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Abstract

Despite successful molecularly targeted, highly specific, therapies for hematologic malignancies, 

the DNA interstrand crosslinking agents, which are among the oldest and least specific cytotoxic 

drugs, still have an important role. This is particularly true in stem cell transplantation, where 

virtually every patient receives conditioning therapy with a DNA-alkylating agent-based program. 

However, due to concern about serious additive toxicities with combinations of different 

alkylating drugs, the last several years have seen nucleoside analogs, whose cytotoxic action 

follows vastly different molecular pathways, introduced in combination with alkylating agents. 

The mechanistic differences paired with different metabolic pathways for the respective drugs 

have clinically translated into increased safety without appreciable loss of antileukemic activity. In 

this report, we review pre-clinical evidence for synergistic antileukemic activity when nucleoside 

analog(s) and DNA-alkylating agent(s) are combined in the most appropriate manner(s), without a 

measurable decrease in clinical efficacy compared with the more established alkylating agent 

combinations. Data from our own laboratory using combinations of fludarabine, clofarabine, and 

busulfan as prototype representatives for these respective classes of cytotoxic agents are combined 

with information from other investigators to explain how the observed molecular events will result 

in greatly enhanced synergistic cytotoxicity. We further present possible mechanistic pathways for 

such desirable cytotoxic synergism. Finally, we propose how this information-backed hypothesis 

can be incorporated in the design of the next generation conditioning therapy programs in stem 

cell transplantation to optimize antileukemic efficacy while still safeguarding patient safety.
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INTRODUCTION

Hematopoiesis consists of cascades of events from the pluripotent hematopoietic stem cell to 

various mature and terminally differentiated blood cells. Miscues or inappropriate cell 
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signaling (e.g., DNA mutations, cytokine and growth factor imbalance, hormone imbalance, 

etc.) to these complex pathways may perturb and inhibit normal cellular differentiation, lead 

to abnormal accumulation of specific lineage progenitor cells, and eventually cause 

leukemia, lymphoma or myeloma. Because of the complexity of hematopoiesis such 

abnormal development may theoretically lead to various disease forms and also partly 

explains the challenges involved in finding appropriate therapy for these heterogeneous 

malignancies.

Treatments for hematologic malignancies include cytotoxic chemotherapy, radiation 

therapy, immunotherapy, use of recombinant proteins or monoclonal antibodies, and stem 

cell transplantation (SCT); these treatment plans can be used singly or more commonly in 

various combinations. The development of molecularly targeted therapies heralds a 

revolution in the application of novel treatment plans for increased efficacy while toxicity is 

decreasing. However, while such treatment specifically aims at a narrow target, this 

approach suffers the weakness that it aims at a very specific focus. A prototype example is 

the tyrosine kinase inhibitor imatinib, which competes at the binding site for tyrosine kinase 

on myeloid progenitor cells; a point mutation in this binding site may confer three-

dimensional alterations that render the target cell resistant to imatinib (Quintás-Cardama et 

al., 2009). In contrast, and as a back-up strategy to narrowly targeted molecular therapy the 

more traditional (chemo)-therapeutic agents, like bifunctional DNA-alkylating agents and 

ionizing radiation (XRT), target a larger fraction of the DNA. By design they have a lower 

specificity in their cytotoxic action and possess lower risk for development of clinically 

significant cellular resistance to the particular treatment modality. Unfortunately, there is a 

risk for clinically significant side effects since normal tissues are also affected to a higher 

extent. Based partly on a low likelihood of significant cellular resistance development, both 

alkylating agents and XRT for a long time have been used in pretransplant conditioning 

therapy in patients undergoing hematopoietic stem cell transplantation (HSCT) to eradicate 

most of the disease and provide the immunosuppression necessary to support engraftment of 

allogeneic cells.

