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Abstract
Acute Myeloid Leukemia (AML) is an aggressive disease of the marrow
with approximately 18,800 new cases each year. The elderly population
represents the bulk of AML patients with a median age of onset of 70. More than
70% of AML patients are over the age of 60, and for this group the 5 year overall
survival rate is under 10%. There are multiple reasons for this, including complex
karyotypes in elderly patients, other comorbidities, and chemoresistance. This
group of patients needs more effective chemotherapeutic options.
Ribonucleotide reductase (RR) is the rate limiting enzyme in DNA
synthesis. Didox (3,4-Dihydroxybenzohydroxamic acid) is a novel RR inhibitor
noted to be more potent than hydroxyurea. In this report we detail the activity and
toxicity of Didox in preclinical models of AML. RR was present in all AML cell
lines and primary patient samples tested. Didox was active against all human
and murine AML lines tested with IC50 values in the low micromolar range (mean
IC50 37µM [range 25.89 – 52.70 µM]). It was active against primary patient
samples at concentrations that did not affect normal hematopoietic stem cells
(HSCs). Didox exposure resulted in DNA damage and p53 induction culminating
in apoptosis.
In these studies we have also utilized a syngeneic orthotopic model which
recapitulates human AML to account for factors that cannot be measured in vitro
(i.e. pharmacokinetics/pharmacodynamics). Previous studies have shown that
the model mirrors the pathology and chemoresistance seen in patients. Single
agent Didox treatment resulted in a significant reduction in leukemia burden and
xiv

a survival benefit. Didox was well tolerated, as marrow from treated animals was
morphologically indistinguishable from controls. Didox exposure at levels that
impaired leukemia growth did not inhibit normal HSC engraftment. Didox was
well tolerated and effective against preclinical models of AML.
Combination regimens are thought to be more effective than single agents
because of tumor heterogeneity, their potential to overcome resistance and
success in the clinic. The reduction in dNTP pools by RR inhibition should allow
for increased incorporation of cytidine analogues in AML. Previous studies have
demonstrated this with cytarabine in an AML line, but this has not been
extensively studied in AML.
New therapies for Myelodysplastic Syndromes (MDS) and AML are the
hypomethylating agents 5-aza-2'-deoxycytidine (decitabine) and 5-azacitidine
(azacitidine). These drugs are cytidine analogues that cause DNA damage and
loss of methylation during replication leading, ultimately to cell death. We have
previously shown that Didox has activity against AML with limited toxicities. We
have further demonstrated that Didox synergizes with hypomethylators and
cytarabine in vitro. This finding does not necessarily translate to an increase in
the efficacy of decitabine incorporation. Optimization of a combination regimen of
Didox and Decitabine in vivo is on-going. It is well-established that AMLs become
chemoresistant after treatment. Upregulation of RR activity was a possible
mechanism of resistance to Didox, which would then in turn enhance the
conversion of azacitidine to decitabine; thereby, increasing incorporation of the
active agent making the leukemia more responsive to therapy.
xv

Didox was well tolerated and effective against preclinical models of AML.
It has shown the potential for synergy with standard and novel therapeutics in an
up-front setting. Most surprisingly, Didox may have the potential to shape
chemotherapeutic

response

as

xvi
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sequential

therapeutic.
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Acute Myeloid Leukemia
Acute Myeloid Leukemia (AML) is an aggressive malignancy wherein
neoplastic myeloid progenitors crowd out and suppress healthy hematopoietic
stem cells (HSCs) leading to marrow failure, and ultimately death. Each year in
the US there are approximately 18,800 new cases of AML and 10,500 deaths
attributed to AML. AML is a disease of the elderly. It has a median age of onset
of 70, with more than 70% of patients over the age of 60 at diagnosis (Farag et
al., 2006). This malignancy has a poor overall five year survival rate of 30-40%
(Dohner et al., 2010; Farag et al., 2006; Rollig et al., 2010). This drops to under
10% for patients over 60. In this population, the incidence of AML has slowly
been climbing over the past several decades with virtually no change in the one
year survival rate (Alibhai et al., 2009). These patients are in desperate need of
new treatment strategies.
AML is a genetically heterogeneous malignacy with several distinct
recurring genetic abnormalities (Gilliland, Jordan, & Felix, 2004). Most AMLs
arise de novo through multistep leukemogenesis. This ‘two-hit hypothesis’ of
leukemogenesis states that a pro-proliferative mutation (Class I) and a
differentiation block mutation (Class II) act cooperatively to form AML (Figure
1).(Kelly & Gilliland, 2002) There are several risk factors associated with AML
including: age, radiation, chemotherapy, and antecedent hematologic disorders
(Speer, Semenza, Kurosaki, & Anton-Culver, 2002). Diagnosis is made through
bone marrow biopsy.
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AML has historically been classified by morphological characteristics and
blast percentages. The French American British (FAB) cooperative published the
first universal system by which AMLs were classified in 1976 (Bennett et al.,
1976). Under the WHO guidelines, the blast count required for an AML diagnosis
is dropped from 30% to 20% cellularity due to similar clinical features (Vardiman,
Harris, & Brunning, 2002). The FAB system was expanded upon in the early
2000’s when the World Health Organization (WHO) released revised AML
classifications to include genetic and clinical data along with the more traditional
morphologic and blast count data (Jaffe E.S., 2001).
Cytogenetic Abnormalities in AML
AML is characterized by many distinct recurring genetic abnormalities
(Gilliland et al., 2004). These abnormalities are an central part of AML diagnosis
(Vardiman et al., 2002) and represent an important prognostic factor for AML
patients (Mrozek, Heinonen, & Bloomfield, 2001). Patients can be divided by their
cytogenetic features into Favorable, Intermediate, and Poor prognostic groups
(Figure 2). Examples of each of these groups are t(8;21), normal karyotype, and
a complex karyotype respectively. The Favorable prognostic group is
chemoresponsive. The Poor prognostic group contains patients that have a poor
response to therapy and a short time to progression (Grimwade et al., 1998).
Despite this heterogeneity of prognosis and response, patients with AML are
treated in virtually the same manner.
Mixed Lineage Leukemia Fusions

3

Mixed Lineage Leukemia (MLL) translocations are found in approximately
10% of adult AMLs (Liu, Cheng, & Hsieh, 2009; Wax et al., 1997). Patients with
MLL translocations often exhibit chemoresistance, short time to progression, and
fall into the poor prognostic group (Cortes et al., 1994; Dastugue et al., 1995;
Rubnitz et al., 1999). MLL is a histone-methyltransferase that is part of larger
complexes of varied functions in the nucleus (Dou et al., 2005; Girolami,
Santarossa, Martinelli, Sartori, & Visentin, 1987). The MLL-Eleven Ninteen
Leukemia translocation (ENL) fusion represents approximately 15% of MLL
fusions in adult AMLs (Huret, Dessen, & Bernheim, 2001). MLL-ENL leads to
changes in methylation patterns and altered chromatin structure.
Ras
“Rat Sarcoma” (Ras) proteins belong to a large family of GTP-binding
proteins that can be found on the inner cellular membrane. When in the active
GTP-bound state these proteins bind to effectors and provide signaling through
the RAF/MAP and PI3K/AKT pathways. Ras mutations are associated with many
cancers (Dearden, Stevens, Wu, & Blowers, 2013; Senn et al., 1988; Smit et al.,
1988). Ras is mutated in up to 90% of pancreatic cancers (Smit et al., 1988). Ras
mutations occur in 12 – 30% of AMLs (Janssen et al., 1987; Radich et al., 1990).
However, Ras mutations have minimal effect on patient outcome (Bowen et al.,
2005).
Fms-like Tyrosine Kinase 3 Internal Tandem Duplication
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The Fms-like Tyrosine Kinase (Flt3) is expressed on hematopoietic
progenitor cells and is important for normal proliferation and differentiation (Small
et al., 1994). Stimulation of the Flt3 receptor by its ligand leads to expansion in
both myeloid and lymphoid populations (Zeigler et al., 1994). The Flt3 Internal
Tandem Duplication (ITD) is expressed in approximately 20% of AMLs (Kiyoi et
al., 1999). This mutation results in constitutive activation of the kinase, driving
proliferation. The Flt3 ITD is associated with poor therapuetic response, risk of
relapse, and poor overall survival (Kottaridis et al., 2001).
Treatment of AML
Current Induction Therapeutics
Current induction therapy schedules were developed in the 1970’s (Rai et
al., 1981). The current 7+3 induction regimen has changed very little since its
development despite decades of research (Estey & Dohner, 2006; Longo, 2012).
This

regimen

takes

its

name

from

the

7

days

of

cytarabine

(1β-

arabinofuranosylcytosine) intravenous (IV) treatment at 100 mg/m2 and the 3
days of anthracycline (i.e. Daunorubicin at 60–90 mg/m2) bolus treatment which
demonstrated superior response rates compared to other regimens (Rai et al.,
1981). Cytarabine is a cytidine analogue synthesized by Walwick, Roberts, and
Dekker in the 1950’s (Walwick, 1959). Cytarabine must be phosphorylated by
Deoxycytidine kinase, Deoxycytidylate kinase and nucleoside diphosphate
kinase to its active form before incorporation into the DNA and acts as a chain
terminator (Major, Egan, Herrick, & Kufe, 1982). The other vital part of induction
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therapy is an anthracycline like Daunorubicin. These drugs were first developed
from Streptomyces in the 1960’s and get their name from their brilliant red
pigment (Binaschi et al., 2001; Tan, Tasaka, Yu, Murphy, & Karnofsky, 1967).
These drugs intercalate into the DNA and cause strand breaks by stabilizing
topoisomerase II following a strand nick, thus preventing ligation of the strand
(Binaschi et al., 2001). This family of drugs has been very successful in the
treatment of many types of cancer; however, there is significant cardiotoxicity
associated with its use (Binaschi et al., 2001; Weiss, 1992). Less than half of
elderly AML patients are able to achieve a complete remission and most will
relapse with chemoresistant disease (Fernandez et al., 2009; Lowenberg,
Downing, & Burnett, 1999; Stoiser et al., 2000).
Hypomethylators
Azacitidine and 5-aza-2'-deoxycytidine (decitabine) shown in Figure 3
were developed as cytarabine analogues in the 1960’s; however, they act as
hypomethylators (Christman, 2002). Hypomethylators enter the cell through
nucleoside transporters. Azacitidine utilizes Ribonucleotide Reductase (RR) to
facilitate the conversion from ribonucleotide to deoxyribonucleotide while
Decitabine

does

deoxyribonucleotides

not.
and

Then

the

therapeutics

incorporated

into

the

are

processed

replicating

DNA.

like
The

incorporated drug recognized as a substrate for methyltransferases. DNA
methyltransferase-1 (DNMT1) is then covalently trapped leading to adduct
formation (Christman, Mendelsohn, Herzog, & Schneiderman, 1983). This results
in a DNA damage response and loss of methylation during replication (Elliott &
6

Bullimore, 1993). Azacitidine has additional RNA-mediated effects due to its
ribose backbone. These agents are approved for MDS. Phase III trials
demonstrated some benefit in an elderly AML population (Fenaux et al., 2009;
He, Xiu, De Porre, Dass, & Thomas, 2014). These results have led to off-label
use of hypomethylators in the elderly AML patients.
Frail and some elderly patients are not good candidates for intensive
chemotherapy. This population often presents with complex karyotypes,
comorbidities, and chemoresistance (Ferrara, Palmieri, & Mele, 2004). These
patients have few low-intensity options (i.e. low dose Cytarabine, Hydroxyurea
(HU), or hypomethylators) to control the progression of their disease. These
patients need more and better options for the treatment of their AML.
Ribonucleotide Reductase
Ribonucleotide Reductase (RR) catalyzes the rate limiting step in de novo
DNA synthesis (Cory & Sato, 1983). RR is encoded by Rrm1 and Rrm2 found on
chromosomes 11p15 and 2p25 respectively (Zhou & Yen, 2001).

RR is

expressed in all tissues, but its levels vary by the proliferation rate of the tissue.
RR is highest in the colon and thymus, while it has low levels in the skeletal
muscle, brain, and prostate (Zhou et al., 2003). Mutations in RR result in
mitochondrial depletion syndromes (Gunter et al., 1995). High expression of RR
is associated with chemoresistance and poorer overall survival in several
malignancies including lung and pancreatic cancers (Okazaki, Javle, Tanaka,
Abbruzzese, & Li, 2010; Souglakos et al., 2008). RR reduces the 2’ carbon of the
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ribonucleoside diphosphate to form deoxyribonucleoside diphosphates (dNDPs),
which are in turn phosphorylated by nucleoside diphosphate kinase (NDPK) to
yield deoxyribonucleoside triphosphates (dNTPs) (Figure 4) (Kunz & Kohalmi,
1991). To generate TTP, dUMP must first be converted to dTMP via thymidylate
synthase, followed by reactions with thymidylate phosphate kinase, and NDPK
(Reichard, 1988). RR is composed of two subunits which form a tetrameric
holoenzyme. The large subunit contains the allosteric substrate and activity sites
(Uhlin & Eklund, 1994). The small subunit contains the tyrosyl radical that is
critical for the activity of the enzyme (Fairman et al., 2011).
Regulation
This enzyme is exquisitely sensitive to changes in the deoxynucleotide
(dNTP) pools. It is regulated allosterically in two ways: through a substrate
specificity site, and an activation site both located in the large subunit of the
enzyme. ATP or dATP is loaded into the activation site which serves as a switch
for the enzyme. When dATP is loaded, the enzyme is inactive. The substrate
specificity site controls which substrates are reduced by the enzyme as follows:
ATP and dATP stimulate CDP and UDP, dTTP stimulates GDP, and dGTP
stimulates reduction of ADP (Figure 5). Further steps are needed for the
generation of dTTP. RR catalyzes the conversion of UDP to dUDP, which may
then undergo modification by nucleotide diphosphate kinase to yield dUDP or by
a nucleotide phosphatase to give dUMP. dUMP is then converted to dTMP by
thymidylate synthase before further processing by nucleotide phosphate kinases
to yield dTTP (Sanchez et al., 2012).
8

