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Abstract

Introduction—Sapacitabine is an orally bioavailable nucleoside analog prodrug that is in clinical
trials for hematologic malignancies and solid tumors. The active metabolite of sapacitabine,
CNDAC (2-C-cyano-2’-deoxy-1-B-D-arabino-pentofuranosylcytosine), exhibits the unique
mechanism of action of causing single-strand breaks (SSBs) after incorporation into DNA, which
are converted into double-strand breaks (DSBs) when cells enter a second S-phase. CNDAC-
induced DSBs are predominantly repaired through homologous recombination (HR). Cells
deficient in HR components are greatly sensitized to CNDAC. Therefore, sapacitabine could be
specifically effective against tumors that are deficient in this repair pathway.

Areas covered—This review summarizes results from supporting evidence for the mechanisms
of action of sapacitabine, its preclinical activities and the current results of clinical trials in a
variety of cancers. The novel action mechanism of sapacitabine is discussed, with a view to
validate it as a chemotherapeutic drug targeting malignancies with defects in HR.

Expert opinion—Knowledge of CNDAC mechanism identifies tumors that may be sensitized to
sapacitabine, thus enabling a personalized treatment strategy. It also creates the opportunity to
overcome resistance to current front-line therapies and identify synergistic interactions with
known anti-cancer drugs. The results of such investigations may provide rationales for the design
of sapacitabine-based clinical trials.
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1. Overview of sapacitabine and CNDAC

1.1 Nucleoside analogs

As a class of therapeutic agents, nucleoside analogs are more prevalent in the clinical
treatment of cancer and viral diseases than other structurally similar groups of drugs. It is
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remarkable, however, that nucleosides with closely related structures vary so broadly with
respect to cellular metabolic pathways and mechanisms of action (Table 1). Presumably
because of the structural differences among analogs, however small, enzymes that govern
DNA synthesis and metabolism exhibit different and largely unpredictable affinities for
these analogs. Variation is also observed for the spectrum of activity in experimental
chemotherapy screens of tumor-bearing mice. Most impressively, it is clear that nucleoside
analogs with closely related structures, that share metabolic pathways, and inhibit similar
target enzymes, still exhibit a diverse spectrum of anticancer activities in human tumor types
in the clinic.

Nucleoside analogs differ greatly in the means by which they cause cell death after they are
incorporated into DNA. Cytarabine, fludarabine, clofarabine, gemcitabine and nelarabine are
relatively poor substrates for DNA strand extension, causing DNA replication forks to stall.
Fludarabine, cladribine, clofarabine and gemcitabine also inhibit ribonucleotide reductase,
an action that alters the concentration ratio of normal deoxytriphosphates to the analogs,
increasing the likelihood for incorporation of the drug into DNA. Inhibition of thymidylate
synthase by 5-fluorouracil nucleotide blocks the de novo pathway of dTTP production
which inhibits DNA replication and repair. The nucleobases 6-thioguanine and 6-
mercaptopurine are converted to deoxy-nucleotides and incorporated into DNA where they
are recognized by the mismatch repair (MMR) sensors. This stimulates mismatch DNA
repair to conduct futile cycles resulting in toxic levels of damaged DNA. Once they are
incorporated into DNA, decitabine and azacitidine act through the epigenetic mechanism of
hypomethylation and re-expression of repressed genes. Pentostatin mimics a form of severe
combined immunodeficiency by inhibiting adenosine deaminase, which results in dATP
accumulation and an imbalance of dNTP pool. Fludarabine, azacitidine and 5-fluorouracil
may have RNA-directed mechanisms as well.

1.2 Structures and unique mechanism among nucleoside analogs

Matsuda et al. set out to design a nucleoside analog that would have a novel mechanism of
action after incorporation into DNA. CNDAC (2’-C-cyano-2’-deoxy-1-B-D-arabinc-
pentofuranosylcytosine) was conceptualized as a mechanism-based DNA self-strand
breaking nucleoside [1]. This analog is derivatized with a cyano group in the arabino
configuration at the 2-carbon of the sugar moiety of the nucleoside. It was hypothesized that
introduction of a cyano group at this position would act as a strong electron-withdrawing
moiety to increase the acidity of the 2"-a-proton (Figure 2). It was predicted that
phosphorylation of the 3”-hydroxyl group would alter the electronic configuration of the
nucleoside, and that this structure would be extremely unstable. This is the action that would
occur at the replication fork on addition of a deoxynucleotide to a 3’-terminal CNDAC
nucleotide in DNA. Thus, it was envisioned that addition of a deoxynucleotide by a DNA
polymerase to a CNDAC moiety in DNA would initiate such instability, causing a break in
the DNA strand without inhibiting replication fork progression. Specifically, Matsuda et a/.
[1] postulated that polymerization beyond a terminal CNDAC nucleotide in DNA would
lead to the cleavage of the 3-phosphodiester linkage by a B-elimination process that would
result in the rearrangement of the CNDAC molecule to form 2”-C-cyano-2”,3’-
didehydro-2",3"-dideoxycytidine (CNddC). This nucleoside is unique and therefore
represents the signature of this DNA self-strand breaking process. In addition, as CNddC
lacks a 3”-hydroxyl group, its presence at the 3’-terminus would function as a de facto DNA
chain terminator that would enforce the formation of a single-strand DNA break which
could not be repaired by ligation.