The success of HSCT, especially in patients with acute myeloid leukemia (AML), is partly 

dependent on the dose-intensity of the pretransplant conditioning therapy. This is, in 

particular, evident in patients transplanted with active leukemia, where it is clear that less 

intensive conditioning therapy carries with it a higher risk for recurrent disease (de Lima et 

al., 2004; Shimoni et al., 2006). The benefit of dose-intensity has to be weighed against the 

risk for serious regimen-related complications and high treatment related mortality (TRM) 

encountered with the most intensive conditioning programs, especially in older patients. It is 

a commonly held belief that reducing the intensity of the conditioning program carries the 

benefit of increased safety, and less treatment-related toxicity, but the risk for recurrent 

disease post-transplant increases proportionally. In particular, in older and medically infirm 

patients with low leukemic cell burden (“complete remission” status), it is now being 

increasingly accepted to favor less intensive conditioning programs to increase the acute 

safety of the conditioning program (Blaise et al., 2007; Mohty et al., 2009). In view of the 

increased risk for recurrent disease, however, it is critical to consider factors such as disease 

stage, patients’ age and health conditions, and under specific conditions a reduced intensity 

programs may be an acceptable alternative to myeloablative conditioning therapy (Forman, 
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2009; Giralt, 2009; Sirvent et al., 2010). The serious adverse effects of aggressive 

myeloablative conditioning regimens underscore the importance of fine-tuning the use of 

already available agents, for example, using pharmacokinetically directed drug 

administration to accomplish a uniform systemic drug exposure between patients (Grochow 

et al., 1993; Slattery et al., 1995; Andersson et al., 2002a), but it also underscores the 

importance of identifying safe, yet effective new drugs that can safely be added to enhance 

the cytotoxic efficacy of the treatment program. Historically, the serious toxicities associated 

with multi-organ damage from total body irradiation (TBI) prompted the development of 

non-TBI regimens. One of the early replacements for TBI was the use of the bifunctional 

DNA alkylating agent busulfan (Bu) (Santos et al., 1983; Tutschka et al., 1987). Oral Bu 

was combined with cyclophosphamide (Cy) to compensate for the limited 

immunosuppressive activity of Bu, and several randomized studies showed that conditioning 

with TBI-Cy and Bu-Cy are equivalent (Blaise et al., 1992; Blume et al., 1993; Clift et al., 

1994; Ringden et al., 1994; Devergie et al., 1995; Hartman et al., 1998; Socie et al., 2001). It 

became increasingly apparent, however, that a 25–40% risk for early treatment-related 

mortality was unacceptable, and this led to two significant developments. First, an 

intravenous Bu (IV Bu) formulation was developed for high-dose pretransplant conditioning 

therapy (Bhagwatwar et al., 1996; Andersson et al., 2000; Andersson et al., 2002b). This 

increased the accuracy, precision, and overall safety of drug delivery because of complete 

dose assurance and predictable pharmacokinetics as well as avoidance of the hepatic first-

pass effect (Benet and Sheiner, 1985; Peters et al., 1987; Kashyap et al., 2002; Thall et al., 

2004). Second, it was recognized that both Bu and Cy are detoxified by glutathione (GSH) 

conjugation when metabolized (Gibbs et al., 1998; McDonald et al., 2003). This latter 

recognition, together with the realization that the nucleoside analog (NA) fludarabine (Flu) 

is at least as immunosuppressive as Cy (Terenzi et al., 1996), led to the design of nucleoside 

analog-DNA alkylating agent combinations for use in conditioning therapy, both reduced-

intensity regimens (Giralt et al., 2001; Alyea et al., 2005; Khouri et al., 2008) and 

myeloablative regimens such as the IV Bu-Flu variant regimens (Russell et al., 2002; de 

Lima et al., 2004). The potent immunosuppressive activity of Flu combined with its ability 

to inhibit DNA repair processes initiated by Bu was very effective in conditioning therapy 

for patients with advanced hematologic malignancies (Slavin et al., 1998; Russell et al., 

2002), and disease-specific studies in AML/ MDS and acute lymphoblastic leukemia (ALL) 

have confirmed these findings (de Lima et al., 2004; Russell et al., 2007; Andersson et al., 

2008). Much of the improved outcome after allogeneic SCT for AML/MDS after NA–Bu-

based conditioning therapy has been attributed to the dramatically improved safety of these 

“reduced-toxicity” conditioning programs (de Lima et al., 2004; Russell et al., 2007; 

Andersson et al., 2008). Although we found that the cytoreductive capability of Bu-Flu and 