RR protein levels are also regulated throughout the cell cycle. RR activity
is the greatest during S phase. Rrm1 and Rrm2 transcription are low during G1,
but go up during S phase. But owing to the longer half-life of the large subunit,
protein levels remain at a steady state throughout the cell cycle. The small
subunit’s protein expression correlates with its mRNA levels (Engstrom et al.,
1985). At the end of S phase, the small subunit is marked for degradation by the
anaphase-promoting complex and the Skp1/Cullin/F-box complex, ubiquitin
ligases (Engstrom et al., 1985). The small subunit’s p53-induced counterpart,
p53R2, is not dependent on the cell cycle. RR is considered a cytoplasmic
enzyme and that the dNTPs it produces pass into the nucleus for replication.
However, there is some evidence that RR may localize to the nucleus under
certain conditions (Niida et al., 2010).
RR inhibitors
Recently, there has been a resurgence of interest in RR as a target in
AML. RR has been identified as a target of the hypomethylating agent,
azacitidine. The RR inhibitor GTI-2040 in combination with high-dose cytarabine
led to a number of complete remissions in a phase I trial which included poor risk
patients (Klisovic et al., 2008). These reports demonstrate the value of RR as a
target for further development in AML treatment.
Hydroxyurea
HU is a RR inhibitor developed in 1869 by Stein and Dresler (Kennedy &
Yarbro, 1966). It was roughly 100 more years before its anti-tumoral activity was
9

first demonstrated in cancer screens (Stearns, Losee, & Bernstein, 1963; Stock,
Clarke, Philips, Barclay, & Myron, 1960). HU was approved by the FDA to treat
neoplastic diseases in the 1960’s and a second indication in 1988 with sickle cell
disease (Segal et al., 2008). HU is converted to a free radical nitroxide in vivo
where it quenches the tyrosyl free radical at the active site of RR, rendering the
enzyme inactive (Segal et al., 2008; Yarbro, 1992). HU is thought to enter the cell
through passive diffusion (Yarbro, 1992). HU has clinical activity in AML as a
cytoreductive agent and in the palliative setting where other agents have been
deemed too intensive (Burnett et al., 2007). Its effectiveness is hindered by a low
affinity for RR as well as gastro-intestinal and myelosuppressive toxicities.
Clinical trials in elderly and unfit AML patients have shown that HU treatment has
a minimal marrow response rate (Burnett et al., 2007). Since HU has limited
clinical activity in AML, RR has been an underutilized target in AML treatment.
Didox
Didox is a RR inhibitor developed from HU. The amino group has been
replaced with a 3,4-dihydroxyphenol in Didox. Didox displays a 20-fold more
potent inhibition of RR than HU (Figure 6) (Cory & Cory, 1989). Additionally,
Didox reduces both purine and pyrimidine nucleotide pools compared to purine
only inhibition seen with HU (Cory & Cory, 1989). Previous groups have shown
Didox to have a favorable toxicity in various preclinical models compared to HU
(Gallaugher et al., 2009; Kaul et al., 2006; Mayhew et al., 2002). A phase I trial in
metastatic carcinoma determined the maximum tolerated dose (MTD) of 6 g/m 2
by 36 hour IV infusion with peak plasma levels of 300 µM (Veale et al., 1988).
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This and a phase II trial in metastatic breast cancer were unable to demonstrate
a benefit with Didox treatment. However; it is important to note that these are
heavily pretreated patients with advanced disease. There has been little research
to date examining the efficacy of Didox in leukemia, but it has been shown that
Didox has actvitiy against two AML cell lines in vitro within clinically achievable
ranges (Grusch et al., 2001).
Mouse Models of Leukemia
Animal models have significantly contributed to our knowledge of AML
over the past several decades (Gilliland et al., 2004; Licht & Sternberg, 2005;
Lowenberg, 2008). Since the early decades of the 1900’s, mouse models have
been used to study AML. The earliest models were carcinogen-induced and
transplantable. The earliest antimetabolites were tested in these models (i.e.
L1210 from the DBA/2 mouse). These models have made significant
contributions to the treatment of AML, most notably supporting the use of
cytarabine (Skipper, Schabel, & Wilcox, 1967), which remains one of the most
widely used agents to treat AML.
Models Utilized in These Studies
In these studies we have used mouse mosaic models of AML. This model
allows for the rapid generation of genetically defined leukemias via retroviral
transduction of cells (Heyer, Kwong, Lowe, & Chin, 2010). In this model, HSCs
are manipulated ex-vivo and then transplanted into syngeneic recipients. Murine
stem cell virus (MSCV)-based vectors are the most commonly used retrovirus in
11

the generation of these models. The leukemias used in our studies were on
Mixed-Lineage Leukemia-Eleven Nineteen Translocation (MLL-ENL) backbone,
which provided the differentiation block “hit”. Leukemic mice with this alteration
respond poorly to standard therapies. These responses mirror clinical outcomes
and demonstrate that these models recapitulate the prognostic effects of
translocation (Zuber et al., 2009). The second mutation provided by either NrasG12D or the Fms-like Tyrosine Kinase Internal Tandem Duplication supplied the
proliferative advantage necessary for leukemogenesis (Zuber et al., 2009). The
Flt3 ITD alteration in leukemias exhibits accelerated engraftment, as well as
differential sensitivity to chemotherapeutics suggesting a net resistance to
standard induction therapy (Pardee, Zuber, & Lowe, 2011).
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Figure 1. Multistep pathogenesis of AML. Class I and II mutations act
cooperatively to form AML. Adapted from (Kelly & Gilliland, 2002).
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Figure 2. Survival of over 1600 AML patients divided into Favorable,
Intermediate, and Poor prognostic groups. The Favorable group was
classified as having t(8; 21), t(15;17) or inv(16); Intermediate group by a Normal
Karyotype, +8, +21, +22, del(7q), del(9q), and all other abnormalities; finally the
Poor prognostic group was defined by -5, -7, del(5q), Abnormal 3q, and a
Complex Karyotype. This figure was adapted from (Grimwade et al., 1998).

Figure 3. Structure of cytidine and the methylation inhibitors 5azacytidine (azacitidine) and 5-aza-2'-deoxycytidine (decitabine). Adapted
from (Fenaux, 2005).
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Figure 4. RR reduction. Adapted from (Nordlund & Reichard, 2006).
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Figure 5. Allosteric Regulation of RR. Adapted from (Garrett & Grisham,
1999).

Figure 6. Structures of Hydroxyurea (HU) and 3,4Dihydroxybenzohydroxamic Acid. Adapted from (Bhave, Elford, & McVoy,
2013).
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Abstract:
Animal models have been invaluable in the efforts to better understand and
ultimately treat patients suffering from leukemia. While important insights have
been gleaned from these models, limitations must be acknowledged. In this
review, we will highlight the various animal models of leukemia and describe their
contributions to the improved understanding and treatment of these cancers.
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Introduction:
The leukemias represent a diverse group of diseases that lead to
significant morbidity and mortality. In 2011, over 44,600 Americans were
diagnosed with leukemia leading to 21,780 deaths (Siegel, Ward, Brawley, &
Jemal, 2011). Four major types account for 85% of all leukemias: acute myeloid
leukemia (AML), acute lymphoblastic leukemia (ALL), chronic myeloid leukemia
(CML), and chronic lymphocytic leukemia (CLL). These will be the focus of this
review. CLL is the most common, but AML accounts for ~42% of all leukemia
deaths (Siegel et al., 2011). As a result, AML is the most intensively studied
leukemia and has the most diverse group of animal models. It is hard to
overstate the impact that animal models have had on leukemia research. From
the pioneering work of Dr Lloyd Law on the response of murine lymphoid
leukemias, to antimetabolite agents in the 1940s and 1950s, to the discovery of
the leukemic stem cell by Dr John Dick in the 1990s, animal models have been
integral in our understanding of the biology of the leukemias.
Animal Models of AML:
Introduction:
In the last 40 years, our understanding of the molecular pathophysiology
of AML has grown exponentially (reviewed in (Gilliland et al., 2004; Licht &
Sternberg, 2005; Lowenberg, 2008)). The disease presents with the proliferation
of immature, clonal, myeloid precursors that leads to progressive marrow failure
and ultimately death. Despite a better understanding of the genetics of AML,
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therapy for most patients has remained unchanged, and the overall 5-year
survival rate is 30-40% (Dohner et al., 2010). This disappointing survival rate has
inspired much work on the development of more relevant animal models for use
in the discovery of new targets and the testing of new therapies. As a result,
several studies have revealed novel insights made possible only by the use of
animal models. Several notable examples include the role of the AML cell/bone
marrow stroma interaction in resistance to chemotherapy (Nervi et al., 2009), the
ability of the immune system to interact with and target AML (Jaiswal et al., 2009;
Majeti et al., 2009), the manipulation of the hematopoietic stem cell niche by AML
(Colmone et al., 2008), and the seminal observation that AML exists as a
hierarchy of cells with only a rare population of leukemic stem cells (Lapidot et
al., 1994). This observation was the nidus for the cancer stem cell theory, now
extended to many solid tumors as well (Reviewed in (Jordan, Guzman, & Noble,
2006)).
Murine Models:
Since 1930’s, murine models have been the most extensively used to
study AML. The initial carcinogen-induced transplantable models gave way to the
more modern transgenic, xenograft, and mosaic approaches. This section will
review the major murine model types in AML.
Carcinogen-induced models:
Among the earliest reported models of murine leukemia were the
transplantable carcinogen-induced models used to test possible therapeutic
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agents (see Figure1). The use of antimetabolite agents was first tested in these
models. They had the advantages of being able to propagate in vitro and then
injected into large cohorts of recipients that would subsequently develop
leukemia, allowing for trials of promising agents and schedules. They were used
to great effect by Drs Skipper and Schabel to describe the kinetics of
leukemogenesis and response to therapy that remain a major pillar of our current
understanding of the disease (reviewed in (Skipper & Perry, 1970)). One of the
most widely used models is the L1210 cell line isolated by Dr Law by exposing
DBA/2 mice to the carcinogen 3-methylcholantrene (3-MC)(Law, Taormina, &
Boyle, 1954). The resulting leukemia was harvested from a moribund animal and
has been used experimentally for decades. Additional chemically induced murine
leukemia cell lines include P388, P1534, and L5178Y, among others (reviewed in
(McCormack, Bruserud, & Gjertsen, 2005)). However, these models have several
drawbacks. The strongest of these is the fact that the pathogenesis of this
leukemia is not relevant to most human cases of AML, since few people develop
leukemia after exposure to chemical agents. Indeed for the most part several of
these cell lines were thought to be more closely related to lymphoid malignancies
than AML. Furthermore, the genetic underpinnings of the disease are unknown,
which limits the applicability of results using these models. Despite these
drawbacks, these models have made significant contributions to the treatment of
AML, most notably supporting the use of cytarabine (Skipper et al., 1967), which
remains one of the most widely used agents to treat AML and ALL.
Viral and Transposon Models:
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One of the earliest viral models of AML is the erythroblastic AML caused
by the Friend leukemia viruses, first reported in 1957 by Dr Charlotte Friend
(Friend, 1957). She reported the presence of a cell-free agent that could serially
transmit an erythroblastic leukemia in susceptible strains of mice. This filterable
agent was later found to be a combination of a replication-deficient spleen focus
forming virus (SFFV) and a replication-competent Friend murine leukemia virus
(MuLV) (Linemeyer, Menke, Ruscetti, Evans, & Scolnick, 1982). SFFV was
identified as the cause of erythroblastic leukemia (Wolff & Ruscetti, 1985); it acts
in part by insertional mutagenesis (see Figure1). Integration of the viral genome
in proximity to the Spi/PU.1 gene results in its overexpression, driven by the viral
long terminal repeat (LTR), which contributes to the decreased differentiation of
erythroblasts seen in the disease (Back, Dierich, Bronn, Kastner, & Chan, 2004).
The MuLV has been used to discover novel genes involved in AML
leukemogenesis in insertional mutagenesis screens (Erkeland et al., 2004).
Additional AML-inducing leukemia viruses have been isolated and utilized in
insertional mutagenesis