Several lines of experimental evidence support this hypothesis. Chemical ligation of the 3'-
hydroxyl group of CNDAC with /', /' -carbonyldiimidazole resulted in the production of
the signal product, CNddC [2]. Further, a chemically synthesized dinucleoside
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monophosphate of CNDAC-P-thymidine was shown to be very unstable under basic
conditions [3]. Extension of the CNDAC nucleotide in DNA with a primer extension assay
employing a bacterial DNA polymerase resulted in the formation of CNddC nucleotide at
the 3’-terminus of the primer [4]. Subsequently, Hanaoka et a/. [5] used high-pressure liquid
chromatography and mass spectrometry to demonstrate the presence of CNddC in
hydrolysates of DNA isolated from cells after CNDAC treatment, indicating that -
elimination occurs in intact cells. Finally, it was demonstrated that all detectable
[3H]CNddC was at the 3’-terminus, providing proof of the self-strand breaking action of
CNDAC nucleotide following incorporation into DNA [6]. Thus, the mechanism of action
of CNDAC (Figure 2) is distinct from other clinically active nucleosides.

To achieve oral bioavailability, CNDAC was derivatized with a palmitoyl group at the N*
exocyclic amine; this was designated as CS-682 by Sankyo Co., Ltd., Tokyo, Japan, the
original pharmaceutical sponsor [5,7]. The fatty acid side chain on the N4 group of the
cytosine moiety improves oral bioavailability and reduces inactivation by deamination.
Subsequently, after Cyclacel Pharmaceuticals, Berkeley Heights, NJ, USA, assumed clinical
development of the compound in 2003, this was re-designated initially as CYC-682, and
subsequently as sapacitabine (Box 1; Figure 1). Thus, all the names indicate the same
chemical entity, but identify the respective sources of compound.

Box 1
Drug summary
Drug name Sapacitabine
Phase Phase 111
Indication cancer
Pharmacology description DNA strand breaks
Route of administration Oral
Chemical structure N-(1-(2-Cyano-)2-deoxy-B-D-arabino-pentofuranosyl)- V4-palmitoylcytosine
P
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Pivotal trial(s) A Study of Oral Sapacitabine in Elderly Patients With Newly Diagnosed
Acute Myeloid Leukemia (SEAMLESS)
http://www.clinicaltrials.gov/ct2/show/NCT01303796?
term=sapacitabine&rank=2

Pharmaprojects — copyright to Citeline Drug Intelligence (an Informa business). Readers are referred to Pipeline
(http://informa-pipeline.citeline.com) and Citeline (http://informa.citeline.com).

1.3 Preclinical studies

As is the case with other deoxycytidine analogs, for example, ara-C, gemcitabine, studies in
cell lines demonstrated that CNDAC is phosphorylated to the monophosphate by
deoxycytidine Kinase [8], albeit with relatively poor efficiency compared with dCyd or the
other analogs [9]. Cells lacking this enzyme were greatly resistant to the analog. Also,
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CNDAC is a substrate for deamination by cytidine deaminase, which generates the inactive
uracil derivative CNDAU. The triphosphate accumulates in a concentration-dependent
manner [10], and competes with dCTP for incorporation into DNA [6].

CNDAC was demonstrated to have potent antitumor activity in preclinical studies. The
antiproliferative effects of CNDAC in terms of 1C5q values were more potent than those
observed with ara-C [1,11]. The analog showed broad-spectrum activity against tumor cell
lines [5,12] and also in the P388 leukemia mouse model [2]. CNDAC was more effective
than cytarabine in some human tumor cell lines derived from lung, stomach and
osteosarcoma and showed excellent activity against tumor cell lines refractory to cytarabine
[13]. However, the orally administered prodrug was more potent against human tumor
xenografts than CNDAC or 5-fluorouracil [5]. It was also effective against various human
organ tumor xenografts over a wider dose range and with fewer toxicities. CS-682 was also
effective against P388 human leukemia cells resistant to a variety of other agents including
mitomycin-C, vincristine, 5-fluorouracil and cisplatin in syngeneic mice [5]. Using high-
resolution magnetic imaging, Wu et a/. demonstrated that CS-682 delayed the growth of
orthotopically implanted AX3488 liver tumors, and also delayed their meta-static behavior
[14]. The metastatic behavior of an orthotopic model of pancreatic carcinoma was delayed
[15], and overall survival of the mice was prolonged by CS-682 [16]. A liposomal
formulation of CNDAC showed activity against Meth A sarcoma bearing mice when
injected intravenously [17]. The antitumor activity of the liposomally encapsulated
formulation was more potent than that of the parent drug CNDAC suggesting that the
liposomal preparation enhanced therapeutic efficacy while at the same time reducing
toxicity. Sapacitabine in combination with histone deacetylase inhibitors induced an increase
in apoptosis and demonstrated significant benefit compared with the single-agent treatments
both /n vitroand in xenografts of the MV4-11 myeloid leukemia [18].