Bu-Cy were equivalent in AML/MDS (Andersson et al., 2008), other investigators disagree 

with that notion and have expressed concern that replacing Cy with Flu in patients 

undergoing HSCT for a variety of advanced hematologic malignancies may result in a 

significant loss of cytoreductive capacity (Shimoni et al., 2006; Bredeson et al., 2008). It is 

quite possible, that inclusion of anti-thymocyte globulin (ATG) with Flu, and mixing in 

patients with both myeloid and lymphoid malignancies contribute to this difference of 

opinion (Shimoni et al., 2006; Bredeson et al., 2008). Overall, the conceptual introduction of 

NA–DNA alkylating agent combinations has greatly contributed to improved safety and 
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disease control with faster recovery from early regimen- and treatment-related adverse 

effects. However, patients who are transplanted with active disease still have a similar high 

risk for recurrent disease as those who are transplanted using conditioning with Bu-Cy or 

TBI-based regimens (Russell et al., 2002; de Lima et al., 2004; Shimoni et al., 2006). 

Therefore, although encouraging, the clinical results obtained with NA–Bu-based 

conditioning therapy still call for ways to fine-tune and optimize the use of already existing 

NA–DNA alkylating agent regimen(s) and they also mandate a careful search for more 

efficacious nucleoside analogs and DNA alkylating agents that can be included in the 

pretransplant conditioning strategy. This review now focuses on DNA interstrand 

crosslinking drugs and nucleoside analogs that can be incorporated in pretransplant 

conditioning therapy for (allogeneic) HSCT of hematologic malignancies. We will base our 

discussion around a more detailed understanding of the cellular events that are triggered by 

cellular exposure to bifunctional DNA-alkylating agents, using Bu as a prototype agent, and 

nucleoside analogs and the importance of incorporating such increased knowledge of 

cellular molecular events to optimize future design of pretransplant conditioning regimens.

DNA ALKYLATING AGENTS USED IN PRETRANSPLANT CONDITIONING 

THERAPY OF HEMATOLOGIC MALIGNANCIES

DNA alkylating drugs mediate their cytotoxicity by damaging the DNA through formation 

of covalent linkages between the alkyl groups and mainly the N-7 position of guanine. The 

N-3 position of cytidine and O-6 of guanine also serve as nucleophiles (Hall and Tilby, 

1992). These covalent modifications may lead to inter- or intra-strand DNA crosslink 

formation, which affects the genomic integrity and causes deleterious consequences during 

DNA replication. The inability of the cells to accurately repair these DNA adducts may 

introduce mutations and/or trigger apoptosis.

The classes of DNA alkylating agents used in the treatment of hematologic malignancies 

include nitrogen mustards [chlorambucil, melphalan (Mel), cyclophosphamide, ifosfamide], 

alkyl alkane sulfonates (busulfan), and nitro-soureas (1,3-bis(2-chloroethyl)-1-nitrosourea 

(BCNU), and cyclohexylchlorethylnitrosourea (CCNU). Among these drugs, Bu, Cy, and 

Mel are the most commonly used agents in conditioning regimens for allogeneic HSCT (for 

review see Ciurea and Andersson, 2009). Intensive treatment using high dosages of 

alkylating agents carries a significant risk for serious regimen- and procedure-related 

toxicities especially when treating older patients (>60 years). Numerous investigators are 

currently involved in defining an optimal recipe for the conditioning therapy that will safely 

deliver cytoreduction and immunosuppression while optimizing disease control (Blaise et 

al., 2007; Mohty et al., 2009).

One way to enhance the efficacy of preparative regimens is to combine slightly reduced 

doses of different DNA alkylators (e.g., Bu-Cy or Bu-Mel) or to combine a DNA alkylator 

with one or more nucleoside analog. The latter variant combinations are rapidly gaining 

popularity in terms of efficacy and reduced-toxicity. For example, a combination of IV Bu 

and Flu compared favorably with [IV Bu+Cy] as conditioning therapy for patients 

undergoing allogeneic HSCT for AML or MDS (de Lima et al., 2004; Andersson et al., 

2008). Most importantly, these investigators reported a significantly decreased early TRM, 
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likely due to the avoidance of competition for end-organ GSH in the detoxification of Bu 

and Cy (Gibbs et al., 1998; MacDonald et al., 2003). Further, they found no significant loss 

of antileukemic activity by replacing Cy with Flu, although the latter finding is still 

somewhat controversial, other investigators have reported less favorable disease control with 

Bu-Flu vs that of Bu-Cy2 (Shimoni et al., 2006; Bredeson et al., 2008).