screens

with

transgenic models,

including

the

MOL4070LTR virus (Caudell et al., 2010; Slape et al., 2007). Virally induced AML
also has been used in the preclinical evaluation of possible therapeutics, most
notably the spontaneous leukemia model in AKR mice as the result of an
oncogenic RNA virus (Skipper, Schabel, Trader, & Laster, 1969). In addition to
virally mediated insertional mutagenesis, transposon-based systems have also
been developed, most notably the Sleeping Beauty system, which has been used
to identify cooperating mutations (Collier et al., 2009; Vassiliou et al., 2011).
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These virally and transposon- induced models have contributed to the
understanding of leukemogenesis and identification of active therapeutic agents.
However, their relevance to the human disease is questionable, because no
conclusive proof of an AML-inducing virus or transposon in humans has been
reported.
Transgenic Models:
AML is characterized by non-random, recurring karyotypic abnormalities
known to affect prognosis, especially chromosomal translocations. These
translocations can be pathognomonic for a particular subtype of AML, such as
the t(15;17) seen in acute promyelocytic leukemia (APL), or can occur in a
variety of leukemias, such as the Philadelphia chromosome seen in CML, ALL
and rarely AML.
The earliest transgenic models of AML engineered mice to express the
fusion proteins generated by these translocations. In transgenic models, mice are
created through the manipulation of embryonic stem (ES) cells. In the classic
approach, DNA is directly injected into the pro-nucleus of fertilized zygotes which
are then injected into pseudopregnant females (see Figure 1). This results in a
non-targeted integration of the transgene and is reliant on expression of the
transgene to generate the phenotype. In a more modern approach, DNA is
electroporated into ES cells and integrants are selected for by expression of
antibiotic resistance genes. Selected cells are then injected into tetraploid
blastocysts, which are in turn implanted into pseudopregnant females. Offspring
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are then backcrossed with wild type mice to generate the homozygously
transgenic mice. Vectors can now be generated that target specific sites in the
genome through homologous recombination. An additional layer of complexity
can be added with newer vectors that conditionally express genes in response to
doxycycline (Tet on/off systems) or Cre recombinase (using the Lox/Cre
systems). Once mice with these conditional alleles are generated, they can then
be crossed to other transgenics that express the Tet transactivator or Cre
recombinase in a tissue-specific manner, to generate tissue-specific expression
of the transgene (reviewed in (Heyer, Kwong, Lowe, & Chin, 2010)). In addition
to the expression of oncogenic fusion proteins, gain of function oncogenic alleles
can be "knocked in" to their corresponding normal loci and tumor suppressors
can be "knocked out" using these same approaches.
APL
Early models of APL were created by expression of the fusion protein
generated by t(15;17), PML-RAR, under the control of various myeloid-specific
promoters (Brown et al., 1997; Early et al., 1996; Grisolano, Wesselschmidt,
Pelicci, & Ley, 1997). These models not only recapitulated the histologic
phenotype of human APL, but also the remissions seen after treatment with all
trans-retinoic acid (ATRA). In a transgenic model that expressed the PLZF-RAR
fusion protein, found in patients with a rare APL variant containing t(11;17),
ATRA treatment did not induce remission in mice, mimicking the clinical scenario
(He et al., 1998). Despite these successes, the model has several drawbacks.
The resulting phenotype varies with expression of the inserted transgene. When
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different myeloid-specific promoters were used, some promoters yielded models
with high penetrance and shorter latencies, while others yielded disease more
closely resembling myeloproliferative neoplasms than an acute leukemia. Indeed,
the model that expressed PML-RAR under the control of the CD11b promoter did
not develop leukemia at all (Early et al., 1996). These models still leave in
question whether genetic events in addition to t(15;17) are required to cause APL
in humans.
AML1-ETO Leukemias
The AML1-ETO fusion protein is generated by the t(8;21) found
predominantly in AML FAB class M2. Patients with AML who are positive for the
translocation t(8;21) have a better prognosis and are generally responsive to
chemotherapeutics (Grimwade et al., 1998; Zuber et al., 2009). AML-ETO fusion
genes result in embryonic lethality when inserted into the endogenous AML1
promoter due to poor hematopoiesis, similar to AML1 -/- knockout animals (Okuda
et al., 1998). This makes standard knock-in models of AML1-ETO uninformative.
To circumvent this limitation, Dr Zhang and colleagues generated an inducible
transgenic model that expressed AML1-ETO under the control of the Tet
repressor. Despite robust expression of the transgene in the marrow of mice, no
leukemia developed (Rhoades et al., 2000). They subsequently found that when
mice expressed AML1-ETO (under the control of the myeloid-specific promoter of
MRP8) were treated with the carcinogen, N-ethyl-N-nitrosourea, 55% of animals
developed AML (Yuan et al., 2001) while none of the control mice did. This
finding is consistent with the view that AML1-ETO expression is necessary but
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insufficient for leukemogenesis. Consistent with this idea, other groups have
found cooperation of AML1-ETO with mutations in tyrosine kinases such as TELPDGFR, using mosaic models that will be discussed below (Dash et al., 2002;
Grisolano, O'Neal, Cain, & Tomasson, 2003).
MLL Leukemias
The Mixed Lineage Leukemia (MLL) gene is located on chromosome 11
and is frequently involved in balanced translocations in the acute leukemias. It
has over 40 known fusion partners in the acute leukemias and is often
associated with chemoresistance and a poor prognosis (Grimwade et al., 1998;
Lavau, Du, Thirman, & Zeleznik-Le, 2000; Zuber et al., 2009). Roughly 5% of
acute leukemia patients express MLL fusions (Daser & Rabbitts, 2004; Look,
1997), although that number increased to ~70% of patients with previous
exposure to anthracyclines and topoisomerase II poisons. Knock-in models of
MLL fusion proteins such as Mll-lacZ result in AML in some animals, but not
others. LacZ has no known oncogenic role, so this suggests that MLL alone is
sufficient to cause oncogenesis. In the t(9;11) scenario, AF9 partners with MLL.
AF9 protein is homologous to the product of ENL from 19p13.3, which is another
partner gene for MLL involved in the acute leukemias. Corral et al. used
homologous recombination in ES cells to produce the Mll-AF9 fusion. The fusion
protein they generated relies on endogenous MLL control elements to transcribe
the fusion protein. The mice developed AML despite widespread activity of the
MLL promoter (Corral et al., 1996). A small subset of animals developed ALL,
consistent with what is seen in humans (Strissel et al., 2000). The engineering of
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a reciprocal translocation between chromosomes 9 and 11 to generate the MLLAF9 fusion gene was generated in one model through the use of LoxP sites at
both the MLL and AF9 loci, but these mice did not develop leukemia (Collins,
Pannell, Simpson, Forster, & Rabbitts, 2000). The model did demonstrate the
feasibility of using Lox-Cre systems to engineer translocations in mice. Another
recurrent translocation involving the MLL gene occurs with t(11;19) and results in
the generation of the MLL-ENL fusion protein. This fusion event has been
modeled in transgenic animals using the engineered translocation approach
(Forster et al., 2003). In this study, mice were generated with LoxP sites in both
the MLL and ENL genes and crossed to mice expressing Cre from the
hematopoietic cell-specific promoter of the Lmo2 gene. The resulting mice
developed an aggressive, fully penetrant AML, demonstrating that the
engineered translocation approach can successfully model AML.
Gain-of-Function "Knocked In" Models
Several oncogenes have been implicated in the development of AML in
humans, most prominently the Flt3 receptor tyrosine kinase. Flt3 mutations occur
in 25% of patients with AML and confer a worse prognosis (Stirewalt & Radich,
2003). The most common Flt3 mutation involves the generation of an in-frame
tandem duplication, the so called "Flt3 ITD" mutation. Flt3 ITD is a constitutively
active form of Flt3 that causes ligand-independent signaling. A knock-in model of
the Flt3 ITD was generated; the resulting mice developed a myeloproliferative
neoplasm but not AML; consistent with other models that suggest that the Flt3
ITD can lead to enhanced proliferation but alone are insufficient for the
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development of AML (Li et al., 2008). Also consistent with this finding, when
transgenic mice expressing the Flt3 ITD were crossed to transgenic animals
expressing the NUP98-HOXD13 fusion protein found in myelodysplastic
syndrome (MDS) and AML patients, the resulting progeny developed a highly
penetrant and lethal AML (Greenblatt et al., 2012).
The G protein Ras is a target of activating mutations in AML. K-ras is
mutated in approximately 10-15% of AMLs and N-ras 20-25%. An inducible K-ras
model has been developed driven by its endogenous promoter (Chan & Gilliland,
2004). In this model, investigators generated a mutated K-ras allele downstream
of a transcriptional stop sequence that was flanked with LoxP sites. This mouse
was then crossed to a mouse that expresses Cre recombinase under the control
of the interferon-inducible MX-1 promoter (MX1-Cre). Conditional expression of
K-rasG12D leads to a fatal myeloproliferative disorder similar to that in Flt3 ITD
models. This finding is consistent with the “two hit” hypothesis, in which two
alterations are necessary to cause AML (Gilliland et al., 2004). Interestingly,
when a similar model was constructed using N-rasG12D, a much more indolent
myeloproliferative response was induced and mice died from a spectrum of
hematologic malignancies, demonstrating that different Ras alleles are not
functionally equivalent (MacKenzie, Dolnikov, Millington, Shounan, & Symonds,
1999).
The most common mutation in AML is in the nucleophosmin 1 gene, or
NPM1. It has multiple cellular functions and shuttles between nuclear, nucleolar,
and cytoplasmic locations. In AML, ~35% of patients have an NPM1 mutation
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that alters cellular localization, resulting in cytoplasmic distribution of the mutant
protein only. The first model that knocked in the mutated form of NPM1 to the
endogenous mouse locus resulted in a mild myeloproliferative disorder, but not
AML. In a second model, the most common form of NPM1 mutation was inserted
into the mouse loci flanked by LoxP sites; resulting mice were crossed to MX1Cre mice. Upon Cre induction, about one-third of the double transgenic mice
developed delayed-onset AML. Penetrance was increased and latency shortened
using a transposon-based insertional mutagenesis approach. These models
have clarified the role of mutations that result in oncogenic gain of function in the
development of AML, and will likely continue to contribute to the increased
understanding of the molecular pathogenesis of the disease.
Loss-of-Function "Knocked Out" Models
Several growth and survival pathways can be hyper-activated by the loss
of negative regulators. One such example in AML is the PI3 kinase pathway,
which is hyper-activated in 50-70% of AML patients (Martelli et al., 2006). The
tumor suppressor PTEN is a negative regulator of this pathway. When transgenic
mice were generated that contained LoxP sites flanking PTEN and these animals
were crossed to a myeloid-specific Cre-expressing strain, 11 of 18 progeny
developed AML. The resulting AML was monocytic in morphology and the PI3
kinase pathway was activated in multiple cases of extramedullary monocytic AML
(Yu et al., 2010). A negative regulator of the Ras pathway is the gene NF1, which
stimulates the GTPase activity of the Ras proteins, leading to their inactivation.
NF1 loss was engineered by the construction of NF1 loci flanked by LoxP sites
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when these animals were crossed with the inducible K-RasG12D model discussed
above. When Cre was induced, an aggressive AML with high penetrance was
produced (Cutts et al., 2009). These models demonstrate that the transgenic
approach can be applied in conjunction with LoxP-Cre systems to model tumor
suppressor loss in the generation of AML.
Mosaic Models:
As discussed above, although murine transgenic models have contributed
greatly to our understanding of AML, these models have significant drawbacks.
The amount of time and effort required to move from vector construction, to
screening of founder mice, to maintenance of a breeding colony can be
prohibitive. An alternative approach to the transgenic model is to take
hematopoietic stem cells (HSCs) from mice, manipulate them ex-vivo, and
transplant them into autologous or syngeneic recipients (see Figure 1). This
model allows the rapid generation of genetically defined leukemias, most
commonly by retro- or lentivirus transduction of cells (reviewed in (Heyer et al.,
2010)).
Murine stem cell virus (MSCV)-based vectors are the most commonly
used replication-deficient retrovirus in the generation of mosaic leukemia models.
This rapid and cost-effective system has been used extensively in AML to
complement studies done with transgenic animals. For example, investigators
have retrovirally transfected and transduced the AML1-ETO fusion protein into
HSCs to generate chimeric mice with molecular abnormalities akin to those in
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patients with this translocation (de Guzman et al., 2002). Transplantation models,
using bone marrow transduced with AML1-ETO and N-rasG12D into syngeneic
recipients, showed cooperation leading to leukemia that resembled the M2
subtype of AML most commonly associated with AML1-ETO (Zuber et al., 2009).
A mosaic AML model generated with MLL-ENL fusions and N-rasG12D resembled
the M4-M5 subtype associated with MLL fusions. When leukemic mice were
treated with cytarabine and anthracycline chemotherapy, responses to the two
models differed significantly, with the MLL-ENL mice being poorly responsive
while the AML-ETO mice showed high remission rates and even a few cures.
These responses mirror the clinical situation and demonstrate that these models
can recapitulate the differing prognostic effects of these translocations. In
addition, the mosaic model has been used to model the prognostic effects of
mutated tyrosine kinases. When employed to study response to standard AML
chemotherapeutics, Flt3 ITD accelerated engraftment. This model was sensitive
to cytarabine providing a reduction in tumor burden and survival benefit.
Doxorubicin did not show the same efficacy, and there was the suggestion of net
resistance when the two drugs are combined, as in standard AML induction
therapy (Pardee et al., 2011).
Xenograft Models:
Even the most clinically aggressive sample of leukemia cells from a
patient is unlikely to grow when placed in culture, and cell characteristics can
change depending on the media used (Bruserud, Gjertsen, & von Volkman,
2000; Bruserud et al., 1995). Additionally, culture systems cannot replicate the
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interactions between the leukemia cells and their stroma and immune cells. To
circumvent these limitations, murine xenograft models have been developed to
allow engraftment of primary patient samples and cell lines.
The first attempts at xenografting AML into immunocompromised mice
utilized athymic nude mice that harbor a mutation in the Foxn1 gene, leading to
an almost complete lack of functional T cells. Early experiments using primary
patient samples did result in the generation of granulocytic sarcomas, but without
bone marrow and other organ involvement (Nara & Miyamoto, 1982). In an
attempt to improve marrow engraftment, severe combined immunodeficient
(SCID) mice were tested for their ability to engraft AML patient samples. These
mice have mutations in the Prkdc gene and thus lack functional T or B cells.
Although samples injected intraperitoneally or implanted in kidney capsules had
significant take rates, intravenous injection lead to very few samples engrafting in
recipient animals (Sawyers, Gishizky, Quan, Golde, & Witte, 1992). In a
landmark paper, Dr John Dick and colleagues injected primary patient samples
into SCID mice that were then treated with human stem cell factor (SCF) and
granulocyte-macrophage colony stimulating factor (GM-CSF). This resulted in a
high take rate from intravenously injected patient peripheral blood or marrow;
more importantly, only a subset of leukemia cells could successfully engraft
(Lapidot et al., 1994). This was the first evidence of a hierarchy of leukemia cells,
with a minority population being responsible for the maintenance of the disease.
Since then, mice with more complete immunocompromise have been developed.
Non-obese diabetic (NOD)/SCID mice have no functional B or T cells and
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diminished NK cell and monocyte activity. They have a higher engraftment rate of
primary patient samples than SCID mice (Ailles, Gerhard, Kawagoe, & Hogge,
1999). Further immunocompromise has been established with NOD/SCID mice,
which have deletions in the gene encoding the interleukin 2 receptor gamma
chain (IL2Rγ) (so- called NSG mice). Finally, a transgenic mouse has been
created on this platform that expresses human iL3, GM-CSF and SCF (NSG-tg).
This mouse had significantly improved engraftment rates for primary patient
samples over the standard NSG mouse (Wunderlich et al., 2010). While these
models are limited in their ability to address leukemia immune cell interactions,
they are valuable tools in assessing preclinical activity of promising agents and
leukemia cell-stroma interactions.
Non-Mouse Models:
Other animal models have been used to study AML, including rats. While
spontaneous leukemias are rare in rats, many carcinogen- and radiation-induced
models have been reported (Ivankovic & Zeller, 1974; Moriuchi, Oikawa,
Kodama, Yamaguchi, & Kobayashi, 1983; Pearson et al., 1974; Svejda, Kossey,
Hlavayova, & Svec, 1958). A myelomonocytic leukemia, L5222, was induced in
1967, 326 days after a single intravenous injection of ethylnitrosourea (200
mg/kg body weight) in a 3-month-old female BD IX rat. This leukemia was
transplantable into BD IX rats and has been used in preclinical efficacy studies
(Zeller, Ivankovic, & Schmahl, 1975). The APL model generated in Brown
Norway rats (BNML) has been used in preclinical studies of chemotherapy and
transplantation (Hagenbeek & Martens, 1983). The leukemia was induced in a
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female BN rat by 9,10-dimethyl-1,2-benzanthracene (Hagenbeek & Martens,
1980), and has similar colony formation characteristics to human AML samples in
colony assays (van Bekkum, van Oosterom, & Dicke, 1976). Additionally, this
model has made important contributions to the understanding of minimal residual
disease in AML (reviewed in (Martens, van Bekkum, & Hagenbeek, 1990)).
More recently, non-mammalian systems of AML have been reported. One
example is a recent report of the transplantation of human AML samples into
zebrafish embryos. In this study, investigators injected human AML cell lines and
patient samples into zebrafish embryos 48 hours post-fertilization. They used
between 50 and 200 cells and saw a reduction in leukemic burden when
embryos injected with susceptible cells were treated with imatinib (Pruvot et al.,
2011). In another study, human APL and CML in myeloid blast crisis cell lines
were injected into zebrafish embryos; embryos were then treated with imatinib or
ATRA, and they showed a reduced leukemic burden (Corkery, Dellaire, &
Berman, 2011).
Another model system used to study AML is the fruit fly, Drosophila
melanogaster. Expression of the AML1-ETO fusion protein in Drosophila blood
cells impaired the differentiation of blood cells that rely on RUNX1, similar to
what is seen in patients (Osman et al., 2009). These non-mammalian systems
have the advantages of lower cost, and increased reproductive capacity in
systems with well-understood genetics. They have the potential to make
significant contributions in the understanding of the pathogenesis of AML.
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Animal Models of ALL:
ALL is the most common leukemia in children and also occurs in a
significant number of adults. It is characterized by the aggressive proliferation of
clonal lymphoblasts. ALL has several sub-types, including pre-B cell, T-cell, and
mature B cell or Burkitt's. It can present primarily as a solid mass (lymphoblastic
lymphomas) or with primary marrow involvement (lymphoblastic leukemias).
Unlike AML, it is now estimated that over 90% of children diagnosed with ALL
can be cured (Hunger et al., 2012). While this remarkable achievement is the
result of many avenues of research, several important insights into ALL have
been discovered using animal models. These insights include demonstration that
Notch-1 activation leads to T-cell ALL in a murine transplant model (Pear et al.,
1996), the finding that transgenic mice expressing the p190 version of the BCRABL fusion developed ALL (Heisterkamp et al., 1990), and the preclinical
assessment of activity of antimetabolites (Law, Dunn, & et al., 1949).
Murine Models:
As in AML, murine models of ALL utilize carcinogen-induced, viralinduced, transgenic, mosaic, and xenograft approaches. These models have
contributed to the current understanding of ALL.
Carcinogen-Induced Models:
As in AML, early work in murine models was based on the carcinogeninduced model. In addition to the important L1210 cell line discussed above,
there are several other carcinogen-induced ALL lines, including the L5178Y cell
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line. This cell is a DBA/2-derived methylcholanthrene-induced T-cell line that has
been used extensively in preclinical efficacy studies and mechanisms of
resistance (Nishimura, Muto, & Tanaka, 1978; Nishimura, Suzuki, Muto, &
Tanaka, 1979; Trainer & Wheelock, 1984).
Viral Models:
The leukemia-prone AKR strain of mice has been used to characterize the
oncogenic properties of various viruses. As a result, a T cell ALL model has been
derived from AKR mice infected with a recombinant retrovirus that targets
thymocytes (Cloyd, Hartley, & Rowe, 1980). This model has been used to assess
the effect of obesity on ALL progression (Yun et al., 2010). Additionally,
lymphoblastic leukemias and lymphomas that have occurred as a result of
retroviral insertion mutagenesis have allowed the characterization of novel genes
involved in lymphoid leukemogenesis by the characterization of common viral
insertion sequences (Weiser et al., 2007). The robustness of the techniques was
confirmed when a gene identified through the screen, Prdm14, was found to be
overexpressed in human B and T cell ALL and could initiate ALL when
overexpressed by viral transduction of murine bone marrow cells (Dettman et al.,
2011).
Transgenic Models:
Several ALL transgenic models have been published. These models
recapitulate B cell, T cell, and Burkitt's leukemia/lymphoblastic lymphomas.
BCR-ABL
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The BCR-ABL fusion protein is the result of the translocation
t(9;22)(q34;q11), also known as the Philadelphia chromosome. This translocation
is characteristic of CML but is also found in B cell ALL. There are several
isoforms of this fusion protein, the p210 form (found primarily in CML) and the
p190 form (found primarily in ALL). Transgenic mice have been generated that
expressed the p190 isoform from the BCR promoter, but they had embryonic
lethality (Heisterkamp et al., 1990). By contrast, transgenic mice that expressed
the p190 BCR-ABL fusion from the metallothionein promoter are born alive, and
95% die from a pre-B cell leukemia/lymphoma after 35 to 200 days (Groffen,
Voncken, Kaartinen, Morris, & Heisterkamp, 1993). This model has been used to
test activity of novel compounds (Reichert, Heisterkamp, Daley, & Groffen,
2001), tyrosine kinase inhibitors (Kaur et al., 2007), and the effect of obesity on
ALL progression (Yun et al., 2010).
MLL Leukemias
As the name Mixed Lineage Leukemia implies MLL translocations are
seen in both AML and ALL. The MLL-AF4 fusion protein is seen in patients with
t(4;11) and it is strongly associated with B cell ALL. A transgenic mouse model
was generated that expressed MLL-AF4 from the endogenous MLL promoter.
The resulting mice demonstrated deregulated lymphoid and myeloid growth and,
after a long latency, B cell lymphomas (Chen et al., 2006). Another model was
generated using an inverted AF4 allele targeted to an intron in the MLL gene;
when exposed to Cre recombinase, inversion and generation of MLL-AF4
occurred. Mice were then crossed to various tissue-specific Cre expressing
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transgenic mice. When Cre was present, the mice developed B cell malignancies
with varying latencies depending on the Cre promoter (Metzler et al., 2006). A
transgenic model using the human MLL-AF4 fusion protein expressed from the
MSCV viral LTR resulted in B cell neoplasms, and the latency could be
shortened by crossing these animals to transgenic mice expressing K-rasG12D
(Tamai et al., 2011). This result supports the multi-hit hypothesis in
leukemogenesis.
Eu-myc
Burkitt's lymphoma/leukemia is considered a subtype of ALL and is
characterized by translocations that result in the MYC gene being expressed
under the control of the immunoglobulin heavy chain or light chain promoters. As
a result, the disease is characterized by a high proliferative rate and very
aggressive behavior. Transgenic mice have been generated with the murine Myc
gene under the control of the IgG heavy chain promoter mimicking the t(8;14)
seen clinically. The resulting mice developed aggressive B cell lymphomas and
leukemias, with 90% of animals dying within the first 5 months of life (Harris et
al., 1988). This model has been exploited to explore the role of cooperating
mutations in lymphoma/ leukemogenesis (Schmitt, McCurrach, de Stanchina,
Wallace-Brodeur, & Lowe, 1999), and in a seminal paper on how p53 loss or
BCL2 over-expression affects chemotherapy response in vivo (Schmitt et al.,
2002).
NOTCH1
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Notch receptors are transmembrane receptors that, when activated by a
ligand, are cleaved into extra- and intracellular portions. The intracellular portion
(ICN) translocates to the nucleus, where it interacts with additional proteins,
resulting in transcriptional activation of target genes (reviewed in (Grabher, von
Boehmer, & Look, 2006)). NOTCH1 was first identified in the human T cell ALLbearing translocation, t(7;9)(q34;q34.3). This translocation results in a fusion
gene in which the TCR promoter drives expression of the 3’ end of the NOTCH1
locus, encoding only the ICN and resulting in constitutive NOTCH1 activation
(Ellisen et al., 1991). This translocation is found in only about 1% of T cell ALL.
However, in a subsequent report, 50 to 60% of T cell ALL samples contained
point mutations in NOTCH1, implicating this gene in the pathogenesis of most
types of T cell ALL (Weng et al., 2004). Several transgenic mouse models have
been generated to express activated NOTCH1 alleles from T cell-specific
promoters (Deftos, Huang, Ojala, Forbush, & Bevan, 2000; Fowlkes & Robey,
2002; Priceputu et al., 2006). These mice have altered CD4, CD8 thymocyte
development and develop T cell malignancies. A more recent model uses a
transgenic mouse that expresses two common point mutations in NOTCH1 from
its endogenous promoter in a conditional manner using a Lox-Stop-Lox cassette.
These mice demonstrated accelerated development of T cell malignancies in a
Sleeping Beauty transposon mutagenesis system (Berquam-Vrieze, Swing,
Tessarollo, & Dupuy, 2012).
Mosaic Models:
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As with AML, ex-vivo manipulation of HSCs has been used to generate
mouse models of ALL. MSCV vectors engineered to express the p190 BCR-ABL
fusion

