequently causes S-phase arrest (21, 22). Here we show that, in
the absence of dCK activity, physiological concentrations of thymidine present in the
hematopoietic niches of the bone marrow and thymus are sufficient to induce dCTP
deprivation and severe RS in proliferating cells belonging to several major
hematopoietic lineages (i.e., T cells, B cells, and erythroid precursors). By enabling
deoxycytidine salvage in these cells, dCK replenishes dCTP pools depleted by dTTP

produced from thymidine via TK1, thereby playing an essential role in hematopoiesis.
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The two cytosolic dN salvage kinases thus play paradoxically opposing roles;
TK1 in the absence of dCK induces RS, while dCK functions to prevent RS in TK1-

expressing cells exposed to elevated levels of endogenous thymidine.

The biological significance of the deoxyribonucleoside salvage pathway
Proliferating hematopoietic progenitors express high levels of dCK and TK1 (34).
However, since the dN salvage pathways appear to be largely dispensable in DKO
hematopoietic lineages, it indicates that the de novo synthesis pathway can maintain
dNTP pools at levels that are sufficient to support hematopoietic proliferation. In
contrast, the fact that DKO mice are born at sub-Mendelian frequencies and surviving
animals display growth retardation indicates that the dN salvage pathway is important to
support overall growth. It is possible that the growth defects present in DKO mice may
result from increased stress forced upon other biosynthetic pathways in the absence of
cytosolic dN salvage activity. The utilization of dN salvage for dANTP synthesis requires
significantly less ATP and NADPH than does de novo synthesis (35). For example, de
novo synthesis of 1 mole of dCTP or dTTP starting from glucose, glutamine, aspartate,
and bicarbonate requires 6 moles of ATP each, while the same amount can be
generated via salvage at a cost of 3 moles of ATP (36). ATP and NADPH savings
afforded by utilizing pyrimidine salvage instead of de novo synthesis could then be
spent by cells to generate other essential biomass, such as proteins and phospholipids.
An alternative explanation for the growth defects in the DKO mice involves
mitochondrial dysfunction due to imbalances in the ANTP pools in this organelle.

Defects in mitochondrially compartmentalized dNTP synthesis have been shown to
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cause severe developmental abnormalities (37-40). Since mitochondrial ANTP pools in
cycling cells correlate linearly with the cytoplasmic pools (41), imbalances in cytosolic
dNTP pools resulting from defective dN salvage metabolism may impair mitochondrial
DNA synthesis and thus trigger mitochondrial stress manifested by embryonic lethality

and neonatal growth retardation.

Sources of nucleosides in hematopoietic niches

The nucleoside substrates of the salvage pathway likely arise from normal
cellular turnover occurring in bone marrow and thymus (42). Genomic DNA originating
from apoptotic lymphocytes or from the extruded nuclei of maturing erythrocytes (43)
could provide the salvage pathway with its substrates. Phagocytic cells residing at
hematopoietic niches promote nucleic acid degradation and subsequently excrete the
constituent dNs into the extracellular milieu (44, 45). Hematopoietic progenitors
undergoing rapid division in such thymidine-rich environments would benefit from the
availability of this essential precursor of DNA. The ability to produce dTTP from
salvaged thymidine would reduce the need to produce this essential nucleotide via the
de novo pathway. However, since rapidly proliferating hematopoietic cells appear to
lack a mechanism to control excessive accumulation of dTTP pools derived from
thymidine salvage, they have instead evolved a way to counteract dTTP-mediated
depletion of dCTP pools. We propose that dCK fills this critical role by supplementing
dCTP pools produced by the de novo pathway, and thus playing a critical role in

preventing endogenous RS and DNA damage during hematopoietic development.
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Differential requirements for dCTP and dTTP in early and late S-phase