1.4 Clinical trials

The encouraging activities in preclinical models provided rationale for clinical trials of the
bioavailable prodrug formulation. Two multicenter Phase I clinical trials of CS-682 in
patients with advanced solid tumors have been reported (Table 2). Two schedules of oral
administration were investigated, once daily for 5 days for 4 weeks [19] and once daily on
days 1, 3 and 5 for 4 weeks [20]. In the former trial, the drug was investigated in 47 patients
with 12 doses that ranged between 1.0 and 67 mg/m?2/dose. The dose-limiting toxicity was
neutropenia. No objective tumor responses were achieved although 11 patients experienced
stable disease. The recommended Phase 11 dose was 40 mg/m2/dose. In the second trial,
CS-682 was given three times per week for 4 consecutive weeks followed by a 2-week rest
period [20]. Eleven doses that ranged from 1.5 to 120 mg/m?/day were investigated.
Significant hematologic toxicities (mainly neutropenia) occurred at dose levels between 90
and 120 mg/m?/day. Six patients experienced stable disease. The recommended Phase |1
doses were schedule-dependent; 30 mg/m2/dose (daily times 5 days schedule) and 160 mg/
m?2/dose (every other day for 3 doses). Non-hematologic toxicities rarely exceeded grade 1
or 2 according to the NCI (National Cancer Institute) common toxicity criteria.

Each of these trials was complemented by extensive pharmacokinetic investigations. These
studies demonstrated the bio-availability of CS-682. Administered orally at the maximum
tolerated dose of 40 mg/m? on the daily times 5 days schedule, the peak plasma
concentration of 4.1 = 1.2 ng/ml (approximately 8 nM) was observed at 2.0 h [19]. The Cpax
of CNDAC of 27 + 14 ng/ml (approximately 93 nM) was achieved at 2.6 h. The inactive
deamination product CNDAU reach maximum plasma concentrations of 74 £ 33 ng/ml (254
nM) at 2.9 £ 1.1 h and was eliminated with a terminal half-life of 2.1 h. When administered
on the three times a week schedule at the maximal tolerated dose (MTD) of 160 mg/m?2/
dose, the peak CS-682 levels of 8.8 = 3.5 ng/ml (18 nM) were reached at 2.8 £ 1.4 h,
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whereas the maximum CNDAC concentration was 62.5 + 26.6 ng/ml (165 nM) after 2.7 +
1.4 h [20]. The CNDAU peak was 310 ng/ml (1065 nM) at 3.3 + 1.1 h. Thus, the
metabolism and pharmacokinetic characteristics CNDAC in blood achieved by oral
administration of CS-682 (sapacitabine) is similar to those of the clinically active cytosine
nucleoside analogs, cytarabine and gemcitabine, although metabolic clearance by
deamination occurred at a lesser rate.

A preliminary report of a Phase | study of sapacitabine in 22 patients with refractory solid
tumors or lymphoma on a schedule of twice a day administration for 14 days every 21 days
indicated a Phase Il dose of 30 mg/m2/dose [21]. Using a second formulation and flat
dosing, the recommended Phase 11 doses were 50 mg dose on the twice a day for 14 days
schedule (n = 7 patients) and 75 mg/dose on a twice a day for 7 days schedule (n =9
patients). Again, myelosuppression was dose limiting. Thirteen patients experienced stable
disease.

A formulation of the parent nucleoside CNDAC, designated as TAS-109 by Taiho
Pharmaceutical Co., Ltd., Tokyo, Japan, was evaluated in patients with refractory solid
tumors on continuous infusion schedules of either 14 days followed by 7 days of rest, or
over 7 days and then 7 rest days [22]. Fifteen patients were entered on the 14-day schedule
at three dose rates (2, 3 and 4 mg/m?/day). Myelosuppression was the dose-limiting toxicity
and the maximum tolerated dose was 2 mg/m2/day. Fourteen patients were treated at 3 and 4
mg/m2/day on the 7-day schedule. Again, myelosuppression was dose limiting; the MTD
was 3 mg/m?/dose. Stable disease was observed in several patients on each trial.
Pharmacokinetic studies demonstrated linear relationships between dose rate and both
steady-state CNDAC concentrations and the AUC (area under the curve) of the drug on the
14-day schedule. Steady-state CNDAC plasma concentrations at MTD doses were 2.1 ng/ml
(7 nM) and 3.26 ng/ml (11 nM) on the 14- and 7-day schedules, respectively.

Because of its unique mechanism of action, ease of administration, tolerability and its
defined dose-limiting toxicity of neutropenia in solid tumors, sapacitabine was an interesting
agent to investigate in leukemia. A Phase | trial of sapacitabine in 47 patients with relapsed/
refractory acute leukemia and myelodysplastic syndrome (MDS) resistant to cytarabine
therapy demonstrated clinical responses in this poor prognosis population [23] (Table 2).
Using flat dosing, sapacitabine was escalated in six dose levels from 75 to 375 mg twice
daily for 7 days (n = 35 patients) and from 375, 425 and 475 mg twice daily for 3 days on
days 1, 2, 3, 8,9 and 10 (n = 12 patients). The dose-limiting toxicities were gastrointestinal
symptoms in both schedules. The MTDs were 375 mg twice daily for 7 days and 425 mg
twice daily on the split schedule. The overall response rate and complete remission rate were
28 and 9%, respectively.