protein

have

been

used

extensively

to

generate

Philadelphia

chromosome- positive B cell ALL models. A few examples include a study of the
effects of chemotherapy on the development of tyrosine kinase inhibitor (TKI)
resistant BCR-ABL mutants (Boulos et al., 2011), the role of BCL6 in resistance
to TKIs (Duy et al., 2011), and the role of the tumor suppressor Arf in the
development of B cell ALL (Wang et al., 2008). MLL fusion oncogenes have also
been used extensively to generate mosaic ALL models. Researchers combined
the mosaic model with the xenograft model and using human HSC derived from
cord blood, infected them with an MSCV-based MLL-ENL-expressing vector, and
injected them into sublethally irradiated NOD/SCID mice. In 26 of 29 injected
mice an aggressive B cell ALL developed, demonstrating that MLL-ENL could
induce ALL in human cells (Barabe, Kennedy, Hope, & Dick, 2007). In an
additional study, the MLL-AF9 fusion could produce AML or ALL in human cord
blood CD34+ cells depending on the recipient mouse (NSG vs NSG-tg) (Wei et
al., 2008). These studies have established the feasibility of generating ALL
models from human cells propagated in immunocompromised mice, and have
begun to unravel how MLL-rearranged leukemias can be either myeloid or
lymphoid.
Xenograft Models:
The same immunocompromised mouse strains described in the xenograft
section in the AML models have been used to conduct preclinical efficacy studies
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in ALL samples. Additionally, they have extended the leukemic stem cell model
to ALL through the observations that not all B or T-cell ALL cells can initiate
leukemia in NOD/SCID or NSG mice (Chiu, Jiang, & Dick, 2010; le Viseur et al.,
2008).
Non-Mouse Models:
A sub-line of inbred Sprague-Dawley rats have a high incidence of T cell
malignancies and have been used in the preclinical evaluation of therapeutics
(Otova, Sladka, Panczak, & Marinov, 1997; Otova et al., 2006). A B-cell ALL has
been derived from inbred guinea pigs and was serially transplantable into inbred
recipients, though not into non-inbred animals (Congdon & Lorenz, 1954). There
are also non-mammalian ALL models, including a transgenic zebrafish model
based on expression of the TEL-AML1 fusion protein found in patients with pre-B
cell ALL with t(12;21)(p13;q22). Researchers expressed the transgene in either a
ubiquitous fashion (using a modified - actin promoter) or in a lymphoid-restricted
manner (using the Rag2 promoter). Only zebrafish that expressed the transgene
ubiquitously developed ALL after a long latency (Sabaawy et al., 2006). A
chemical mutagenesis screen using transgenic zebrafish that express enhanced
green fluorescent protein in a T cell-specific manner yielded multiple lines that
have a heritable T-cell ALL (Frazer et al., 2009). Another T cell ALL model was
generated in zebrafish using the murine c-myc gene expressed under the control
of the zebrafish Rag2 promoter. The transgenic fish developed a T cell ALL with
a short latency (Langenau et al., 2003). In an elegant model, Dr Look and
colleagues used a transgenic zebrafish that contained a conditional Cre allele
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driven by the heat shock 70 promoter, and crossed it with a transgenic model
that contained murine c-myc driven by the Rag2 promoter containing an
intervening Lox- stop-DS Red-Lox cassette. The resulting progeny could be
placed in 37°C water to induce Cre expression. Excision of the stop cassette
could be followed by fluorescence imaging to detect the loss of DS Red and
induction of EGFP expression. These animals developed an EGFP-expressing T
cell lymphoblastic lymphoma (LBL) that progressed to leukemia after heat shock
treatment (Feng et al., 2007). This model was later used to investigate the
genetic events that lead to the conversion of LBL to ALL (Feng et al., 2010). The
zebrafish has well established genetics, low cost, high reproductive rates making
it an ideal system to carryout genetic screens. Contributions from these models
are only just beginning.
Animal Models of CML:
CML is unique among the leukemias in that there is a single oncogenic
event that drives the disease – the BCR-ABL fusion protein generated by the
Philadelphia chromosome. This was the first known somatic chromosomal
abnormality directly associated with a malignancy, and provided the first
evidence that cancer was a genetic disease (Nowell & Hungerford, 1962). The
disease is characterized by the abnormal proliferation and accumulation of
mature and maturing myeloid cells. It has three distinct clinical phases, a chronic
phase, an accelerated phase, and a blast phase. In the past, CML could only be
cured by allogeneic stem cell transplantation, but in more recent years treatment

42

has been revolutionized by the advent of BCR-ABL kinase inhibitors like imatinib,
nilotinib, and dasatinib (reviewed in (Goldman, 2009)).
Animal models have played a unique role in CML studies. Dr Van Etten
showed that the p210 isoform of the BCR-ABL protein directly caused CML by
using a mosaic mouse model. He used a retroviral vector that expressed the
p210 protein and infected mouse HSCs. When the infected cells were
transplanted into syngenic recipients, the animals developed a myeloproliferative
disorder that strongly resembled human CML (Daley, Van Etten, & Baltimore,
1990). These models have been used extensively since then to evaluate many
aspects of CML, including the transforming potential of the various isoforms of
BCR-ABL (Li, Ilaria, Million, Daley, & Van Etten, 1999), the genetics of
progression of the disease (Dash et al., 2002) and characterization of CML stem
cells (Zhang, Li, Xi, & Li, 2012).
CML has also been modeled using transgenic mice. In one model, the
p210 isoform was expressed from a tetracycline-inducible protomer and crossed
to a transgenic mouse that expressed the tet-transactivator from the CD34
promoter, ensuring p210 expression in the presence of doxycycline in the HSC
compartment. The resulting mice developed a myeloproliferative disease with
thrombocytosis (Huettner et al., 2003). This is opposed to the B cell ALL they
saw when p210 was expressed in pre-B cells (Huettner, Zhang, Van Etten, &
Tenen, 2000), demonstrating that the phenotype of BCR-ABL-induced leukemias
depends at least in part on the cell of origin. In addition to mosaic and transgenic
models, xenograft studies using CML patient samples have been conducted. In a
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recent example, persistence of a CML stem cell population in patients in
cytogenetic remission was demonstrated by engraftment into NSG mice (Chu et
al., 2011). This study provides proof of the persistence of these leukemic stem
cells even in patients who have received TKI therapy for years. Primary patient
samples and cell lines established from CML patients in various phases have
been engrafted into athymic mice (Lozzio, Lozzi, & Machado, 1976), SCID mice
(Skorski et al., 1994), and NOD/SCID mice (Dazzi et al., 2000). The use of
mosaic, transgenic, and xenograft models has provided invaluable insights into
the molecular pathology of this leukemia.
Animal Models of CLL:
CLL is the most common of all the leukemias and, unlike CML, the
disease is genetically heterogenous. It is a disease of the elderly and is
characterized by the clonal proliferation of immune incompetent CD5+ mature B
lymphocytes. The disease is considered indolent, with median survival of low
stage disease over a decade, although a subset of patients will have a more
fulminant course (Dohner et al., 2000). The disease can occasionally transform
into a more aggressive diffuse large B cell lymphoma or, more rarely, into
Hodgkin's lymphoma via a process called a Richter's transformation. To date,
several animal models of CLL have been described. As with the other leukemias,
mice are the most widely used model.
One of the earliest CLL mouse models is the spontaneously occurring
New Zealand Black (NZB) mouse model. NZB mice develop a clonal proliferation
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of aneuploid CD5+ B lymphocytes. The disease can be serially transplanted and
will occasionally become a large cell lymphoma consistent with a Richter's
transformation seen clinically (Phillips, Mehta, Fernandez, & Raveche, 1992). A
mutation in the microRNA-16 locus was found in these mice; also seen in human
CLL cells, it is thought to contribute to the development of CLL (Raveche et al.,
2007). In addition to this spontaneous model several transgenic models have
been developed. In the TCL1 transgenic model the human TCL1 gene was
cloned downstream of the E promoter resulting in B cell-restricted high-level
expression. The TCL1 gene has elevated expression in a number of B cell
malignancies, including CLL (Narducci et al., 2000). The resulting mice develop a
clonal or oligo-clonal proliferation of CD5+ B lymphocytes in later life, mimicking
the human disease (Bichi et al., 2002). Additional insights into the molecular
pathology of CLL were gained by the TRAF2DN/Bcl-2 double transgenic model.
Both Bcl-2 and tumor necrosis factor receptor associated factors (TRAFs) are
overexpressed in B cell malignancies, including CLL (Aguilar-Santelises,
Rottenberg, Lewin, Mellstedt, & Jondal, 1996; Munzert et al., 2002). In this
model, investigators crossed transgenic animals that expressed human BCL2
from the IgG heavy chain promoter with those that expressed a truncated form of
TRAF2. The resulting progeny developed a progressive accumulation of clonal
CD-expressing B cells, leading to shortened survival (Zapata, Krajewska, Morse,
Choi, & Reed, 2004). As with the other leukemias, propagation of human CLL
samples in immunocompromised mice has been reported. A human-derived
fludarabine-resistant CLL cell line, WSU-CLL, can cause tumors when injected
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subcutaneously in SCID mice (Mohammad et al., 1996). This model has been
used for preclinical testing (Mohammad et al., 1999). Nude mice have also
served as recipients of human CLL cell lines (Loisel et al., 2005). Finally,
NOD/SCID animals have been used to engraft primary patient samples (Durig et
al., 2007). This model has been used to study the effects of known CLL
prognostic markers on sample engraftment; samples with adverse factors
engrafted more aggressively in this model (Aydin et al., 2011). The initial
successes of this model make it highly attractive for future preclinical efficacy
studies of novel agents.
Summary and Future Directions:
Animal models of leukemia have been indispensable in the study of these
devastating diseases. A compelling argument can be made that our
understanding of leukemias, more than any other malignancy, have benefited
from these model systems. Much of the current understanding and therapeutic
approaches were first tested or discovered using these models. In the future, one
can easily imagine a synergy between the various models for the further
development of novel therapeutic targets. The transgenic and mosaic models
have a clear utility in preclinical efficacy testing, as well as exploring stromaimmune cell interactions. Xenograft models have the unique advantage of being
able