Intracellular dNTP pools are at the limit of detection in quiescent mammalian
cells and even S-phase cells only have pools that are sufficient for a few minutes of
DNA synthesis (17). Significant differences in the magnitude and timing of RS induction
between dCK” and TK71” hematopoietic cells as they progress through S-phase
indicate a differential susceptibility to depletion of dCTP and dTTP pools at different
time points during DNA synthesis. Areas surrounding the sequences of DNA at which
replication is initiated on chromosomes (i.e., origins of replication) are typically GC rich
in mammalian cells (46). Therefore, earlier DNA replication events in these areas may
require higher dCTP pools than would DNA replication towards the end of the S-phase.
Furthermore, dCTP pools turnover more rapidly in early S-phase than do dTTP pools
(47), an observation that is consistent with the distinct RS induction profiles documented
in our dCK and TK1 knockout models. The rapid utilization of dCTP for DNA synthesis
in early S-phase would thus require rapid replenishment through combined de novo and
salvage pathways in order to allow DNA synthesis to continue. Similarly, the demand for
dTTP may increase towards late S-phase and this could be the reason for which we do

not observe RS induction in TK7”~ and DKO mice until late phases of DNA replication.
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Figure 4.1. High thymidine concentrations in hematopoietic and lymphopoietic
tissues in mice. (A) Relative thymidine abundance in various tissues from C57BI/6
mice in umol of nucleoside per milligram of homogenized tissue. (B) Thymidine (dT) and
deoxycytidine (dC) concentrations (in yM) found in OP9 medium (MEMa supplemented

with 20% FBS).
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Figure 4.2. In vitro thymidine salvage selectively blocks the proliferation of dCK”
thymocytes. (A) Schematic of the OP9-DL1 co-culture system for in vitro proliferation
of DN3a thymocytes. Numbers in the schematic flow cytometry analysis reflect the total
number of completed cell divisions as determined by the generation of CellTrace Violet
(CTV) peaks of diluted dye intensity. (B-C) Total DNA content determined by DAPI
staining and cell cycle phase discrimination (B), and pH2A.X detection (C), in DN3a and
DN3b thymocytes from WT and dCK”" mice. Percentages of cells with pH2A.X detection
fluorescence above the threshold cutoff (dotted grey line) are indicated for respective

genotypes/cell type pairs on the right side of pH2A.X histogram plot. (D-E) CTV dye
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dilution curves (D), and total viable thymocytes recovered per well (E), from WT and
dCK” DN3a thymocytes stimulated on OP9-DL1 stroma in 48-well plates for 4 days in
the absence (Mock) or presence (20, 50, and 100 pM) of exogenously added thymidine

in the culture medium.

106



A WT dCK"- B WT dCK~"- C
N ‘ | i B wr
Mock- P<0.04
Mock Mock } /-
dCK~
1% 7% [ [
20 Ml } _
200 20uM m P<0.007
1% 12% -
J 100 le } P<0.001
100 uM 2 v 100 M |
o 1% 32% I
| 0 10 20 30
DNA % Sub-Gy

Figure 4.3. In vitro thymidine salvage selectively induces RS and cell death in
dCK” thymocytes. (A) pH2A.X and total DNA content detection in WT and dCK”
DN3a thymocytes after 48 hours of stimulation in the absence (Mock) or presence (20
and 100 yM) of added thymidine. (B-C) Detection of Sub-G, dead cells (red curves) (B),
and quantification of Sub-G; dead cells (C), as determined by total DNA content
staining of WT (Black bars) and dCK” (Grey bars) DN3a thymocytes stimulated on
OP9-DL1 stroma for 48 hours in increasing concentrations of thymidine. Graphs are

average values + SEM (N = 3/genotype; P<0.001 to 0.04).
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Figure 4.4. Lymphoid and erythroid development in TK7” mice. (A) Gross size and
total viable thymocytes recovered from 5-week old WT and TK7” mice. (B-C) CD4 and
CD8 staining of whole thymocytes to identify DN and DP thymocyte populations (B),
and total DNA content staining to determine cell cycle phases in DN3b thymocytes (C),
from WT and TK71” mice. (D-E) IgM and B220 staining of whole bone marrow cells to
identify Hardy Fraction A-D and E-F populations (D), and total DNA content staining to
determine cell cycle phases in Hardy Fraction B-C cells (E), from WT and TK7” mice.
(F-G) CD71 and forward scatter (FSC) profiles of Ter119" cells to identify EryA, EryB,
and EryC populations (F), and total DNA content staining to determine cell cycle phases
in EryA cells (G), from WT and TK71” mice. (H) Quantification of S-phase cells from
DN3b thymocytes, Hardy Fraction B-C cells, and EryA cells from WT (Black bars) and