The activity of sapacitabine in MDS and acute myeloid leukemia (AML) is being defined
further in ongoing Phase 11 clinical trials in patients over 70 years of age with previously
untreated AML or after their first relapse, and in patients with MDS who are refractory to
hypomethylating agents. The study design is a three-arm randomized trial of sapacitabine
administered orally either (Arm A) at the flat dose of 200 mg twice a day for 7 days every 3
— 4 weeks, Arm B at a higher dose of 300 mg on the same schedule or Arm C at a flat dose
of 400 mg administered twice daily for 3 days/week for 2 weeks, every 3 — 4 weeks [24,25].
The most current report on the AML study indicates that 20 patients have been entered on
each arm. The overall response rates are 45, 25 and 35% for the respective schedules with
complete remission rates of 10, 10 and 25%, respectively. The MDS trial has entered 61
patients with overall response rates of 24, 35 and 10%, for the respective arms. Two
complete responses have been observed on Arm A [26]. These trials are continuing to
maturity.
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Trials of sapacitabine in combinations with established agents have recently been initiated.
A schedule alternating decitabine (20 mg/m2) daily for 5 days and sapacitabine (300 mg)
administered orally twice a day for 3 days/week for 2 weeks at 4-week intervals has been
evaluated in 21 previously untreated AML patients over age 70 years (median 76 years)
[27]. Three of the 16 patients with > 60 days of follow-up achieved complete remissions, 2
had partial remissions and 1 had hematological improvement.

These results demonstrate that the metabolic pathways observed in model systems are active
in humans, and that several schedules of CS-682/sapacitabine administered orally generate
plasma concentrations of the CNDAC that reduce clonogenicity in cell lines and primary
AML cells /n vitro [28]. Importantly, the initial clinical trials in hematologic malignancies
have demonstrated responses in patients who have failed prior treatment with cytarabine or
decitabine. Thus, cross-resistance among these drugs does not appear to be prevalent,
providing rationale for combination strategies.

2. CNDAC: mechanism of action

After incorporation of CNDAC triphosphate into the DNA, the p-elimination process results
in the formation of CNddC, a de facto DNA terminator at the 3"-end of a single-stranded
nick. This lesion, which is novel among nucleoside analogs, initiates subsequent responses
at both cellular and molecular levels.

2.1 Cell cycle effects

While many nucleoside analogs interfere with DNA replication causing an arrest of cell
cycle progression at the S-phase, the unique action of CNDAC is associated with an arrest in
the G2-phase in a wide range of cell lines [29]. Central to the DNA damage and repair
responses are sensors, in particular, the phosphatidylinositol 3-kinase-related protein kinase
family, which includes DNA-dependent protein kinase (DNA-PK), ataxia telangiectasia
mutated (ATM) and ATM- and Rad3-related protein (ATR). Multiple approaches have been
used to define the role of DNA damage sensors including genetically paired cell lines,
pharmacologic inhibitors and gene knockdown by siRNA. ATR and DNA-PK, but not
ATM, have been shown to be responsible for the G2 checkpoint activation by CNDAC [30].

It has been demonstrated that CNDAC activates the G2 checkpoint through the canonical
Chk1-Cdc25C-Cdk1/CyclinB1 signaling pathway. This G2 checkpoint can be abrogated by
inhibitors of Chk1 kinase, such as UCN-01 [29], CHIR-124 and CHIR-600 [31].
Dysregulation of the G2 checkpoint permits cell cycle progression through mitosis and
results in a transient arrest in the G1-phase before cells undergo apoptosis. However,
clinically relevant concentrations of CNDAC are less than those needed to induce cell cycle
arrest in model systems, although great enough to prevent minimal colony formation in cell
lines and primary AML cells [28]. Thus, G2 arrest is a cellular response to CNDAC-induced
DNA damage, but it does not necessarily provide survival advantage. These latter findings
stimulated a search for alternative mechanisms of CNDAC-induced cytotoxicity.

2.2 DNA damage repair mechanisms

CNddC, the rearranged analog generated in p-elimination process after CNDAC
incorporation, lacks a 3’-hydroxyl group. Therefore, it is not a substrate for repair by
ligation, nor can it be extended without processing to remove the chain-terminating analog.
This functionally poisons the repair process until CNddC is removed. CNDAC-induced
single-strand breaks (SSBs)/nicks, generated in DNA replication (first S-phase), can be
processed and converted into double-strand breaks (DSBs) when cells go through a second
S-phase [28]. Distinguished from the two-ended DSBs caused by other genotoxic agents,
such as y-irradiation and topoisomerase 1l inhibitors, CNDAC-induced DSBs are by nature
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one-ended at the collapsed replication fork (Figure 3). It has been revealed that distinct
repair mechanisms are involved in cellular responses to CNDAC-induced SSBs and DSBs.
They cooperate in maintenance of genetic integrity after CNDAC treatment, and therefore
could be potential drug resistance mechanisms.