to

explore

human

cell

specific

biology

in

an

in

vivo,

albeit

immunocompromised environment. Newer, non-mammalian systems can bring to
bear large-scale genetic screens to uncover critical molecular pathways that can
serve as the next generation of therapeutic targets to be evaluated in mosaic,
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transgenic, and xenograft models and moved into clinical trials to improve the
lives of our patients with leukemias.
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Figure 1. Major techniques for generating animal models of leukemia. A)
Carcinogen Induced Models. Animals from susceptible strains are exposed to
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carcinogenic chemicals or ionizing radiation. After exposure animals are followed
for the development of leukemia. B) Mosaic, Transposon and Viral Induced
Models. In mosaic models HSCs are harvested from donor mice and infected
with viruses that encode an oncogene of interest. Viral integration into the host
genome results in the delivery and expression of the oncogene. In addition to
oncogene delivery the insertion of the virus can result in the aberrant expression
of cellular proto-oncogenes genes (as depicted) or in disruption of a cellular
tumor suppressor if integration occurs intragenically. Transposon mutagenesis
results from similar consequences of transposon integration into the host
genome. C) Transgenic Models. Targeting vector that has been engineered to
express the transgene of interest is injected or electroporated into murine ES
cells. ES cells that have integrated the vector are then injected into tetraploid
blastocysts that are in turn then injected into pseudopregnant surrogate mothers.
Alternatively vectors can be directly injected into fertilized zygotes and those
zygotes then implanted in surrogate mothers. Offspring are then monitored for
the development of leukemia. D) Xenograft Models. Primary patient samples or
human cell lines can be directly injected into immunocompromised host animals.
Host animals are frequently exposed to ionizing radiation prior to sample injection
to suppress any residual immune function.
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Summary
Acute Myeloid Leukemia (AML) is an aggressive malignancy which leads
to marrow failure, and ultimately death. There is a desperate need for new
therapeutics for these patients. Ribonucleotide reductase (RR) is the rate limiting
enzyme in DNA synthesis. Didox (3,4-Dihydroxybenzohydroxamic acid) is a
novel RR inhibitor noted to be more potent than hydroxyurea. In this report we
detail the activity and toxicity of Didox in preclinical models of AML. RR was
present in all AML cell lines and primary patient samples tested. Didox was
active against all human and murine AML lines tested with IC 50 values in the low
micromolar range (mean IC50 37µM [range 25.89 – 52.70 µM]). It was active
against primary patient samples at concentrations that did not affect normal
hematopoietic stem cells (HSCs). Didox exposure resulted in DNA damage and
p53 induction culminating in apoptosis. In syngeneic, therapy-resistant AML
models, single agent Didox treatment resulted in a significant reduction in
leukemia burden and a survival benefit. Didox was well tolerated, as marrow from
treated animals was morphologically indistinguishable from controls. Didox
exposure at levels that impaired leukemia growth did not inhibit normal HSC
engraftment. In summary, Didox was well tolerated and effective against
preclinical models of AML.
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Introduction
Acute

Myeloid

Leukemia

(AML)

is

an

aggressive,

genetically

heterogeneous malignancy of the marrow wherein neoplastic myeloid progenitors
suppress healthy HSCs leading to marrow failure, and ultimately death. Each
year in the US there are approximately 12,000 new cases and 9,000 deaths from
AML (Howlader N, 2011). This malignancy has a dismal overall five year survival
rate of 30-40%, but for those over 60 overall survival drops to less than 10%
(Dohner et al., 2010; Farag et al., 2006; Rollig et al., 2010). AML is a disease of
the elderly, with a median onset age of 70 and more than 70% of patients are
over the age of 60 at diagnosis (Farag et al., 2006). For this population the
incidence of AML has slowly been climbing over the past several decades;
however, the one year survival rate remains virtually unchanged (Alibhai, Leach,
Minden, & Brandwein, 2009). These patients desperately need new treatment
strategies.
The standard treatment of AML has remained unchanged for decades
despite intense research (Estey & Dohner, 2006; Longo, 2012). For those
patients fortunate enough to achieve a remission most will relapse, often with
chemoresistant disease (Kantarjian, Keating, Walters, McCredie, & Freireich,
1988). Many frail and elderly patients are not candidates for additional intensive
chemotherapy (Ferrara et al., 2004). This highlights the need for the
development of new therapeutic targets.
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AML is genetically heterogenous with several distinct recurring genetic
abnormalities (Gilliland et al., 2004). In the last decade there have been many
advances in understanding the different driving mutations in this disease. Despite
this increased understanding therapies designed to target these mutations have
led to only transient responses as genetically distinct subclones with decreased
reliance on the target are selected for and relapse occurs. An alternative
approach would be to target a "final common pathway" (i.e. a pathway that all
leukemia cells, regardless of driving mutations, will need to accomplish in order
to generate additional leukemia cells). One such pathway is DNA synthesis.
Ribonucleotide Reductase (RR) catalyses the rate limiting step in DNA synthesis
converting ribonucleotides into deoxyribonucleotides. Hydroxyurea (HU), a RR
catalytic subunit inhibitor, has clinical activity in AML as a cytoreductive agent
and in the palliative setting where other agents have been deemed too intensive
(Burnett et al., 2007). Its effectiveness is hindered by a low affinity for RR as well
as gastro-intestinal and myelosuppressive toxicities. Clinical trials in elderly and
unfit AML patients have shown that HU treatment has a minimal marrow
response rate (Burnett et al., 2007). Since HU has limited clinical activity in AML,
RR has been an underutilized target in AML treatment. Recently, there has been
a resurgence of interest in RR as a target in AML. RR has been identified as a
target of 5-azacitidine, an azanucleoside used to treat AML and myelodysplastic
syndromes (Aimiuwu et al., 2012). Additionally, a phase I trial of an 20-mer
antisense oligonucleotide targeting RR combined with high dose cytarabine led
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to a number of complete remissions in a group of poor risk patients (Klisovic et
al., 2008). These studies suggest that RR is a valuable target for AML treatment.
Didox is a RR inhibitor developed from HU. It has replaced the amino
group with 3, 4-dihydroxyphenol. Didox displays a 20 fold more potent inhibition
of RR than HU (Cory & Cory, 1989). Additionally, Didox reduces both purine and
pyrimidine nucleotide pools compared to purine only inhibition seen with HU
(Cory & Cory, 1989). Previous groups have shown Didox to have a favorable
toxicity in various preclinical models compared to HU (Gallaugher et al., 2009;
Kaul et al., 2006; Mayhew et al., 2002). A phase I trial in metastatic carcinoma
determined the maximum tolerated dose (MTD) of 6 g/m 2 with peak plasma
levels of 300 µM (Veale et al., 1988). Didox has been shown to have activity
against two AML cell lines in vitro with significant variability (Grusch et al., 2001).
However, the efficacy of Didox in AML has not been extensively evaluated. In
these studies we have examined the cellular effects and efficacy of Didox in
preclinical models of AML.
Materials and methods
REAGENTS
Didox was a gift from Howard Elford, Ph.D. at Molecules for Health, Inc.
(Richmond, VA). Didox for animal studies was freshly made each time by
dissolving in 5% dextrose water, with the animals receiving 425 mg/kg for 5 days.
For the in vitro studies Didox was dissolved in phosphate buffered saline (PBS)
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at concentrations of 10 mM and 1 mM and stored at -20 ˚C until use. It was then
diluted in the culture medium to the final concentration.
CELL CULTURE AND VIABILITY ASSAYS
Human lines were maintained in RPMI media (Gibco) supplemented with
10% FBS, penicillin and streptomycin. All murine lines were derived from fetal
liver cells infected with MLL-ENL and NRasG12D or Flt3 ITD expressing vectors
(Zuber et al., 2009). Murine lines were maintained in stem cell media (40%
IMDM, 40% DMEM, 20% FBS, with or without murine SCF 10 ng/mL, murine IL-6
2 ng/mL, and murine IL-3 0.4 ng/mL). Viability assays were carried out according
to the manufacturer’s protocols with the Cell Titer-Glo system (Promega).
PRIMARY SAMPLES
All primary samples were collected under an IRB approved protocol by
Stony Brook University Medical Center or the Comprehensive Cancer Center of
Wake Forest University. Primary samples were obtained during clinical
procedures. Cells were collected by centrifugation, resuspended in ACK lysis
buffer (150mM NH4Cl, 10mM KHCO3, 0.1mM EDTA) at room temperature for 5
minutes, centrifuged again, washed with PBS, and stored at −80°C until use.
Normal hematopoietic stem cells were obtained from healthy allogeneic stem cell
transplant donors. As an alternate method, cells were obtained by Ficoll-gradient
centrifugation, and stored at −80°C until use.
H2AX ASSAYS
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Cells were fixed in 4% neutral buffered formalin, permeabilised in PBS
with 0.2% Triton-X 100. To visualize γH2AX, we used anti-pH2AX (#2577, 1:100;
Cell Signalling Technologies) with an Alexa Fluor 594-conjugated donkey antirabbit antibody (1:1000, A-21207; Invitrogen). Cells were visualized with
fluorescence microscopy.
WESTERN BLOT
Cells were lysed in Laemmli buffer(1.6 mL 10% SDS, 500 µL 1M Tris-HCl
[pH 6.8], 800 µL glycerol, 400 2-mercaptoethanol, 4.7 mL H2O), and samples
separated by SDS-PAGE before transfer to an Immobilon polyvinylidene
difluoride membrane (Millipore). Primary antibodies against p53 (IMX25, 1:1000;
Leica Microsystems), actin (AC-15, 1:5000; Abcam), anti-pH2AX (#2577, 1:1000;
Cell Signaling Technologies) and a secondary antibody anti-mouse (#7076,
1:5000; Cell Signaling) or anti-rabbit (#7074, 1:5000; Cell Signaling) were used.
For RR detection, a primary antibody against the M2 subunit of RR (1:1000; sc10846, Santa Cruz Biotechnology) was used followed by secondary anti-goat
antibody (1:1000; ab98826, AbCam).
ANNEXIN V/PI ASSAYS
Human and murine cells were plated at 100,000 cells/mL and 50,000
cells/mL respectively and treated with the indicated drugs for 48 or 72 hours. The
cells were then washed in PBS and stained with propidium iodide (PI) (SigmaAldrich) and allophycocyanin (APC)-conjugated annexin V in a binding buffer (0.1
M HEPES [pH7.4], 1.4 NaCl, and 25 nM CaCl2 solution; BD PharMingen)
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according the manufacturer’s protocol. All flow cytometric analysis was carried
out on the BD Accuri C6 cytometer (BD Biosciences).
COLONY FORMATION STUDIES
Primary patient samples and normal human hematopoietic stem cells
(HSCs) were thawed and incubated in hematopoietic progenitor media (C-28020,
PromoCell, Heidelberg, Germany) for 24 hours with a titration of Didox. Human
lines were incubated as indicated above for 24 hours with a titration of Didox.
Cells were washed with PBS and resuspended in IMDM supplemented with 20%
FBS, and placed in ColonyGel High Cytokine Formulation media (ReachBio).
Experiments were performed in triplicate. Colonies were counted on or after day
7. Colonies of 8 or more cells were counted as established in Shankar et al.
(Shankar et al., 2007).
IN VIVO EFFICACY STUDIES
The Comprehensive Cancer Center of Wake Forest University Institutional
Animal Care and Use Committee approved all mouse experiments. Luciferasetagged leukemia cells were transplanted into 8- week old, sublethally irradiated
(4.5 Gy) C57Bl/6 mice by tail vein injection of 1.0 x 10 6 cells per mouse. Mice
were injected with 150 mg/kg D-Luciferin (Gold Biotechnology), anesthetised with
isoflurane, and imaged using the IVIS 100 imaging system (Caliper
LifeSciences). Mice began treatment with Didox upon detection of clear signal.
The animals were treated with daily administrations of Didox at 425 mg/kg Didox
(Molecules for Health) by intraperitoneal injection (IP) for 5 days. Control animals
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received 5% dextrose water by IP injection. Repeat imaging was performed on
the day following the final treatment.
TOXICOLOGY AND MURINE BM ENGRAFTMENT STUDIES
Normal, age-matched C57Bl/6 mice were given an identical treatment
regimen as the efficacy studies. Seventy-two hours following the last dose, the
animals were sacrificed, bilateral femur cells harvested, and organs fixed in 10%
neutral-buffered formalin followed by routine tissue processing and sectioning,
and hematoxylin and eosin staining. In a blinded analysis, a veterinary
pathologist reviewed the slides with a Nikon Eclipse 50i light microscope.
Photographs of the tissue sections were taken with a NIS Elements D3.10
camera and software system. For the transplant assay, Ly5.1+ C57/Bl6 mice
received 8 Gy of irradiation and injected with 1.0 x 10 6 Ly5.2+ bone marrow cells
from the Didox or control treated donors by tail vein injection. Three weeks post
injection the mice were sacrificed, and bilateral femur cells harvested. The cells
were stained with APC-conjugated anti-Ly5.2 Ab (BD PharMingen) and analyzed
by flow cytometry.
STATISTICAL ANALYSIS
Groups of 3 or more were analyzed using a one way ANOVA. All means
were compared by a student’s 2-tailed t test. The in vivo survival graphs were
generated with the Kaplan-Meier method, with p values determined by the logrank test. All analyses were performed using GraphPad Prism Version 5.02
(GraphPad Software). A p value ≤ 0.05 was considered significant.
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RESULTS
Didox is active against AML in vitro.
RR has previously been shown to be upregulated in a variety of
malignancies. To confirm expression of RR in AML we subjected cell lines and
patient samples to western blot using an anti-RR antibody (clinical data from
patient samples is shown in Table 1). Despite multiple distinct genetic
abnormalities in the patient samples and cell lines we found detectable levels of
RR in all samples tested (Figure 1A) consistent with RR being a final common
pathway target. Having confirmed expression we sought to determine the activity
of Didox in AML. We performed viability assays with titrations of Didox (0 – 200
µM) in a panel of human and murine AML lines. Didox was active against all lines
tested, with IC50’s in the low micromolar range (mean 37 µM [range 25.89 –
52.70 µM], Figure 1B, Table 2). These data demonstrate ubiquitous expression
of RR in AML and that Didox has activity against AML cell lines at clinically
achievable concentrations.
Didox has activity against primary AML samples.
As cell lines represent only a small subset of AML patients and have been
kept in culture for many years, we sought to determine if Didox had any activity
against primary patient samples. We performed colony formation assays on 3
primary AML samples, as well as KG1a cells. Cells were exposed to clinically
achievable concentrations of Didox (0 – 200 µM) for 24 hours before incubation
in methylcellulose (7 – 14 days). Consistent with our cell line data Didox, in a
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dose dependent fashion, significantly reduced colony formation in all samples
tested (Figure 2 A-B).