To improve the cytoreductive efficacy without losing engraftment promoting capacity of 

Bu-Flu, we and others decided to combine the newer NA clofarabine (Clo) with IV Bu. The 

antileukemic activity of Clo makes this drug suitable for investigation in combination 

therapy with alkylating agent(s) (Faderl et al., 2005; Steinherz et al., 2007; Jeha et al., 2009; 

Thomas et al., 2009; Kantarjian et al., 2010). Clo ± Ara-C, plus idarubicin combinations 

have been clinically shown to be effective salvage therapy for patient’s with primary 

refractory or first-relapse AML (Faderl et al., 2008). An early multicenter study showed that 

a combination of Clo with etoposide and Cy was well tolerated and effective in pediatric 

patients with relapsed/refractory AML or ALL (Hijiya et al., 2009). Current studies are 

underway to explore the efficacy of Clo combined with DNA alkylating agent(s) in the 

HSCT setting for patients with advanced hematologic malignancies (Mineishi et al., 2008; 

Agura et al., 2010; Andersson et al., 2010).

NUCLEOSIDE ANALOGS IN THE TREATMENT OF HEMATOLOGIC 

MALIGNANCIES

The dependence of leukemia cells on salvage synthesis of nucleosides provides rationale for 

design of nucleoside analogs as anti-leukemia agents (Fox et al., 1991). In general, these 

drugs are taken up by the cells via nucleoside transporters, activated by phosphorylation 

(Arner and Eriksson, 1995), and indiscriminately used by polymerases in the synthesis of 

DNA and RNA (Parker et al., 1991; Iwasaki et al., 1997; Huang et al., 2000; Chen et al., 

2008). The activated analogs may inhibit other enzymes involved in de novo and salvage 

nucleoside synthesis or induce intrinsic apoptosis (Zhenchuk et al., 2009).

The first nucleoside analogs used to treat hematologic malignancies include cytosine 

arabinoside (cytarabine, Ara-C), 9-β-D-arabinofuranosyladenine (ara-A), 2’-deoxy-2’,2’-

difluorocytidine (gemcitabine), 5-fluorouracil (5FU), fluoroadenine-β-D-arabinoside 

(fludarabine), and 2-chloro-deoxyadenosine (cladribine). The poor chemical stability and/or 

low aqueous solubility of these analogs led to the subsequent design and clinical testing of 

2-chloro-2’arabino-fluoro-2’ deoxyadenosine (Clo), one of the newest and most efficacious 

nucleoside analogs in the treatment of leukemia. Clo is cytotoxic to both proliferating and 

non-proliferating cells. It is resistant to phosphorylitic cleavage and stable under acidic 

conditions. Clo received regulatory approval by the US Food and Drug Administration for 

treatment of pediatric leukemia in 2004 (Clolar™, Genzyme, Boston, MA), after extensive 

clinical phase I and II studies showing high antileukemic efficacy in both ALL and AML 

(Kantarjian et al., 2003; Jeha et al., 2004; Faderl et al., 2008).

The incorporation of nucleoside analogs into DNA during synthesis may cause termination 

of DNA-strand elongation and trigger a chain of events including the occurrence of DNA 

breaks when cells attempt to repair damaged DNA, and subsequent activation of pro-
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apoptotic pathway(s) (Huang et al., 1990; Iwasaki et al., 1997). Repair of damaged DNA 

further facilitates the incorporation of nucleoside analogs, propagates DNA breaks, and 

enhances their cytotoxic effects. The anti-proliferative mechanisms mediated by nucleoside 

analogs have triggered interest in studying their cellular mechanistic interactions with 

alkylating agents and XRT, and the resulting data have rationalized their therapeutic use in 

combination with alkylating agents. These interactions may, somewhat paradoxically, be of 

special interest in alkylator-resistant leukemia cells that have an inherent increased capacity 

for excision repair. Such mechanism-based investigations have demonstrated sequence 

specificity for exposure to the respective drugs (Gandhi and Plunkett, 2002; Valdez et al., 

2010a), and show that synergistic cytotoxicity requires cellular pre-exposure to the 

nucleoside analog(s) (Flu and Clo) with extensive cellular accumulation of the respective 

nucleoside analog triphophate(s) to optimally inhibit repair of the DNA-damage which is 

subsequently initiated by the alkylating agents (Yamaguchi et al., 2001; Valdez et al., 

2010a).