2.2.1 Nucleotide excision repair—Excision of CNddC prior to addition of dCMP
would be required for sealing of the nick by ligation. Efforts have been focused on the
possible participation of the excision repair mechanisms that are responsible for repair of
other forms of DNA damage, namely base excision repair (BER), MMR and nucleotide
excision repair (NER). Using paired cell lines proficient or deficient in proteins involved in
these repair pathways, as well as pharmacological inhibitors, it was demonstrated that
deficiency in either BER or MMR has no effect on clonogenic survival of cells treated with
CNDAC [32]. By contrast, defect in the key NER endonuclease XPF, which forms a
complex with ERCC1 and acts on the 5” side of the lesion, renders cells four- to five-fold
more sensitive to CNDAC. Furthermore, it has been shown that transcription-coupled, but
not global-genome NER, is responsible for removal of CNddC at the 3"-end of the nick [32].
Thus, it is likely that this form of repair is initiated when a transcription complex encounters
the CNddC-terminated nick in the DNA sugar-phosphate backbone.

2.2.2 Homologous recombination—If not repaired, CNDAC-induced SSBs will be
transformed into more lethal DSBs during a subsequent round of DNA replication [28].
Mammalian cells have developed two major mechanisms for repairing DSBS, that is, non-
homologous end-joining (NHEJ) and homologous recombination (HR). The NHEJ pathway
is dependent on DNA-PK [33], where as HR is initiated by ATM [34,35]. lonizing radiation-
induced two-ended DSBs are repaired largely by the NHEJ mechanism. By contrast,
CNDAC-induced one-ended DSBs are repaired mainly through HR, as demonstrated by
clonogenic assays in HR proficient and defective cells, as well as biochemical and
cytogenetic evidence [28]. Deficiency in ATM, Rad51D (a paralog of Rad51) or either of
the two Rad51-interacting proteins, Xrcc3 and Brca2, sensitizes cells to CNDAC as much as
100-fold. Figure 4 summarizes cellular response to CNDAC actions and the roles of
important proteins in the repair pathways discussed above. In contrast to the mechanism of
G2 checkpoint activation, neither DNA-PK nor ATR is essential for clonogenic survival
after CNDAC. However, ATM and the HR components (including Rad51 and its associated
proteins, Xrcc3 and Brca2) are indispensible for survival. While the transcription-coupled
nucleotide excision repair (TC-NER) pathway functions in concert with HR, it plays a less
significant role, likely because the most challenging damage caused by CNDAC is DSBs.
The NHEJ pathway does not make a substantial contribution to repairing CNDAC-induced
DNA damage.

While HR makes a critical contribution to the repair of CNDAC-induced DNA damage,
other repair mechanisms may also participate. Recent studies have demonstrated the Fanconi
anemia (FA) pathway proteins which have been known for their role in interstrand crosslink
repair [36], also make key contributions to DSB repair as well as to aspects of cell cycle
regulation and replication fork stability [37,38].

3. Tumor candidates for sapacitabine treatment

Because HR is the major pathway for repair of CNDAC-induced DSBs, defects in this
pathway would be expected to result in significant sensitization to CNDAC. The
combination of genetic deficiencies with the drug’s unique action mechanism would create
synthetic lethal conditions in cancers. Therefore, tumors that are deficient in HR repair
function could be good candidates for sapacitabine therapy. Four components in the HR
pathway, namely ATM, Rad51, Xrcc3 and Brca2, have been shown to be critical for
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survival after CNDAC. Loss of or deficiency in any of these repair proteins leads to 20- to
100-fold sensitivity to CNDAC /n vitro [28]. We will discuss various malignancies with
known defects in HR and how sapacitabine-based chemotherapy may be personalized at the
bedside.

3.1 ATM-deficient cancers

ATM kinase, one of the PIKK family members, plays a critical role in DNA damage repair
and surveillance of genetic integrity. Loss of ATM function is linked with increased genetic
instability and cancer susceptibility. About 10% of ataxia telangiectasia (AT) homozygotes
develop cancer, mostly lymphoid malignancies [39]. In AT patients, B-cell non-Hodgkin’s
lymphoma (B-NHL) is the most frequent B-cell malignancy, whereas the frequency of T-
cell malignancy is estimated to be four- to fivefold greater than B-cell malignancy [40]. The
ATM gene is mapped to 11922.3 [41]. Loss of chromosome material in this region
frequently occurs in a range of sporadic malignancies. Deletion of the long arm of
chromosome 11 [del(11g22-23)] is a common chromosomal aberration observed in
hematologic malignancies. Detection of del(11922-23) in interphase cells by fluorescence in
situhybridization (FISH) (Figure 5) has become a routine test in hematopathology practice
[42]. Tumors with del (11g22-23) can be further characterized either by DNA sequencing or
ATM functionality assays in order to check if the second allele of ATM gene remains intact.
Frequently, the residual allele is mutated, which results in complete loss of ATM function
[43]. ATM non-functional malignancies are defective in HR, thereby becoming extremely
sensitive to CNDAC. Thus, this subgroup of cancer patients may be selected for
sapacitabine treatment.