Didox demonstrated activity against colony forming

progenitor cells from both primary patient samples and cell lines.
Didox induces DNA damage and apoptosis.
Previously, Didox has been shown to induce cell death via apoptosis
(Grusch et al., 2001; Raje et al., 2006). In order to determine if this occurred in
our models we exposed a murine AML cell line expressing the MLL-ENL fusion
protein and an internal tandem duplication mutation in the Flt3 receptor (MFL2) to
a titration of Didox (0 – 60 µM) and collected samples at 48 hours. Samples were
assessed for annexin V binding and PI staining. Didox exposure led to apoptosis
in a dose dependent fashion (Figure 3A). Didox exposure results in a depletion of
deoxyribonucleotides (dNTPs) leading to double strand breaks in the DNA (Cory
& Cory, 1989). To assess for the induction of DNA strand breaks we probed for
γH2AX foci in KG1a cells exposed to increasing concentrations of Didox for 24
hours. We found an increase in positive foci with Didox exposure (Figure 3B). To
confirm the induction of DNA damage we exposed MFL2 cells to a titration of
Didox and performed a western blot for γH2AX. Consitent with our previous
result we saw a dose dependent increase in γH2AX (Figure 3C). To evaluate the
effect of Didox on DNA damage response proteins we examined p53 induction.
We used the p53 sufficient cell line, OCI/AML3, which recapitulates the p53
status most often seen in AML patients (Nakano et al., 2000). Didox exposure
resulted in increased p53 levels over a 24 hour period (Figure 3D). These
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experiments have shown that Didox exposure leads to DNA damage and
subsequent p53 response, ultimately culminating in apoptosis in vitro.
Didox acts through the p53 damage response pathway in p53 sufficient AMLs in
vitro.
In

AML,

p53

mutations

affect

10-15%

of

patients

leading

to

chemoresistance and overall poorer prognosis (Wattel et al., 1994). Given this
clinical relevance and the above data that suggested Didox acted through p53,
we next formally tested this by knocking down p53 in a murine AML by western
blot (Figure 4A). We observed an increase in resistance to Didox in our p53
knock down compared to our controls in 3 independent viability experiments,
each done in triplicate (Figure 4B). This resistance was confirmed in a second
knock down of p53 in a separate murine AML (Figure 4C). Formal, deletion of
p53 is rare in AML; however, there are other clinically relevant alterations which
lead to p53 suppression. Our lab has shown that p53 suppression occurs in
meningioma-1 (MN1) overexpressing AML (Pardee, 2012), along with decreased
apoptosis, and chemoresistance (Heuser et al., 2006). MN1+ murine AML cells
demonstrated resistance to Didox compared to GFP controls in 3 viability
experiments, each done in triplicate (Figure 4D). This highlights the importance
of patient selection in future clinical trials.
Didox reduces leukemic burden and provides a survival benefit in chemoresistant
models of AML in vivo.
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In order to evaluate Didox in a more clinically relevant setting, we moved
to an in vivo model which has been shown to recapitulate many of the features of
human AML (Zuber et al., 2009). This syngeneic model has genetic lesions
associated with human disease and displays many of the histopathologic
features of human AML. Additionally, as an immune competent, syngeneic
model, it recapitulates important immune and microenvironment interactions.
Both in vivo models express the poor prognostic fusion protein MLL-ENL.
The second genetic alteration needed for leukemogenesis was provided by either
the NrasG12D (MR2) or the Flt3 internal tandem duplication (Flt3 ITD). Luciferase
tagged AML cells were injected into sublethally irradiated (4.5 Gy) recipients and
allowed to engraft. Once engraftment was established by bioluminescent
imaging, the animals received daily administrations of Didox at 425 mg/kg via IP
injection (Figure 5A) over 5 days. Didox treatment significantly reduced leukemic
burden compared to vehicle treated controls (Figure 5 B-C, p=0.0026 and
p=0.0342). More importantly, Didox provided a significant survival benefit (Figure
5D, p<0.0001 and p= 0.0094). This data demonstrates that Didox has activity
against syngeneic AML models in vivo.
Didox is well tolerated in normal C57Bl/6 mice, and does not harm hematopoietic
stem cells.
Since we have shown that Didox treatment reduced leukemic burden
compared to controls in vivo, we wanted to interrogate its effects on normal
tissues at the dose and schedule used in the survival studies. Normal C57Bl/6
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mice received the same Didox regimen as the efficacy study mice and were
sacrificed 72 hours following the final treatment. In a blinded analysis, a
veterinary pathologist was unable to distinguish morphological differences
between the two groups (Figure 6A). This demonstrates that Didox has minimal
effect on normal tissue morphology. However, this does not tell us the
consequences of Didox treatment on the function of normal HSCs. To determine
the effects of Didox on normal human hematopoietic progenitors we performed
colony formation assays on 3 normal samples. In contrast to our results with
primary patient samples Didox treatment lead to only a modest and nonsignificant reduction in colony formation of normal progenitors, even at the
highest dose tested (Figure 6B). In order to determine the effect of Didox on
normal HSCs we determined the ability of Didox treated marrow cells to engraft
in syngeneic recipients. Normal C57Bl/6 mice (Ly5.2+) were treated as in the
AML efficacy studies and their marrow harvested 72 hours following last
treatment and transplanted into lethally irradiated Ly5.1+ recipients. After 3
weeks recipients were sacrificed and engraftment was determined by flow
cytometry. Didox treated marrow engrafted at least as well as the control marrow
(Figure 6C). These data demonstrate that Didox does not cause gross tissue
toxicity at the effective dose in C57Bl/6 mice, nor does it harm the function of
normal progenitors or HSCs. These data suggest a large therapeutic window.
Discussion
AML is an aggressive malignancy that primarily effects the elderly
population. It is characterised by high genetic heterogeneity and poor overall 5
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year survival (Farag et al., 2006). The frontline treatments in AML have remained
virtually unchanged for decades, and while many patients may have a transient
response to chemotherapy, most will relapse with chemoresistant disease
(Kantarjian et al., 1988). This highlights both the dearth of progress in AML
treatment and the desperate need for the development of new therapies.
A strategy that targets a metabolic pathway required by all leukemia cells
regardless of driving mutation has the potential to be effective even in a
genetically heterogenous disease like AML. One such pathway is DNA synthesis.
The rate limiting reaction of DNA synthesis is catalysed by RR and has been
shown to be upregulated in many malignancies (Elford, Wampler, & van't Riet,
1979; Matsusaka, Yamasaki, Fukushima, & Wakabayashi, 2007; Okamura,
Kamei, Sakuma, Hanai, & Ishihara, 2003; Wang et al., 2012). The classical
inhibitor, HU, has had limited use in the clinic due to poor affinity to RR, lack of
durable responses and associated toxicities. However, there has been a
resurgence of interest in RR inhibition in AML.
Didox was developed from HU and displays 20-fold more potent affinity for
RR than its predecessor. It reduces both purine and pyrimidine pools. Moreover,
it has been shown to have a more favorable toxicity profile compared to HU in
preclinical models (Inayat et al., 2010; Mayhew et al., 2002). The MTD was
determined from a phase I trial, but it has not yet been extensively studied in
AML.
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We have investigated the efficacy of Didox, a novel RR inhibitor, in vitro
and in vivo in preclinical models of AML. We made several key observations: 1.
RR was ubiquitously expressed in all samples and cell lines tested. 2. Didox had
activity in all cell lines and patient samples tested with IC 50 values in the low
micromolar range. 3. Didox exposure led to DNA damage, p53 induction, and
apoptosis. 4. Didox was effective against two in vivo models of AML. 5. Didox
treatment did not cause gross tissue toxicity in non-leukemic animals. And finally,
Didox did not harm normal haematopoietic progenitors or stem cells.
Didox had activity across a panel of cell lines and primary patient samples
with diverse cytogenetic characteristics, suggesting inhibition of RR is effective
regardless of their driving mutations. This is supported by our finding that RR is
expressed in all cell lines and patient samples. The IC 50 values for all lines tested
clustered in the low micromolar range with a mean value of 37 µM (range 25.89 –
52.70 µM) despite the wide variety of driving mutations in the lines tested.
Importantly, all IC50 values were well below the peak plasma levels achieved at
the MTD of Didox in a phase I clinical trial (Veale et al., 1988). In addition,
primary patient samples were also impaired in their ability to form colonies
following Didox exposure at levels below those achieved in clinical trials. This is
the first data, to our knowledge, that demonstrates Didox efficacy against primary
patient derived AML cells. These results suggest that Didox is effective at doses
that are achievable in a clinical setting.
Didox has been shown to cause reductions and imbalances in the dNTP
pools in multiple cancer cell lines including leukemia cells (Grusch et al., 2001;
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Horvath et al., 2004). This dNTP imbalance can lead to several consequences
including nucleotide misincorporation and stalled replication forks (reviewed in
(Mathews, 2006)). Didox treatment also suppresses RAD51 expression, a key
DNA repair enzyme in myeloma cells (Raje et al., 2006) and inhibits the
upregulation of other DNA repair proteins in gliosarcoma cells (Horvath et al.,
2004). This simultaneous induction of DNA damage and inhibition of repair
results in apoptosis. This mechanism is attractive for the treatment of AML as
patient samples have shown impairments in DNA damage response (Rosen et
al., 2010). Consistent with this we have demonstrated Didox induces DNA
damage and increased p53 levels followed by apoptosis in our models.
In previous studies, this laboratory has examined the effects of MN1 in
AML. MN1 overexpression is associated with a poor prognosis in patients. Its
overexpression

led

to

accelerated

leukemic

growth,

chemoresistance,

suppression of p53, and decreased apoptosis in preclinical models. This increase
in resistance seen with MN1 overexpression may be due to the previously
described p53 suppression in these cells.
Our in vitro results demonstrate that Didox, when present throughout a 24
or 72 hour period at clinically achievable concentrations efficiently induce
leukemia cell death. However, they do not address the ability of Didox to induce
leukemia cell death when given as a daily bolus with leukemia cells in their
appropriate microenvironment. Several studies have demonstrated the protective
effect of the marrow microenvironment in AML (Garrido, Appelbaum, Willman, &
Banker, 2001b, a; Macanas-Pirard et al., 2012). Our in vivo studies using a
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syngeneic, immunocompetent AML model demonstrate a reduction in leukemic
burden and a significant increase in survival following 5 daily doses of Didox.
These data show that Didox can induce leukemia cell death even in the marrow
microenvironment and further suggest it will be an effective agent in the
treatment of AML patients.
In previous reports Didox has been shown to be less toxic to the
hematopoietic system than HU (Mayhew et al., 1999). Suppression of normal
hematopoiesis by current AML therapies is a major cause of treatment-related
mortality in these patients. Our studies have confirmed the low toxicity of Didox
on normal hematopoietic progenitors in vitro and for the first time on HSCs in
vivo. The reasons for this large therapeutic window are not clear, but there are
several possible contributing factors. Leukemia cells are likely to have a high
reliance on RR for proliferation as RR activity has been shown to correlate with
proliferation and to be elevated in cancer cells (Takeda & Weber, 1981).
Furthermore, oncogenic transformation is an inherently stressful process and
renders cells more susceptible to DNA damage (Benhar, Dalyot, Engelberg, &
Levitzki, 2001).
In summary, our results highlight an underutilized target in AML treatment
through the use of a novel inhibitor. We demonstrated the activity of Didox both
in vitro and in vivo in preclinical models of AML. Consistent with previous studies
in other models Didox was well tolerated, with limited toxicities, suggesting that
this is a promising therapeutic for combination regimens with both targeted and
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standard therapies (Inayat et al., 2010; Mayhew et al., 2002). Such studies are
currently underway.
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Patient Sex Age

Diagnosis

Karyotype

A1

M

33

AML

Del 7, inv 3

A2

M

53

AML

Normal, Flt3+

A3

F

89

AML

Trisomy 8,
der(4)add(4)

A4

F

59

AML

Normal, Flt3-

A5

M

69

AML

Normal, Flt3+

C1

M

74

AML

Del 7q

C2

F

82

AML

Not obtained

C3

M

66

Complex karyotype:
AML w/monocytic
trisomy 13, trisomy 19,
differentiation
t(11; 19)

M1

F

60

Acute monocytic leukemia

Trisomy 8, trisomy 9

M2

F

68

AML

Normal

M3

F

80

AML

Normal

Table 1. Primary patient sample characteristics.
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Cell Line

IC50 (µM)