STUDIES USING COMBINATIONS OF DNA ALKYLATORS AND 

NUCLEOSIDE ANALOGS

Once taken up by the target cells, nucleoside analogs are phosphorylated by deoxycytidine 

kinase (DCK) to their respective activated moiety, the nucleoside analog triphosphate. The 

high enzymatic activity of DCK in lymphoid cells contributes to the more significant 

efficacy of nucleoside analog substrates in lymphoid malignancies as compared with tumors 

of myeloid origin, although early data achieved with Clo in AML now promise to renew the 

interest in using nucleoside analog combinations in myeloid malignancies (Faderl et al., 

2008). Although the complete mechanisms for how nucleoside analogs mediate their 

antineoplastic activity are not entirely known, available data suggest a pronounced 

synergistic efficacy when they are used in combination with DNA alkylating agents. One in 

vivo study showed increased anti-leukemia activity of BCNU in mice when coadministered 

with 2’-deoxyuridine, 2’-deoxycytidine, or thymidine (Lin and Prusoff, 1987). Further, 

adozelesin (Ado), a DNA alkylating agent, showed enhanced cytotoxicity on DLD-1 human 

colon carcinoma cells when combined with Ara-C (Cote and Momparler, 1993). 

Chlorambucil had synergistic cytotoxicity in explanted leukemic cells from CLL patients 

when combined with [2’-deoxycoformycin + deoxyadenosine] in vitro (Johnston et al., 

1994). Several different groups have used combinations of nucleoside analogs and 

alkylating agents in a conventional dosing range. This is exemplified by Keating et al. who 

demonstrated high antileukemic activity in patients with CLL that was clinically refractory 

to Flu alone (Keating et al., 2002; Tam et al., 2008; Tsimberidou et al., 2009). A phase I/II 

study by the Eastern Cooperative Oncology Group (ECOG) similarly suggests efficacy of 

pentostatin and chlorambucil in treating patients with B-cell chronic lymphocytic leukemia 

(B-CLL, Oken et al., 2004). Combinations of pentostatin, a purine nucleoside analog, with 

the DNA alkylator chlorambucil showed activity in B-CLL patients, but because of the 

intense immunosuppression experienced with this combination the drugs should be used 

with anti-bacterial and anti-viral phorphylaxis to reduce the risk for opportunistic infections. 

The authors obtained an impressive overall objective response rate of 87% with median 

response duration of 33 months and a median survival of 5 years (Oken et al., 2004).
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The immunosuppressive effects of Flu are at least as pronounced as those of Cy (Terenzi et 

al., 1996). In addition, the lack of effects of GSH in Flu metabolism, its long plasma half-

life, and its synergistic cytotoxic interaction with alkylators invited the use of Flu-DNA 

alkylating agent combinations in pretransplant conditioning therapy for both lymphoid and 

myeloid malignancies (Slavin et al., 1998; Giralt et al., 2001; Hamaki et al., 2004; Alyea et 

al., 2005; Blaise et al., 2007; Khouri et al., 2008), showing that this concept can be used not 

only with different alkylating agents but also at different dosing intensity levels, varying 

from virtually conventional dosing to fully myeloablative dose levels of the respective 

alkylating drug (Russell et al., 2002; de Lima et al., 2004; Andersson et al., 2008). In these 

different programs Flu has typically been limited to an approximately conventional dose 

range (25–50 mg/m2 daily for 4–5 days), comparing with its use as a single agent. The 

overall intensity of the conditioning regimen is typically modulated by grading the dose of 

the alkylator from an almost conventional dose range (Alyea et al., 2005; Khouri et al., 

2008) to the supralethal range (Russell et al., 2002, 2007; de Lima et al., 2004; Andersson et 

al., 2008). Interestingly, the TRM rate, and therefore the acute safety of the conditioning 

regimen, appears to be related at least as much to the choice of alkylator companion drug as 

to the overall intensity of the regimen. Thus, the use of the Mel-Flu reduced-intensity 

regimen in patients with active leukemia yielded a 100-day TRM of almost 40% (Giralt et 

al., 2001), while the corresponding experience with the fully ablative IV Bu-Flu regimen is 

in the order of 3% (Russell et al., 2002; de Lima et al., 2004; Russell et al., 2007; Andersson 

et al., 2008). The latter experience of a very low 100-day TRM rate was mirrored by Khouri 

et al. (2008), who used a reduced-intensity Flu-Cy combination in patients with follicular 

lymphoma.