TK1” (Grey bars) mice. Graphs are average values + SEM (N=3 mice/genotype).
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pool depletions. (A-C) dCTP, dTTP, dATP, and dGTP pools measured in DN
thymocytes (A), bone marrow B cells (B), and bone marrow erythroblast populations
(C), from WT (Black bars) and TK1” (Grey bars) mice. Graphs are average values +
SEM from 3 independent measurements. Each measurement was generated using

pooled progenitor populations from 4 mice per genotype per experiment (P<0.002 to

0.05).
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Figure 4.6. TK1” hematopoietic progenitors undergo replication stress in vivo. (A-
C) Western blot analysis probing for Chk1 phosphorylated on Ser345 (pChk1) and total
Chk1 present in WT and TK1”" lysates of DN thymocytes (A), bone marrow B cells (B),
and bone marrow erythroblasts (C). (D-F) Representative examples of flow cytometry
detection of pH2A.X and total DNA content from WT and TK7” DN3b thymocytes (D),
Hardy Fraction B-C cells (E), and bone marrow EryA cells (F). Quantification of
percentages of WT (Black bars) and TK1” (Grey bars) cells from each subpopulation
staining positive for pH2A.X are provided to the right of the flow cytometry plots. Graphs

are average + SEM (N=4 mice/genotype; NS = Not statistically significant; P<0.03).
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knockout (DKO) mice. (A) Gross size and weights of WT, TK1”, dCK”", and DKO mice
at 5 weeks of age. Graphs are average values + SEM (N=7 mice/genotype; P<0.0001).
(B-C) dCTP pools (B), and dTTP pools (C), from whole bone marrow cells from WT,
TK1”, dCK”, and DKO mice at 5 weeks of age. Graphs are average values + SEM

(N=4 mice/genotype; P<0.0001 to 0.004).

111



A B WT TK17- dCK- DKO

cD4 S

TK17 dCK”- DKO

P<0.0001

435%] |
e

CD25—

Y «VJ‘* dow" o© DKO

cor——————————————»

E

TK1” dCK”- DKO

ok

o R o @

| - |pchk
| - |pChk2

| | /\cin

15%

DNA >

Figure 4.8. TK1 inactivation largely rescues thymic T cell development in dCK™
mice. (A-B) Gross thymus size (A), and total viable thymocytes recovered (B), from
WT, TK1”, dCK”, and DKO mice. Graphs are average values + SEM (N=7
mice/genotype; P<0.0001). (B-D) CD4 and CDS8 staining of total thymocytes (B), CD25
and CD44 staining of DN thymocytes (C), and CD25 and CD27 staining of DN3
thymocytes (D), from WT, TK1”, dCK”, and DKO mice. (E) Western blots probing for
pChk1 and pChk2 in DN thymocytes. Actin was used as a loading control. (F) pH2A.X
and total DNA content detection in DN3b thymocytes from WT, TK1”, dCK”", and DKO

mice.
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Figure 4.9. DKO thymocytes are resistant to thymidine-induced proliferation block
in vitro. CTV dye dilution curves from WT, dCK”, TK1”", and DKO DN3a thymocytes
stimulated on OP9-DL1 stroma for 4 days in the absence (Mock) or presence (20 and

100 pM) of exogenously added thymidine in the culture medium
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Figure 4.10. TK1 deletion largely rescues bone marrow B cell development in
dCK” mice. (A-B) IgM and B220 staining of whole bone marrow cells to identify Hardy
Fraction A-D and E-F populations (A), CD43 and CD19 staining of IgM" B220" cells to
identify Hardy Fraction A, B-C, and D populations (B), from WT, TK1”", dCK”", and DKO
mice. (C-D) Total DNA content (C), and pH2A.X detection (D), in Hardy B-C cells from

WT, TK1”, dCK”, and DKO mice.
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Figure 4.11. TK1 inactivation relieves the early S-phase arrest observed in
erythroid precursors from dCK” mice. (A) CD71 and forward scatter (FSC) profiles
of Ter119" cells from whole bone marrow to identify EryA, EryB, and EryC populations
from WT, TK1'/', dCK'/', and DKO mice. (B-C) Total DNA content (B), and pH2A.X