CI 95%

OCI/AML3

49.26

46.56, 52.10

KG1a

32.45

30.26, 34.79

HL-60

30.83

23.51, 40.43

K562

52.70

39.91, 69.59

MFL2

30.85

24.10, 39.49

MR2

25.89

23.75, 28.23

Table 2. Inhibitory concentrations of murine and human AML.
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Figure 1. RR is expressed in AML. A. Western blots performed for RR small
subunit. AML patient samples (bone marrow, M1 – M3, leukopheresis A1 – A5),
and cell lines (KG – KG1a, M – MFL2, H – HL-60, K5 – K562). B. Growth curves.
Cell lines were treated with Didox for 72 hours. Viability was assessed and
normalized to untreated controls.
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Figure 2. Didox has activity against AML in colony formation assays. A. Didox
reduced colony formation in KG1a cells. Cells were exposed to titration of Didox
for 24 hours before incubation in methylcellulose (7 – 8 days). Mean colony
formation was assessed in triplicate in 3 experiments and normalized to
untreated controls. B. Didox exposure reduced colony formation in primary AML
samples. Primary samples (C1-C3) were exposed to a titration of Didox for 24
hours before incubation in methylcellulose (12 – 14 days). Mean colony formation
was assessed in triplicate in 3 experiments and normalized to untreated controls.
* = p value less than 0.05.
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Figure 3. Didox induces DNA damage and apoptosis in vitro. A. Didox induced
apoptosis at 48 hours. MFL2 cells were exposed to 30 µM, or 60 µM Didox, or a
vehicle control and assessed for annexin V binding and PI staining by flow
cytometry. B. KG1a cells were exposed to 20 µM Didox for 24 hours or 500
ng/mL doxorubicin for 4 hours and evaluated for γH2AX staining. C. MFL2 cells
were exposed to the indicated drug for 48 hours. The cells were collected and
lysed before western blot assessment for H2AX. D. OCI/AML3 cells were
exposed to Didox for 48 hours. MFL2 cells were exposed to Didox for 6 hours.
The cells were collected and lysed before western blot assessment for p53.
Doxorubicin at 500 ng/ml was used as a positive control. * = p of value less than
0.05.
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Figure 4. MN1 overexpression and p53 knockdown induce resistance in AML in
vitro. A. Confirmation of KD in M1p5 cells. B. M1p5 shP53 or GFP cells were
exposed to a titration of Didox (0 – 25 µM) for 72 hours and viability assays
performed. C. MFL2 shP53 or GFP cells were exposed to a titration of Didox (0 –
40 µM) for 72 hours and viability assays performed. D. 3 independent 72 hour
viability assays with MN1 and GFP controls, in triplicate with titrations of Didox (0
– 50 µM).* = p of value less than 0.05.
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Figure 5. Didox has activity in AML models in vivo. A. Schema. 1.0 x 106
luciferase tagged AML cells were injected into sublethally irradiated (4.5 Gy)
recipients and allowed to engraft. Engraftment was monitored by bioluminescent
imaging (IVIS 100 imager). Animals received 5 days of Didox at 425 mg/kg or D5
water control via intraperitoneal injection (IP). Animals were followed for survival.
B. Representative bioluminescent images from NrasG12D (MR2) mice pre- and
post-treatment. C. Quantitation of bioluminescence post-treatment. D. KaplanMeier survival curves of Didox in vivo studies from start of treatment. * = p of
value less than 0.05.
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Figure 6. Didox is well tolerated. A. Didox treated C57Bl/6 mice showed no
difference in tissue morphology compared to vehicle treated controls as read by
a veterinary pathologist blinded to treatment assignment. Representative H&E
sections of gastrointestinal tract (Small Intestine) and bone marrow from Didox
and control treated animals. B. Colony formation assays performed on normal
HSCs following 24 hour Didox exposure (0 – 200 µM), p = 0.09. C. Didox
treatment does not harm normal HSCs. C57Bl/6 mice were treated for 5 days
with 425 mg/kg Didox or a vehicle control via IP injection. 72 hours post
treatment the animals were sacrificed and their marrow harvested. Marrow was
then transplanted into lethally irradiated (8 Gy) Ly5.1+ recipients and allowed to
engraft. Post-engraftment the animals were sacrificed, marrow harvested, and
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analyzed for Ly5.2+ by flow cytometry. Engraftment values were normalized to
vehicle controls. N = 5 per group.

Supplemental Figure 1. Facs analysis of engrafted Didox treated marrow. Shown
is a representative dot plot and histogram analysis of femur samples collected
from Ly5.1+ C57Bl/6 mice following injection with Didox treated Ly5.2 treated
marrow cells.
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Abstract
AML is an aggressive disease of the marrow with approximately 18,800
new cases each year. The elderly make up a large portion of AML patients with
over 70% above the age of 60. For this population the 5 year overall survival is
under 10%. There are multiple reasons for this including complex karyotypes in
elderly patients, chemoresistance and other comorbidities which may prevent the
use of intensive chemotherapy. This group of patients needs more effective, lowintensity chemotherapeutic options.
Hypomethylators are cytidine analogues which have been approved for
use in MDS since the mid-2000’s. Hypomethylators cause DNA damage and loss
of methylation during replication leading, ultimately to cell death. Azacitidine
utilizes RR in the conversion to decitabine in the cell. Decitabine does not require
RR for incorporation into the DNA. Hypomethylators have shown a benefit in a
population of elderly AML patients in phase III trials leading to their off-label use
as low-intensity options (Fenaux et al., 2009; He et al., 2014).
HU is a classical low-intensity therapeutic used in AML as a cytoreductive
agent and in palliative care. Didox was developed from HU and displays a 20-fold
more potent inhibition of RR than its predecessor. The efficacy of Didox had
been examined previously in phase I and II trials in metastatic carcinoma and
breast cancer, but it had not been extensively studied in an AML setting. We
have demonstrated that Didox is active against AML with limited toxicities in
preclinical models of AML.
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In this report, our hypotheses were two-fold: First, we hypothesized that
Didox will synergize with cytidine analogues in an upfront setting. Secondly, we
hypothesized that AML cells would become resistant to Didox by upregulation of
RR resulting in cells that would have increased efficacy at converting the prodrug
azacitidine to decitabine. This in turn would result in enhanced sensitivity to
azacitidine.
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Introduction
AML is an aggressive disease of the marrow wherein neoplastic myeloid
progenitors crowd out and suppress healthy HSCs leading to marrow failure and
death. Each year in the US there are approximately 18,800 new cases of AML
and 10,500 deaths attributed to AML (2014). AML is a disease of the elderly. It
has a median age of onset of 70, with more than 70% of patients over the age of
60 at diagnosis (Farag et al., 2006). For patients over 60, the overall 5 year
survival is under 10% (Farag et al., 2006). In this population, the incidence of
AML has slowly been climbing over the past several decades with virtually no
change in one year survival rate (Alibhai et al., 2009). Many frail and elderly
patients are not candidates for additional intensive chemotherapy (Ferrara et al.,
2004). This highlights the need for the development of new therapeutic
strategies.
Azacitidine and decitabine (shown in Chapter 1 Figure 3) were developed
in the 1960’s as cytidine analogues and act as hypomethylators (Christman,
2002). Hypomethylators enter the cell through nucleoside transporters.
Azacitidine utilizes RR to facilitate the conversion from ribonucleotide to
deoxyribonucleotide and has additional RNA-mediated effects due to its ribose
backbone. Decitabine does not require RR conversion to be incorporated into the
DNA. The therapeutics are then processed like deoxyribonucleotides and
incorporated into the replicating DNA. The incorporated drug is recognized as a
substrate for methyltransferases. DNMT1 is then covalently trapped leading to
adduct formation (Christman et al., 1983). This results in a DNA damage
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response and loss of methylation during replication (Elliott & Bullimore, 1993).
Hypomethylators have been approved by the FDA for use in MDS from 2004 and
2006 for azacitidine and decitabine respectively. A Phase III study of elderly
patients led to a mixed reception of decitabine as it did not statistically improve
overall survival in a planned study vs. low dose cytarabine or best supportive
care (He et al., 2014). AML patients have been included in some clinical trials of
Azacitidine in MDS (Fenaux et al., 2009). These results have led to off-label use
of hypomethylators as low intensity therapeutic options in elderly AML patients.
Previously, we have demonstrated the efficacy of Didox with limited
toxicities in preclinical models of AML. We targeted a final common pathway
necessary for the continued proliferation of leukemia cells. The rate limiting
reaction of DNA synthesis is catalyzed by RR, which is upregulated in many
malignancies (Elford et al., 1979; Matsusaka et al., 2007; Okamura et al., 2003;
Wang et al., 2012). HU, a RR inhibitor, has been used in AML treatment for
decades as a cytoreductive agent. Didox was developed from HU and displays a
20-fold more potent inhibition of RR than HU. Additionally, it inhibits both purine
and pyrimidine synthesis. The efficacy of this inhibitor has been examined in
phase I and II trials in metastatic carcinoma and breast cancers, but its efficacy in
AML has not been extensively studied. Our own previous studies have
demonstrated that Didox is active against AML as a single agent in preclinical
models. Combination treatment regimens are generally accepted to be effective
treatment strategies (Kufe, Holland, Frei, & American Cancer Society., 2003; Rai
et al., 1981). However, very little has been done with Didox in combination with
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other chemotherapeutics. In these studies we have examined the efficacy of
Didox and cytidine analogues cytarabine, azacitidine, and decitabine for synergy.
Secondly, we demonstrated acquired resistance to Didox resulted in an increase
in sensitivity to azacitidine in preclinical models of AML.
Materials and Methods
Reagents
Didox was a gift from Howard Elford, Ph.D. at Molecules for Health, Inc.
(Richmond, VA). Didox for animal studies was freshly made each time by
dissolving in 5% dextrose water, with the animals receiving 425 mg/kg. For the in
vitro studies Didox was dissolved in phosphate buffered saline (PBS) at
concentrations of 10 mM and 1 mM and stored at -20 ˚C until use. It was diluted
in the culture medium to the final concentration.
Cell Culture and Viability Assays
Human lines were maintained in RPMI media (Gibco) supplemented with
10% FBS, penicillin and streptomycin. All murine lines were derived from fetal
liver cells infected with MLL-ENL and NRasG12D or Flt3 ITD expressing vectors
(Zuber et al., 2009). Murine lines were maintained in stem cell media (40%
IMDM, 40% DMEM, 20% FBS, with or without murine SCF 10 ng/mL, murine IL-6
2 ng/mL, and murine IL-3 0.4 ng/mL). Viability assays were carried out according
to the manufacturer’s protocols with the Cell Titer-Glo system from Promega.
Western Blot
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Cells were lysed in Laemmli buffer (1.6 mL 10% SDS, 500 µL 1M Tris-HCl
[pH 6.8], 800 µL glycerol, 400 2-mercaptoethanol, 4.7 mL H2O) or RIPA buffer
(150mM NaCl, 0.1@ NP-40, 0.5% DOC, 0.1% SDS, 50mM Tris ph7.5), and
samples separated by SDS-PAGE before transfer to an Immobilon polyvinylidene
difluoride membrane (Millipore). Primary antibodies against DNMT1 (ab13537,
1:1000; Abcam), actin (AC-15, 1:5000; Abcam), and a secondary antibody antimouse (#7076, 1:5000; Cell Signaling) were used. For RR detection, a primary
antibody against the M2 subunit of RR (1:1000; sc-10846, Santa Cruz
Biotechnology) was used followed by secondary anti-goat antibody (1:1000;
ab98826, AbCam).
In Vivo Studies
The Comprehensive Cancer Center of Wake Forest University Institutional
Animal Care and Use Committee approved all mouse experiments. Luciferasetagged leukemia cells were transplanted into 8- week old, sublethally irradiated
(4.5 Gy) C57Bl/6 mice by tail vein injection of 1.0 x 106 cells per mouse. Mice
were injected with 150 mg/kg D-Luciferin (Gold Biotechnology), anesthetized with
isoflurane, and imaged using the IVIS 100 imaging system (Caliper
LifeSciences). Mice began treatment upon detection of clear signal. For the
Didox studies, the animals were treated with daily administrations of Didox at 425
mg/kg (Molecules for Health) by intraperitoneal injection (IP) for 5 days, followed
by a 2 day recovery before repeating the regimen. Control animals received 5%
dextrose water by IP injection. Azacitidine treatment was delivered daily for 5
days by IP injection at 10 mg/kg. Decitabine treatment was delivered by IP
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injection at 6.25 mg/kg. Repeat imaging was performed on the day following the
final treatment.
In Vivo Resistance Studies
Luciferase-tagged leukemia cells were transplanted into 8- week old,
sublethally irradiated (4.5 Gy) C57Bl/6 mice by tail vein injection of 1.0 x 10 6 cells
per mouse. Mice were injected with 150 mg/kg D-Luciferin (Gold Biotechnology),
anesthetised with isoflurane, and imaged using the IVIS 100 imaging system
(Caliper LifeSciences). Mice began treatment upon detection of clear signal. For
the Didox studies, the animals were treated with daily administrations of Didox at
425 mg/kg Didox (Molecules for Health) by intraperitoneal injection (IP) for 5
days, followed by a 2 day recovery before repeating the regimen. When the
animals were moribund, the animals were sacrificed, bilateral femur cells
harvested. The leukemic cells (control or Didox treated) were then transplanted
into secondary recipients at 2.0 x 106 and monitored for engraftment using the
IVIS imaging system. Azacitidine treatment was initiatied upon detection of clear
signal in the control treated leukemic animals.
Results
Didox synergizes with cytidine analogues in vitro
Combination therapies are accepted to be more effective because of tumor
heterogeneity, a greater chance of irradiating tumor resistant cells, and their
success in the clinic (Kufe et al., 2003). We hypothesized that a combination
which utilized RR inhibition with Didox and a cytidine analogue that did not need
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RR processing to incorporate into the DNA would result in synergistic cell kill.
Other groups have demonstrated increased incorporation of a cytidine analogue
with Didox exposure in an AML line supporting our rationale for this combination
in an up-front setting (Howell, Gill, & Elford, 1982). We performed 48-72 hour
viability assays with titrations of Didox (0 – 50 µM) and the cytidine analogues
cytarabine (0 – 300 µM), azacitidine (0 – 4 µM), and decitabine (0 – 3 µM) in a
panel of human AML lines (Figure 1). Azacitidine has RNA-mediated effects
which are not reliant on prodrug conversion by RR which was the basis for this
combination. Synergy was determined by the calculation of a combinatorial index
where 0.1 indicates very strong synergism; values 0.1–0.3 indicate strong
synergism; values 0.3–0.7 indicate synergism; values 0.7– 0.85 indicate
moderate synergism; values 0.85–0.90 indicate slight synergism; values 0.9–1.1
indicate nearly additive effects; values 1.10–1.20 indicate slight antagonism;.
These data demonstrate that Didox and cytidine analogues synergize in AML in
vitro.
Didox resistance may lead to increased azacitidine sensitivity in a murine AML
It is well known that of the AML patients that attain remission most will
relapse, often with chemoresistant disease (Kerbel, Kobayashi, & Graham,
1994). The elderly have a poor overall survival rate. This could be due to suboptimal treatment, comorbidities, and the intrinsic nature of their disease. This
patient group needs therapies with a favorable toxicity profile. We believe that
Didox RR resistance may potentially lead to azacitidine sensitivity by several
mechanisms. RR may be upregulated in resistant AMLs in response to Didox
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exposure. Another possibility is that the enzyme may become less sensitive to
inhibition dictated by the nucleotide pools. Both of these possibilities would
contribute to a potential increase in sensitivity to Azacitidine in resistant AMLs
through increase in prodrug conversion.
To generate Didox resistance we utilized a syngeneic mouse model
(MFL2). We treated leukemic mice with Didox (425 mg/kg/day) or a vehicle
control for 5 days and allowed the mice to recover for 2 days. This process was
repeated until the animals were moribund. The leukemias were then harvested
from the marrow of the sacrificed mice to yield Didox resistant (dMFL2) or Didox
naïve (cMFL2) AMLs. We confirmed Didox resistance in a set of leukemias by a
72 hour viability assay (Figure 2). We then probed for the small subunit of RR by
Western blot in our Didox resistant and Didox naïve lines (Figure 3). We found
increased RR in our Didox resistant compared to the Didox naïve AML,
suggesting that up-regulation of RR is a mechanism of resistance to Didox.
Didox resistance leads to azacitidine sensitivity in vivo
We next wanted to elucidate the effects of Didox resistance in vivo. We
injected Didox resistant or naïve AMLs into secondary recipients and allowed the
leukemias to engraft. The Didox naïve mice engrafted more quickly than the
Didox resistant animals (Figure 4, upper panel). Upon detection of a clear signal
in the cMFL2 group we began treatment with azacitidine at 10 mg/kg for 5 days.
The animals were imaged 24 hours following the final treatment and we observed
a marked difference in the leukemic burden of the dMFL2 and the cMFL2 mice
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treated with azacitidine, suggesting that Didox resistance results in increased
azacitidine sensitivity (Figure 4, lower panel).
Discussion
AML is an aggressive myeloid malignancy with a primarly elderly
population

(Farag et al., 2006). These patients have a poor overall 5 year

survival of under 10%, and the incidence of AML in this population has steadily
been climbing over the past several decades (Alibhai et al., 2009).