As interference with cellular DNA-repair processes might possibly be conducive to 

mutagenic activity, one possible long-term risk of NA–DNA alkylator combination therapy 

is induction of therapy-related AML/MDS. For example, in a clinical study of 142 patients 

with CLL, 3.5% of patients developed therapy-related MDS or AML after treatment with 

Flu plus chlorambucil (Morrison et al., 2002). Similarly, in a group of 38 patients with 

various malignancies (15 CLL, 4 Waldenstro¨m’s macroglobulinemia, 6 mantle cell 

lymphoma, 10 follicular non-Hodgkin’s lymphoma, and 3 with other low-grade NHL) who 

received treatment with 2-chloro-2’-deoxyadenosine and Cy, three subjects developed 

AML/MDS, and two developed lung cancer (Van Den Neste et al., 2004). It is unclear, 

however, if the risk for secondary AML/MDS is higher than the historical experience with 

alkylating agents alone, but the reported experience highlights that treating physicians 

should be aware of this type of complication when treating patients with combinations of 

NA and DNA-alkylating agents. When used in pretransplant conditioning therapy the NA–

DNA alkylating agent regimens have not been used for sufficiently long time to substantiate 

if the relative risk for secondary malignancies is higher than or only similar to that seen with 

double DNA alkylating agent combinations, such as Bu-Cy or Bu-Mel, still lower than TBI-

Cy (Socie et al., 2000; Baker et al., 2003; Brown et al., 2005). What further complicates this 

issue is that any alkylating agents that result in mutagenic events may lead to secondary 

neoplasms. In long-term follow-up studies of patients receiving autologous stem cell 

transplants for Non-Hodgkin’s lymphomas the risk for secondary AML/MDS appears 

related to the cumulative amount of previous chemotherapy. In a multivariate analysis 
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previous exposure to Flu and inclusion of TBI in the pretransplant conditioning regimen 

were independently connected with an increased risk for later development of AML/MDS 

(Hosing et al., 2002).

USE OF NUCLEOSIDE ANALOGS TO SENSITIZE LEUKEMIA CELLS 

RESISTANT TO DNA ALKYLATING AGENTS

A major obstacle to successful pretransplant chemotherapy is inherent or drug-induced 

resistance to DNA alkylating agents when used as part of the treatment program. Cellular 

drug resistance may be mediated by genetic mutations or epigenetic mechanisms (Nyce, 

1997). Gene therapy could be used to correct genetic defects while certain drugs can be used 

to alter the epigenetic status of cancer cells. Epigenetic changes contribute to drug resistance 

development through transcriptional suppression of genes involved in pro-drug activation, 

cell cycle checkpoint control, apoptosis, and other cellular processes (Herman and Baylin, 

2003; Teodoridis et al., 2004). Alteration of the enzymatic activities of DNA methyl-

transferases, histone deacetylases, and histone methyl-transferases may reverse gene 

silencing by chromatin remodeling (Teodoridis et al., 2004; Yoo and Jones, 2006). 5-

Azacytidine and 5-aza-2’-deoxycitidine are two cytidine analogs currently used to treat 

leukemia. Both drugs are incorporated into DNA, inhibit DNA methyl-transferase and cause 

expression of tumor suppression and pro-apoptotic genes (Zhu et al., 2001; Schmelz et al., 

2005). Decitabine received regulatory approval for the treatment of MDS including chronic 

myelomonocytic leukemia in the United States in 2006. 5-Azacytidine similarly received US 

regulatory approval in 2007.

The combinations of 5-aza-2’-deoxycitidine with DNA intercalating agents result in additive 

or synergistic biological activities and possible reversal of clinical drug resistance (Plumb et 

al., 2000; Issa et al., 2004; Gore et al., 2005; Garcia-Manero et al., 2006; Jabbour et al., 

2008). Recently, we reported our findings with decitabine as a sensitizing agent when 

exposing Bu-resistant myeloid leukemia cells in a p53-dependent manner by regulating 

expression of genes involved in cell cycle checkpoint and apoptosis (Valdez et al., 2010b). 