detection (C), in bone marrow EryA cells from WT, TK1”, dCK”", and DKO mice.
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Figure 4.12. Deoxyribonucleoside salvage kinases induce and resolve replication
stress (RS) during hematopoiesis. Model depicting how the de novo and salvage
pathways interact to maintain dNTP pools and to prevent nucleotide deficiency and
endogenous replication stress in rapidly dividing hematopoietic progenitors. Under
normal conditions (WT panel), the ribonucleotide reductase (RNR) complex reduces
purine ribonucleotide diphosphates (ADP, GDP) and pyrimidine ribonucleotide
diphosphates (CDP, UDP) to contribute to dNTP pools (dATP, dGTP, dTTP, dCTP).
While RNR appears to be solely responsible for producing the purine dNTP pools, the
majority of dTTP pools are produced from salvaged thymidine, which is present in
abundant amounts in thymus and bone marrow. The inability of hematopoietic cells to
control the size of dTTP pools generated by the TK1 branch of the salvage pathway
leads to a situation in which elevated dTTP levels prevent RNR from reducing CDP to
dCDP via allosteric inhibition. To maintain the size of the dCTP pool, rapidly dividing
hematopoietic cells must rely on the dCK branch of the salvage pathway. In the
absence of dCK activity (dCK”" panel), dCTP pools become insufficient, leading to DNA

synthesis arrest in early S-phase, coupled with severe RS and strong activation of the
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replication stress response (RSR) pathway. In the absence of TK1 activity (TK1™”
panel), dTTP pools are depleted, but residual levels of this nucleotide appear to be
sufficient for maintaining DNA replication. Thus, only minor DNA synthesis defects
occur and these selectively affect erythroid precursors, which display mild RS in late S-
phase. In the absence of both dCK and TK1 (DKO panel), dTTP pools are depleted due
to the inability to salvage thymidine. dTTP pool depletion is well tolerated by T and B
lymphoid precursors but causes late S-phase RS in erythroid precursors. Importantly,
residual dTTP pools in DKO cells are below the levels required to allosterically inhibit
CDP and UDP reduction by RNR. RNR is therefore capable of maintaining dCTP pools
in the absence of dCK. Switching both dCTP and dTTP production from the salvage
pathway to the de novo pathway, enables quasi-normal hematopoietic development in
the DKO mice. Solid arrows indicate single step processes; dashed arrows indicate

multi-step processes with intermediates not named/depicted in the schematic.
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A series of classic in vivo nucleic acid labeling experiments performed in the
1950s using '°N-labeled nucleosides revealed that ribonucleosides are incorporated into
both RNA and DNA, whereas deoxyribonucleosides are used exclusively for DNA
synthesis (1, 2). Besides providing the first insights into the phenomenon of
ribonucleotide reduction, these studies also showed that the nucleoside salvage
pathway is active in vivo. Following these observations, the field of nucleoside salvage
metabolism became an area of intense investigation in biochemistry. However, the
biological significance of rate-limiting nucleoside salvage kinases such as dCK and TK1
has remained enigmatic. In certain ways, the studies presented in this dissertation were
primed by findings that resembled the initial in vivo labeling work of Reichard and
colleagues (1). In an attempt to non-invasively image immune system activation in vivo,
Radu and colleagues injected mice with a deoxycytidine analog labeled with a positron
emitter ('®F-FAC), and then quantified probe accumulation in tissues throughout the
body using mPET/CT (3). mPET/CT imaging revealed a striking preferential
accumulation of "®F-FAC in thymus and bone marrow, thus prompting the development
of genetic approaches to examine the role of dCK-mediated salvage metabolism in
development (4).

Despite the intense biochemical characterization of nucleotide metabolism in the
many decades since the identification of ribonucleotide reduction in mammals, there
remain significant uncertainties as to how dNTPs are synthesized in vivo to support
cellular proliferation. For example, recent publications either focus exclusively on the de
novo pathway as the main mechanism to produce dNTPs (5), or suggest that

hematopoietic cells lack de novo synthesis and thus must derive all their dNTPs from
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salvage synthesis (6). These points of view appear to overemphasize the role of one
biosynthetic pathway at the expense of the other. In contrast, the genetic and
biochemical studies presented in this dissertation demonstrate that, in vivo, the de novo
and salvage dNTP biosynthetic pathways are in fact inextricably linked through shared
intermediates, products, and allosteric control mechanisms. Moreover, in response to
certain stimuli or to changes in their environmental conditions, hematopoietic cells may
have the ability to modulate their dNTP production between the two biosynthetic
pathways. Therefore, we recommend that the de novo synthesis and the dN salvage
pathways should be studied together rather than individually.