These

patients for many reasons (i.e. frail, comorbidities) are often not candidates for
intensive chemotherapy (Ferrara et al., 2004). These patients highlight the need
for the development of new treatment targets and strategies.
The development of effective therapeutics has been hindered by the
genetic heterogeneity of AMLs. Standard frontline therapies were established in
the 1970’s and are still in use today. Targeting a final common pathway
necessary for the continued growth and proliferation of the leukemia cells may be
a more effective way to treat this disease. DNA synthesis may be one such
target. There is a RR inhibitor that has a history of use in AML, but due to its
limited efficacy and toxicities RR has been an under-utilized target for
development. In previous studies, our group has demonstrated that targeting RR
with a novel inhibitor is effective both in vitro and in vivo with limited toxicities in
preclinical models of AML.
Cytidine analogues have had a major role in patient treatment for the past
several decades. Cytarabine is a key therapeutic in frontline as well as
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supportive care in AML therapy (Burnett et al., 2007; Rai et al., 1981). Azacitidine
and decitabine are cytidine analogues which act as hypomethylators. Both work
through incorporation into the DNA, resulting in DNA damage and response
leading to a loss of methylation. Azacitidine requires RR for activation of its DNAmediated effects, while decitabine does not. Azacitidine and decitabine are two
low-intensity options available off-label for elderly AML patients.
Combination regimens are believed to be more effective than single
agents because they can potentially overcome tumor heterogeneity and
resistance, and have had success in clinical trials (Kufe et al., 2003). The effects
of Didox in combination with other therapeutics has not been explored
extensively in AML. We demonstrated synergy with cytidine analogues
(cytarabine, azacitidine, and decitabine) in AML cell lines. As expected, we saw
more synergy with decitabine than azacitidine. This is because decitabine does
not need to utilize RR in order to incorporate into the DNA. An earlier study
examined the effect of RR inhibition by Didox on cytarabine incorporation into
HL-60 cells, but this study is limited to one cell line (Howell et al., 1982). These
are, to our knowledge, the first studies of their kind with Didox.
The addition of a cytidine analogue to Didox should increase its efficacy
through increased incorporation (Howell et al., 1982). In order to have a more
clinically relevant measure of the efficacy of this combination, we conducted in
vivo pilot studies to optimize the treatment regimen. Thus far, we have not
identified a schedule that provides a survival benefit. It has been suggested that
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the Flt3 ITD regulates DNMT1 activity, and this could be influencing our results
(Gu et al., 2011). These studies are on-going.
Most AML patients will relapse, often with resistant disease. The elderly
population has few treatment options, making our studies into the ability to guide
or sculpt leukemias to be more responsive to subsequent therapies clinically
relevant. We found that Didox resistance lowered the IC 50 of azacitidine in a set
of murine AMLs. We performed a pilot experiment to see if this result could be
recapitulated in vivo. Didox resistance rendered the AMLs more sensitive to
azacitidine treatment. Larger studies to demonstrate altered time to progression
and increased response to azacitidine are underway. These findings potentially
represent the beginnings of a foundation for a low-intensity therapeutic trial for
elderly AML patients.
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Figure 1. Cytidine analogues synergize with Didox in AML cell
lines. AML lines were treated with the indicated therapeutics for 48-72
hours in triplicate for a total of 3 experiments. Viability was then
assessed by Cell Titre-Glo assay according the manufacturer’s
protocols. # indicates additivity, * slight synergy, ** moderate synergy,
*** synergy, and **** strong synergy.
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Figure 2. Murine AMLs may become resistant to Didox and these
cells are sensitive to Azacitidine in vitro. Cells from the control and
Didox-treated mice were treated with Didox for 72 hours and viability
assessed.

Figure 3. RR is increased in a Didox resistant AML. Western blots
performed for RR small subunit in Didox resistant (dMFL2) and Didox
naïve (cMFL2) leukemias.

92

Figure 4. Didox resistance leads to delayed progression and a
reduction of leukemic burden. Mice began treatment upon detection of
clear signal. Azacitidine (A) treatment delivered daily for 5 days by IP
injection at 10 mg/kg or vehicle control (C) in Didox naïve (cMFL2) and Didox
resistant (dMFL2) animals.
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Discussion
AML is an aggressive myeloid malignancy with a primarly elderly
population (Farag et al., 2006). This malignancy has a poor overall five year
survival rate for younger patients in clinical trials of 30 - 40%, but for the elderly
this drops to under 10%. The incidence of AML in the elderly has steadily been
climbing over the past several decades; however, the one year survival rate
remains virtually unchanged (Alibhai et al., 2009). The standard treatment of
AML was developed decades ago, and has remained unchanged

despite

intense research (Estey & Dohner, 2006; Longo, 2012). For those patients
fortunate enough to achieve a remission most will relapse, often with
chemoresistant disease (Kantarjian et al., 1988). Many frail and elderly patients
are not candidates for additional intensive chemotherapy (Ferrara et al., 2004).
This highlights the need for the development of new therapeutic targets.
AML is a genetically heterogenous disease with several distinct recurring
genetic abnormalities (Gilliland et al., 2004). It is because of this heterogeneity
that AMLs are not reliant on a single oncogene (Ding et al., 2012). Therapies
designed to target specific mutations have led to transient responses at best. An
alternative approach would be to target a "final common pathway" (i.e. a pathway
that all leukemia cells, regardless of driving mutations, will need to accomplish in
order to generate additional leukemia cells). In these studies, we have selected
DNA synthesis as a final common pathway to target. The rate limiting step of de
novo DNA synthesis is catalyzed by RR. RR converts NDPs to dNDPs and has
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been shown to be upregulated in many malignancies (Elford et al., 1979;
Matsusaka et al., 2007; Okamura et al., 2003; Wang et al., 2012).
There is an inhibitor that hits this target currently available in the clinic. HU
has had limited use in leukemia due to a poor affinity to RR, lack of durable
responses, and associated toxicities. Didox was developed from HU and displays
20-fold more potent affinity for RR than its predecessor. It displays a more potent
inhibition of RR than HU, and has been shown to have a favorable toxicity profile
in various preclinical models (Cory & Cory, 1989; Gallaugher et al., 2009; Kaul et
al., 2006; Mayhew et al., 2002). The MTD was determined from a phase I trial,
but it has not yet been extensively studied in AML.
Didox had activity across a panel of cell lines and primary patient samples
with diverse cytogenetic characteristics, suggesting inhibition of RR is effective
regardless of their driving mutations. This is supported by our finding that RR is
expressed in all cell lines and patient samples. The IC 50 values for all lines tested
clustered in the low micromolar range in cytogenetically diverse leukemia lines.
Importantly, all IC50 values were well below the peak plasma levels achieved at
the MTD of Didox in a phase I clinical trial (Veale et al., 1988). In addition,
primary patient samples were also impaired in their ability to form colonies
following Didox exposure at levels below those achieved in clinical trials. This is
the first data, to our knowledge, that demonstrates Didox efficacy against primary
patient derived AML cells.
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Didox has been shown to cause reductions and imbalances in the dNTP
pools in multiple cancer cell lines including leukaemia cells (Grusch et al., 2001;
Horvath et al., 2004). This dNTP imbalance can lead to several consequences
including nucleotide misincorporation and stalled replication forks (Horvath et al.,
2004). This mechanism is attractive for the treatment of AML as patient samples
have shown impairments in DNA damage response (Rosen et al., 2010).
Consistent with this we have demonstrated Didox induces DNA damage and
increased p53 levels followed by apoptosis in our models. MN1 overexpression
is associated with a poor prognosis in patients (Heuser et al., 2006). Its
overexpression

led

to

accelerated

leukemic

growth,

chemoresistance,

suppression of p53, and decreased apoptosis in preclinical models (Pardee,
2012). This increase in resistance seen with MN1 overexpression may be due to
the previously described p53 suppression in these cells.
Our in vitro studies have shown that Didox exposure can induce leukemia
cell death at clinically achievable concentrations. These do not account for any
changes in cell death from a daily dose of Didox in their appropriate
microenvironment. Other groups have shown that the cells’ microenvironment
provides a protective effect (Garrido et al., 2001b, a; Macanas-Pirard et al.,
2012). To account for these and other important factors, we have utilized an
orthotopic syngeneic model. This model allows for the rapid generation of
genetically defined leukemias via retroviral transduction of cells (Heyer, Kwong,
Lowe, & Chin, 2010). The leukemias used in our studies were on an MLL-ENL
backbone. Leukemic mice with this alteration recapitulate the clinical response
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and outcomes of patients (Zuber et al., 2009). The second leukemic alteration
was either the Flt3 ITD or NrasG12D. The Flt3 ITD model has been shown to have
differential sensitivity to chemotherapy, providing insight into chemoresistance of
standard therapies (Pardee et al., 2011). Didox can reduce leukemic burden and
provide a survival benefit as a single agent in both these models, demonstrating
that Didox can induce leukemia cell death in the marrow. This suggests that
Didox would be an effective therapeutic in AML patients.
Suppression of normal hematopoiesis by current AML therapies is a major
cause of treatment related mortality in these patients. Previous groups have
demonstrated Didox to be less toxic to the hematopoietic system than HU
(Mayhew et al., 1999). Our studies have confirmed the limited toxicity of Didox on
normal progenitors in vitro, and for the first time on HSCs in vivo. The reasons for
this large therapeutic window are not clear, but there are several possible
contributing factors. Leukemia cells are likely to have a high reliance on RR for
proliferation as RR activity has been shown to correlate with proliferation and to
be elevated in cancer cells (Takeda & Weber, 1981). Additionally, leukemia cells
may become more suspectible to DNA damage due to the stress of oncogenic
transformation (Benhar et al., 2001).
Combination chemotherapy is thought to be more effective than single
agent therapy because it can potentially overcome tumor heterogeneity and
resistance, and has had success in clinical trials (Kufe et al., 2003). The effects
of Didox in combination with other therapeutics has not been explored
extensively in AML. We demonstrated synergy of cytidine analogues and Didox
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by determining combinatorial indices of 3 AML lines. We saw synergy with
cytarabine, azacytidine, and decitabine. As expected, we saw more synergy with
decitabine than azacitidine. This is because it does not need to utilize RR in
order to incorporate into the DNA. We were, however, surprised by the synergy
seen with azacitidine. Azacitidine has RNA-mediated effects which could account
for the synergy seen (Aimiuwu et al., 2012). These are, to our knowledge, the
first studies of their kind with Didox.
We examined the potential synergy of Didox and Decitabine. We used
DNMT1 as a surrogate for incorporation and examined the combination in a
concurrent exposure. We were unable to find an increase in the efficacy of
Decitabine incorporation by this method. Further efforts to optimize the schedule
are in progress. A classical RR inhibitor, HU, has demonstrated antagonistic
effects on incorporation by hypomethylating agents in AML cells (Choi, Byun,
Kwan, Issa, & Yang, 2007). This suggests that the agents would work best in a
sequential regimen. We also conducted several in vivo pilot studies to optimize
the combination treatment regimen. However, we were unable to determine a
survival benefit from the pilot studies. This may be due to the short half-life of
Didox and an ineffective treatment schedule. These studies are on-going.
Elderly patients may not be fit for intensive chemotherapy. Should these
patients obtain remission, most will relapse with chemoresistant disease. These
patients need effective low-intensity options. We rationally designed a
therapeutic regimen that would take advantage of RR. Didox has limited toxicities
in our AML models and would make a good candidate for low-intensity therapy.
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We obtained Didox resistant AML by treating leukemic mice. This allows for
resistance selection to occur under clinically relevant conditions. Upon
confirmation of Didox resistance, we sought to further take advantage of RR.
Azacitidine requires RR for its DNA-mediated effects. A possible mechanism of
resistance was an increase in RR expression which has been noted in other
cancer types (Okazaki et al., 2010; Souglakos et al., 2008). By selecting a
second low-intensity therapeutic that is reliant on RR for its DNA-mediated
effects, we expected to see an increase in sensitivity. We found that Didox
resistance did lend sensitivity to subsequent azacitidine treatment in vitro. Didox
resistance and azacitidine sensitivity were confirmed in vitro. We found that
Didox resistance lowered the IC50 of azacitidine in these cells. We performed a
pilot experiment to see if this result could be recapitulated in vivo. We found that
Didox resistance resulted in a reduction of leukemic burden when treated with
azacitidine. Moreover, Didox resistance rendered the AMLs more sensitive to
azacitidine treatment. This represents a clinically relevant therapeutic regimen
design which could be of great benefit to a subset of AML patients.
In summary, our results highlight an underutilized target in AML treatment
through the use of a novel inhibitor. We demonstrated the activity of Didox both
in vitro and in vivo in preclinical models of AML. Consistent with previous studies,
Didox was well tolerated, with limited toxicities, suggesting that it is a promising
therapeutic for combination regimens with both standard and other novel
therapies (Inayat et al., 2010; Mayhew et al., 2002). We have seen promising
evidence for sequential use of Didox and azacitidine to guide leukemia selection
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for the subsequent low-intensity therapeutics, suggesting further clinical use for
Didox in combination regimens.
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