These data provide mechanistic support for a clinical study designed to explore the 

synergistic activity of decitabine and Bu in pretransplant conditioning therapy prior to 

HSCT for myeloid malignancies.

Purine analogs with documented anti-leukemia activitiy include fluoroadenine-β-D-

arabinoside (Flu), 2-chloro-deoxyadenosine (cladribine), and 2-chloro-2’arabino-

fluoro-2’deoxyadenosine (Clo) (Carson et al., 1992; Montgomery et al., 1992; Kantarjian et 

al., 2007; Korycka et al., 2008). Although similar in their chemical structures, these 

adenosine analogs differ in their mechanisms of action and efficacies in the clinic (Plunkett 

and Gandhi, 2001). Like other nucleoside analogs, these drugs are taken up by the cells and 

phosphorylated by deoxynucleo-tide kinases (Arner and Eriksson, 1995). In general, the 

incorporation of these nucleoside analogs into DNA during synthesis causes termination of 

DNA-strand elongation and triggers a chain of events including induction of DNA breaks, 

and subsequent activation of pro-apoptotic pathways (Huang et al., 1990; Iwasaki et al., 

1997; Zhenchuk et al., 2009). Initiation of repair of damaged DNA facilitates further 

incorporation of nucleoside analog triphosphate, propagates DNA-strand breaks and 
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consequently enhances the cytotoxic effects. This activity is also potentiated by the drug-

mediated inhibition of ribonucleotide reductase, which leads to decreased deoxynucleotide 

pools with preferentially enhanced incorporation of the nucleoside analog triphosphates into 

growing DNA strands (Parker et al., 1991). A previous study demonstrated Clo and Flu to 

inhibit DNA repair initiated by 4-hydroperoxycyclophosphamide (4-HC) in lymphocytes 

from CLL patients (Yamaguchi et al., 2001). In a multicenter study it was shown that a 

combination of Clo with etoposide and Cy was well tolerated and effective in pediatric 

patients with relapsed/refractory AML or ALL (Hijiya et al., 2009). Taken together, these 

observations rationalize the use of mechanism-based therapies which combine nucleoside 

analogs and DNA alkylating agents for more effective cytotoxicity and possible 

circumvention or reversal of clinical alkylating agent resistance.

Studies in our laboratory have aimed at investigating a hypothesized synergistic cytotoxicity 

of [Clo + Flu + Bu] at relatively low concentrations, or the equivalence of the IC20 

concentrations of the respective drug, using a Bu-resistant human AML cell line as the 

model (Valdez et al., 2008; Valdez et al., 2010a). We could show a pronounced cytotoxic 

synergy when Clo and Flu were combined and this synergy was further enhanced when Bu 

was subsequently added. Similar effects were observed in freshly explanted leukemia cells 

from AML patients. We attribute the efficacy and synergism of the three drugs to greater 

DNA damage response through the ATM pathway. Activation of ATM resulted in the 

phosphorylation of its substrates CHK2 and SMC1 and subsequent transduction of the signal 

that resulted in S- and G2-phase arrest and apoptosis. The [Clo + Flu] combination induced 

methylation of histone 3 and addition of Bu further enhanced this effect. We hypothesize 

that the [Clo + Flu] combination initially induced histone modifications, caused chromatin 

remodeling, exposing the genomic DNA, and made it sterically more accessible to Bu 

alkylation, which resulted in a more efficient Bu-induced DNA-strand crosslinking (Fig. 1). 

Such processes provide a positive feedback loop mechanism that synergistically potentiates 

the effects of all three drugs, but with strict sequence specificity, it is mandatory that the 

nucleoside analog exposure precedes the alkylating agent to achieve this effect, expanding 

the previous observation for Flu with 4-HC (Yamaguchi et al., 2001). This hypothesis is 

further supported by an observed susceptibility of DNA to exogenous nuclease in cells pre-

exposed to [Clo + Flu] (Valdez et al., 2010a). On the basis of previous reports and our own 

unpublished results, the observed synergism may be attributed to combined inhibition of 

DNA synthesis and repair, cell cycle checkpoints, and changes in chromatin structure 

through histone 3 methylations (Fig. 1). These intriguing results have prompted us to 

investigate the efficacy of [Clo +- Flu + Bu] in pretransplant conditioning therapy for 

patients with relapsed and chemotherapy-refractory myeloid leukemia and MDS. Early 

results suggest improved event-free and overall survival of 41 mostly chemotherapy-

refractory myeloid leukemia patients who received [Clo + Flu + Bu] as part of their pre-

transplant regimen when compared with historical control patients receiving Flu-Bu alone 

(de Lima et al., 2004; Andersson et al., 2010).