The findings presented in this dissertation also provide strong experimental
evidence that dN salvage kinases significantly regulate RS dynamics during
hematopoiesis. The model of nucleotide metabolism regulation in vivo emerging from
our studies suggests that a complex functional interplay between salvage and de novo
dNTP synthesis is required to prevent RS and endogenous DNA damage during
hematopoiesis. Furthermore, the demonstration of a functional link between
endogenous thymidine, dN kinases, nucleotide deficiency, and RS induction highlights a
potential therapeutic strategy to induce RS overload, and ultimately cell death, in
hyperproliferative diseases such as cancer.

Thymidine therapy has been attempted to treat tumor models in mice (7), and in
leukemias and lymphomas in humans (8, 9), based on the ability of this nucleoside to
induce S-phase arrest in cultured cancer cells by inhibiting their de novo dCTP
synthesis (10, 11). Although well tolerated in patients, thymidine had limited efficacy

when used as single agent therapy (8, 9). By demonstrating that dCK—which is
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frequently overexpressed in hematological malignancies (12)—significantly contributes
to dCTP pools in vivo, the results presented this dissertation may have revealed an
important mechanism of resistance to thymidine and thus explain the failure of
thymidine in initial clinical trials. We hypothesize that improving the therapeutic efficacy
of thymidine in cancer will also require pharmacological inhibition of dCK activity to
prevent dCK-mediated rescue of in vivo thymidine block. Whether an adequate
therapeutic window exists for a combination therapy consisting of thymidine and a small
molecule dCK inhibitor must be determined in future studies.

Many questions still remain regarding the role of dN salvage kinases in
supporting dNTP pools in mature lymphocytes and in malignant hyperproliferative
tissues. While we have demonstrated that dCK and TK1 make significant contributions
to dANTP pools during hematopoietic development, it still remains unknown what
contributions—if any—that dCK and TK1 make to dNTP pools in activated lymphocytes
that are proliferating in secondary lymphoid organs. Future studies to determine the
degree of immunocompetence of dCK” and TK71” mice through the use of lymphocyte-
mediated models of viral infection rejection (13), autoimmune disorder induction (14),
and tumor cell rejection (15), would be critical to answer these important immunological
questions. Questions regarding the role of dCK and TK1 in supporting oncogenic
disease initiation and progression could similarly be interrogated using genetic mouse
models of inducible cancer (16-18). Following these avenues of research could
potentially positively impact human health by generating important insights into how the
fundamental processes of ANTP biosynthesis affect functional immunity and oncogenic

transformation.

126



References

1.

Reichard, P., and B. Estborn. 1951. Ultilization of desoxyribosides in the
synthesis of polynucleotides. The Journal of biological chemistry 188:839-846.

Hammarsten, E., Reichard, P. and Saluste, E. 1950. Pyrimidine nucleosides as
precursors of pyrimidines in polynucleotides. Journal of Biological Chemistry 183:

Radu, C.G., C.J. Shu, E. Nair-Gill, S.M. Shelly, J.R. Barrio, N. Satyamurthy, M.E.
Phelps, and O.N. Witte. 2008. Molecular imaging of lymphoid organs and
immune activation by positron emission tomography with a new [18F]-labeled 2'-
deoxycytidine analog. Nature medicine 14:783-788.

Toy, G., W.R. Austin, H.Il. Liao, D. Cheng, A. Singh, D.O. Campbell, T.O.
Ishikawa, L.W. Lehmann, N. Satyamurthy, M.E. Phelps, H.R. Herschman, J.
Czernin, O.N. Witte, and C.G. Radu. 2010. Requirement for deoxycytidine kinase
in T and B lymphocyte development. Proceedings of the National Academy of
Sciences of the United States of America 107:5551-5556.

Lunt, S.Y., and M.G. Vander Heiden. 2011. Aerobic glycolysis: meeting the
metabolic requirements of cell proliferation. Annual review of cell and
developmental biology 27:441-464.

Hsu, C.L., W. Lin, D. Seshasayee, Y.H. Chen, X. Ding, Z. Lin, E. Suto, Z. Huang,
W.P. Lee, H. Park, M. Xu, M. Sun, L. Rangell, J.L. Lutman, S. Ulufatu, E.
Stefanich, C. Chalouni, M. Sagolla, L. Diehl, P. Fielder, B. Dean, M. Balazs, and
F. Martin. 2012. Equilibrative nucleoside transporter 3 deficiency perturbs
lysosome function and macrophage homeostasis. Science (New York, N.Y
335:89-92.