3.1.1 Chronic lymphocytic leukemia—Chronic lymphocytic leukemia (CLL), the most
common leukemia in the western hemisphere, is characterized by remarkable clinical
heterogeneity. Del(11g22-23) is found in 10 — 20% of CLL patients, and has been identified
as a marker for poor prognosis [44]. CLL with 11q deletion can be divided into two
subgroups based on the integrity of the residual A7M allele: 64% with one intact ATM
allele (mono-allelic ATM defect, ATM functional) and 36% with mutation (biallelic ATM
defects, ATM non-functional). The latter CLL patients have defective responses to cytotoxic
chemotherapeutics /n vitro and a poorer clinical outcome [43]. Although remarkable
progress has been made in the treatment of CLL during the last decade [45], relapses remain
problematic and development of drug resistance is a major challenge in curing CLL.
Emerging information suggests that the prevalence of del(11g-22-23) is increased in patients
who fail to maintain their response to chemoimmunotherapy (Keating, personal
communication, 2011). The investigations by Austen ef a/. [43] indicate that the mutation
rate in the residual ATM allele may also increase following therapy. Thus, a substantial
subgroup of these patients may lack ATM function, predicting that they would selectively
benefit from sapacitabine therapy. Clinical investigations have recently been initiated to
evaluate these possibilities (Wierda, Clinical Trials.gov identifier: NTC01253460).

3.1.2 Mantle cell lymphoma—Mantle cell lymphoma (MCL) is a rare type of B-cell
lymphoma (6%), which is characterized by the chromosomal translocation t(11;14)
(913;g32) and consequent over-expression of cyclin D1 [46,47]. Importantly, del(11g22-23)
is of high frequency in MCL, detected in 46% (37 out of 81) of cases [48,49]. More recent
investigations [50,51] showed over 50% of MCLs with del(11g22-23) carry mutations in the
second ATM allele, which inactivates the P1-3 kinase domain or leads to truncated ATM
protein. In addition, biallelic ATM mutations were identified in MCLs without 11q deletions
[51]. This subtype of MCLs with somatic biallelic ATM mutations may benefit from
sapacitabine therapy.
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3.1.3 T-cell prolymphocytic leukemia—T-cell prolymphocytic leukemia (T-PLL) is a
rare aggressive mature T-cell leukemia, similar to the mature T-cell leukemia found in AT
patients, in which ATM inactivation is primarily by small deletions or insertions. Complete
or partial deletion of chromosome 11q is very common in sporadic T-PLL. In fact, both
ATM alleles can be disrupted by deletion and/or point mutation in T-PLL cases identified in
non-AT individuals [52]. T-PLL was the first sporadic lymphoid tumor in which ATM
inactivation was demonstrated [47]. The loss of function mutations in the remaining ATM
allele are mainly missense mutations in T-PLL, different from the mutation pattern in AT
[39]. Vorechovsky et al. reported about 50% sporadic T-PLLs (17 out of 32 cases) have
biallelic ATM mutations [53]. It is not clear whether constitutional AT heterozygosity is
associated with predisposition or susceptibility to T-PLL [39]. Similar to ATM-deficient
CLL and MCL, the T-PLL cohort with ATM inactivation could respond favorably to
sapacitabine.

3.1.4 T-cell acute lymphocytic leukemia—AT patients frequently develop T-cell acute
lymphocytic leukemia (T-ALL), but there is no evidence for somatic ATM mutation in
sporadic T-ALL [54]. Bradshaw et a/. examined 13 T-ALL samples and found one sample
harboring a deletion insertion with the RGYW motif at the breakpoint in ATM. This is the
first known deleterious mutation detected in ATM in T-ALL [55].

3.1.5 Non-small cell lung cancer—About 85 — 90% of lung cancers are non-small cell
lung cancer (NSCLC). Yang et al. [56] provided the first epidemiologic evidence that ATM
sequence variants associate with susceptibility to NSCLC. Further studies are warranted to
define how the risk-conferring variants might act through downregulating the functions of
ATM.

3.1.6 Head and neck cancer—Aii et al. reported that ATM promoter is hypermethylated
in 25% (total 100 cases) of squamous cell carcinoma of the head and neck, which accounts
for 80 — 90% of head and neck tumors [57]. Hypermethylation of the ATM promoter is
significantly correlated with poor prognosis [57]. Lee ef al. showed that lower ATM mRNA
expression is correlated with poor outcome of laryngeal and pharyngeal cancer patients [58].
Additional investigations are needed to determine the functionality of ATM in these tumors.