CONCLUSIONS

Overall, previously available literature reports together with our present studies suggest: (1) 

nucleoside analogs can be successfully used to alter the epigenetic status of leukemia cells 
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resulting in chromatin remodeling, thereby making genomic DNA more susceptible to DNA 

alkylating agents; (2) the inherent abilities of nucleoside analogs to inhibit DNA replication 

and DNA repair contribute to their antileukemic efficacy and cytotoxic synergism when 

combined with bifunctional DNA alkylating agents; (3) the enhanced synergy when 

combining two purine analogs with busulfan form the basis for combining not only one but 

two nucleoside analogs followed by a DNA alkylating agent; and (4) this approach should 

be expected to be most advantageous where the administered doses of both nucleoside 

analogs and the DNA alkylating agent can be escalated without concern for any irreversible 

damage to normal hematopoiesis, i.e., in pretransplant conditioning therapy, where 

hematopoietic recovery resides with the graft, independently of the resulting damage to the 

host’s hematopoietic stem cell compartment.

On the basis of the above observations, therefore, the next immediate development of 

reduced-toxicity conditioning therapy in the setting of allogenic stem cell transplantation for 

AML/MDS patients at high risk of recurrent leukemia post-transplantation is a proposed 

triple drug combination of Flu and Clo followed by Bu to maximize the antileukemic 

efficacy, yet retaining the already documented safety of the Flu-Bu combination. Subsequent 

translational steps in this ongoing evolution will include further definition of the role(s) of 

DNA demethylating agents and molecularly targeted drugs that can enhance specific aspects 

of the cellular pathways involved in triggering apoptosis in the model cell systems.
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Abbreviations

Ado adozelesin

ALL acute lymphoblastic leukemia

AML acute myeloid leukemia

Ara-A arabinofuranosyladenine

Ara-C cytosine arabinoside or cytarabine

ATG anti-thymocyte globulin

B-CLL B-cell chronic lymphocytic leukemia

BCNU 1,3-bis(2-chloroethyl)-1-nitrosourea

Bu busulfan

CCNU cyclohexylchloroethyl nitrosourea

CLL chronic lymphocytic leukemia

Clo clofarabine

Cy cyclophosphamide
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DCK deoxycytidine kinase

Flu fludarabine

5FU 5-fluorouracil

GSH glutathione

4-HC 4-hydroperoxycyclophosphamide

HSCT hematopoeitic stem cell transplantation

IV intravenous

MDS myelodysplastic syndrome

Mel melphalan

NA nucleoside analog

RR ribonucleotide reductase

TBI total body irradiation

TRM treatment related mortality

XRT X-ray or ionizing radiation therapy
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Fig. 1. 
Suggested mechanism of synergistic cytotoxicity of clofarabine (Clo), fludarabine (Flu), and 

busulfan (Bu). Clo and Flu are taken up by cells and phosphorylated by kinases to their 

triphosphate forms (Clo-TP and Flu-TP), which are incorporated into growing DNA strands 

during replication. Clo and Flu inhibit ribonucleotide reductase (RR) and cause a decrease in 

the dCTP pool. As dCTP is an inhibitor of deoxycytidine kinase (DCK), a decrease in its 

concentration may result in activation of DCK, preferential phosphorylation of Clo and Flu, 

and increased inclusion of these analogs into nascent DNA strands. The incorporation of 

nucleoside analogs into DNA strands triggers DNA damage responses including DNA repair 

and histone modifications. Modified histones cause chromatin remodeling and better 

accessibility of genomic DNA to Bu crosslinking, which propagates DNA damage responses 

and the cycle continues. The inability of cells to repair DNA damage triggers apoptosis.
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