Lockshin, A., B.C. Giovanella, J.S. Stehlin, Jr., T. Kozielski, C. Quian, and R.W.
Apperson. 1985. Antitumor activity and minimal toxicity of concentrated thymidine
infused in nude mice. Cancer research 45:1797-1802.

Blumenreich, M.S., T.M. Woodcock, M. Andreeff, W. Hiddemann, T.C. Chou, K.
Vale, M. O'Hehir, B.D. Clarkson, and C.W. Young. 1984. Effect of very high-dose
thymidine infusions on leukemia and lymphoma patients. Cancer research
44:2203-2207.

Kufe, D.W., P. Beardsley, D. Karp, L. Parker, A. Rosowsky, G. Canellos, and E.
Frei, 3rd. 1980. High-dose thymidine infusions in patients with leukemia and
lymphoma. Blood 55:580-589.

127



10.

11.

12.

13.

14.

15.

16.

17.

18.

Xeros, N. 1962. Deoxyriboside control and synchronization of mitosis. Nature
194:682-683.

Bjursell, G., and P. Reichard. 1973. Effects of thymidine on deoxyribonucleoside
triphosphate pools and deoxyribonucleic acid synthesis in Chinese hamster
ovary cells. The Journal of biological chemistry 248:3904-3909.

Hubeek, I., G.J. Peters, A.J. Broekhuizen, |. Talianidis, J. Sigmond, B.E. Gibson,
U. Creutzig, G. Giaccone, and G.J. Kaspers. 2005. Immunocytochemical
detection of deoxycytidine kinase in haematological malignancies and solid
tumours. Journal of clinical pathology 58:695-699.

Schepers, K., M. Toebes, G. Sotthewes, F.A. Vyth-Dreese, T.A. Dellemijn, C.J.
Melief, F. Ossendorp, and T.N. Schumacher. 2002. Differential kinetics of
antigen-specific CD4+ and CD8+ T cell responses in the regression of retrovirus-
induced sarcomas. J Immunol 169:3191-3199.

Gold, R., C. Linington, and H. Lassmann. 2006. Understanding pathogenesis and
therapy of multiple sclerosis via animal models: 70 years of merits and culprits in
experimental autoimmune encephalomyelitis research. Brain 129:1953-1971.

Overwijk, W.W., A. Tsung, K.R. Irvine, M.R. Parkhurst, T.J. Goletz, K. Tsung,
M.W. Carroll, C. Liu, B. Moss, S.A. Rosenberg, and N.P. Restifo. 1998.
gp100/pmel 17 is a murine tumor rejection antigen: induction of "self"-reactive,
tumoricidal T cells using high-affinity, altered peptide ligand. The Journal of
experimental medicine 188:277-286.

Tuveson, D.A., A.T. Shaw, N.A. Willis, D.P. Silver, E.L. Jackson, S. Chang, K.L.
Mercer, R. Grochow, H. Hock, D. Crowley, S.R. Hingorani, T. Zaks, C. King, M.A.
Jacobetz, L. Wang, R.T. Bronson, S.H. Orkin, R.A. DePinho, and T. Jacks. 2004.
Endogenous oncogenic K-ras(G12D) stimulates proliferation and widespread
neoplastic and developmental defects. Cancer cell 5:375-387.

Caulin, C., T. Nguyen, G.A. Lang, T.M. Goepfert, B.R. Brinkley, W.W. Cai, G.
Lozano, and D.R. Roop. 2007. An inducible mouse model for skin cancer reveals
distinct roles for gain- and loss-of-function p53 mutations. The Journal of clinical
investigation 117:1893-1901.

van Miltenburg, M.H., and J. Jonkers. 2012. Using genetically engineered mouse
models to validate candidate cancer genes and test new therapeutic approaches.
Current opinion in genetics & development 22:21-27.

128



	2012_07_09-Title page
	2012_07_09-Dissertation Abstract
	2012_07_09-Chapter 1
	2012_07_09-Chapter 2
	Materials and Methods

	2012_07_09-Chapter 3
	Discussion
	References

	2012_07_09-Chapter 4
	2012_07_09-Chapter 5