3.2 BRCA-deficient cancers

Two breast cancer susceptibility genes have been identified: the BRCAL gene is located on
chromosome 17p12-21 and BRCA2 on 13q12.3. Brcal and Brca2 proteins have multiple
biological functions, especially participation in a pathway (so-called ‘BRCA pathway”) [59]
mediating repair of DNA DSBs. Deleterious mutations in BRCAL/2 genes have been
detected in solid tumors (including breast, ovarian, prostate and pancreatic cancer), as well
as hematologic malignancies. Potential therapeutic benefit with sapacitabine is discussed
below.

3.2.1 Breast cancer—Breast cancer is a particular threat for women all over the world.
The incidence in American women is about 10%, resulting in more than 40,000 deaths every
year. About 5-10% breast cancer cases are hereditary, among which 30-50% are caused by
mutations in BRCA1 and BRCA2. Familial breast cancer is inherited in a dominant
autosomic manner [60]. Breast tumors from BRCAL mutation carriers are predominantly of
basal-like subtype, that is, triple-negative (negative for estrogen receptor, progesterone
receptor and HER?2) [61]. Triple-negative breast cancer (TNBC) is more prevalent in
premenopausal African-American women; occurs at an earlier age than other types of breast
cancer. BRCAL gene could be down-regulated in basal-like breast cancer via epigenetic
silencing (promoter methylation) or other mechanisms [62]. By contrast, tumors from
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BRCA2 mutation carriers are mostly of luminal subtype and have a high histological grade
[61]. Expression of Brca2, which is cell cycle dependent, is high in the thymus and testis and
relatively high in the mammary gland and ovary [63]. Male BRCA2 mutation carriers have
significantly increased risk for breast cancer, while cancer risk in male BRCA1 mutation
carrier is not as profound. Brcal has an integral function in HR [64], although its specific
role in repair of CNDAC-induced DNA damage remains to be defined. Thus, it is likely that
sapacitabine will benefit familial breast cancer patients, female or male, with BRCAL or
BRCAZ2 mutations.

3.2.2 Ovarian cancer—OQvarian cancer is the sixth most common cancer in women and
the second most common gynecologic malignancy across the world, with a death toll of
14,500 each year. Similar to breast cancer, about 7% of ovarian cancer cases are hereditary
due to mutations in BRCA1 and BRCA2 genes. Women with BRCAL mutations have a
higher risk of ovarian cancer (60% by age 70) than those with BRCA2 mutations [63].
Recent genomic analyses of 489 cases of advanced-stage, high-grade serous ovarian
carcinoma identified that 20% samples had either germline or somatic mutations in
BRCAL/2, and that additional 11% lost BRCA1 expression through DNA hypermethylation
[65]. While the implication for sapacitabine in the treatment of BRCA1-mutated ovarian
cancer needs to be determined, it is reasonable to predict the advantage of sapacitabine
therapy in ovarian cancers with BRCA2 mutations.

3.2.3 Prostate and pancreatic cancer—In addition to breast cancer, male BRCA1/2
mutation carriers have an increased risk for prostate and pancreatic cancer [66]. Prostate
cancer in male BRCA mutation carriers presents a more aggressive phenotype than the
matched control [67]. It is possible to expand the anticancer spectrum of sapacitabine to
male prostate and pancreatic cancer harboring BRCA mutations.

3.2.4 Hematologic malignancies—In addition to solid tumors, deficiencies in Brcal
and Brca?2 are also indicated in hematologic cancers [59]. Reduced expression of Brcal due
to promoter hypermethylation was reported to be frequent in AML with cytogenetic
abnormalities and in therapy-related AML [68]. Therefore, sapacitabine might be useful for
leukemia and lymphoma subtypes with deleterious BRCA mutations, in addition to those
with ATM inactivation.

3.2.5 Non-small cell lung cancer—NSCLC is the most prevalent malignancy
worldwide. It has been reported that expression level of BRCA1 mRNA is reduced in a
subgroup of NSCLC patients [69]. Recent study using immunohistochemistry-based
approach has verified that 11 — 19% of primary NSCLC specimens from two independent
cohorts (total 302 patients) are deficient in Brcal [70] although the genetic/epigenetic cause
has not been determined. The distribution of Brcal deficiency was more prevalent in non-
squamous NSCLC (34/130; 26.2%) than in the squamous subtype (15/172; 8.7%). These
Brcal-immunodeficient NSCLC patients could be considered for sapacitabine therapy.

3.3 Rad51-downregulated cancers

Rad51 is a key recombinase in HR repair of DSBs that interacts with both BRCA1 and
BRCA2. A single-nucleotide polymorphism (SNP) in the 5" untranslated region (UTR) of
RAD51 gene, 135G—C, affects RAD51 splicing within the 5° UTR, thereby altering
RADS51 expression [71]. This SNP has been identified as a modifier of breast cancer risk in
BRCA2 mutation carriers. Two independent studies suggest that 135G—C variant is
clinically correlated with increased risk of breast cancer in BRCA2 mutation carriers,
specifically in raising breast cancer risk at younger ages [71,72]. In hypoxic cancer cells,
Rad51 level is downregulated via transcriptional repression, as determined by analyses of
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RAD51 gene promoter activity and stabilities of MRNA and protein. This is not associated
with the cell cycle profile or with expression of hypoxia-inducible factor. HR capacity is
suppressed as a consequence of the hypoxia-mediated decrease in Rad51 expression [73].
More recently, increased expression of EZH2, a polycomb protein, has been linked to Rad51
down-regulation in hypoxic breast tumor initiating cells [74]. Rad51 mutated mouse is
embryonic lethal [75]. So far, there are no human cancers identified with Rad51 mutations.
Recent integrated genomic analyses revealed hypermethylation of RAD51C gene in 3% of
high-grade ovarian carcinoma samples [65]. Since cells lacking Rad51D are 50-fold more
sensitive to CNDAC in clonogenic survival assays [28], we speculate that CNDAC/
sapacitabine will have therapeutic benefits preferentially in tumors with altered Rad51 levels
under hypoxic conditions or due to polymorphism.

3.4 Xrcc3 and cancer

Xrec3 is recruited to DNA DSBs early and independent of Rad51 [76]. It interacts with
Rad51C, another Rad51 paralog [77], in addition to Rad51 and is required for assembly of
Rad51 complexes /n vivo [78]. XRCC3 and Rad51 cooperatively modulate the progression
of replication forks on damaged vertebrate chromosomes [79]. To date, no human disease
has been linked to inactivation of XRCC3 yet. A naturally occurring mutation (D213N) in
an ATP-binding domain of Xrcc3 ablates its function but does not cause cancer
susceptibility [80]. Polymorphisms in XRCC3 gene may be associated with increased cancer
risk. The correlation between Xrcc3 variant and cancer risk has been actively studied in
epidemiology. However, it remains controversial collectively based on statistical results
from various types of cancers [81-90].

3.5 Cancer with loss of PTEN

Phosphatase and tensin homolog (PTEN) has a nuclear function of transcriptionally
regulating RAD51 gene in addition to its well-known function of inhibiting the PI3K-Akt
pathway. PTEN null cells exhibit spontaneous DNA DSBs [91,92]. HR function could be
compromised due to loss of PTEN. For example, 36% of glioblastomas present homozygous
deletion in PTEN [93-95], which sensitizes them to agents that impact the BER pathway via
a conditional lethal mechanism [94]. Glioblastoma, which is often refractory to treatment
and has very poor survival rate, is one of the most common high-grade (aggressive)
astrocytomas. Recent genomic analyses of high-grade ovarian cancer reported 7% cases
with focal deletion or mutation in PTEN gene [65]. These subtypes of glioblastoma and
ovarian carcinoma with defective HR capacity due to PTEN loss might be responsive to
sapacitabine.

4. Conclusion

Sapacitabine has presented encouraging anticancer activity in both preclinical and clinical
investigations. In particular, recent clinical trials demonstrated its efficacy against
hematologic malignancies. Sapacitabine and its active metabolite, CNDAC, are
distinguished from other nucleoside analogs by the unique action mechanism of inducing
DNA strand breaks after incorporation into DNA. CNDAC-caused SSBs are transformed
into DSBs during a second cycle of DNA replication. In addition to TC-NER, this appears to
participate in repair of SSBs generated in the first replication, HR functions as the major
mechanism of repairing DSBs, the lethal form of DNA damage induced by CNDAC.
Dependence of cancer cells on the HR pathway to repair CNDAC-induced damage
generates the opportunity to preferentially kill tumors with deficiencies in HR function. We
hypothesize that a wide range of cancers that have defects in HR capability due to various
genetic traits, both hematologic malignancies and solid tumors, may be selectively sensitized
to sapacitabine therapy. We have suggested potential candidates for sapacitabine treatment,
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based on HR deficiency in these tumors. Future trials of sapacitabine-based individualized
chemotherapies could test this postulate.

5. Expert opinion

CNDAC and its prodrug, sapacitabine, are unique among nucleoside analogs due to the
DNA-strand-breaking mechanism of action. The past or ongoing preclinical and clinical
trials indicate that sapacitabine is a safe and promising chemotherapeutic drug for a range of
malignancies. The fact that repair of CNDAC-induced damage does not rely on p53 status
[28] suggests a broad spectrum of cancer types for sapacitabine therapy. The identification
of HR pathway as the major repair mechanism for CNDAC-induced DSBs has provided
rationale for clinical application of sapacitabine in HR defective tumors. Incidence of cancer
with gene alterations in HR components could be very significant. For example,
approximately 50% of high-grade serous ovarian cancer has been demonstrated to have
altered HR genes, including BRCA1/2, PTEN, Rad51C and the FA core complex [65].

We have speculated that cancers with deficiency in ATM and BRCAZ1/2 or downregulation
of Rad51 and its interacting proteins are good candidates for sapacitabine therapy. This
hypothesis is being tested in a clinical trial of the combination of sapacitabine—cytoxan—
rituximab (SCR) for CLL patients with del(11g22-23), substituting fludarabine with
sapacitabine in order to overcome resistance to the front-line fludarabine—cytoxan-rituximab
(FCR) regimen (Weirda, ClinicalTrials.gov identifier: NCT01253460). This type of research
and trials have the potential to direct use of sapacitabine toward personalized treatment for
cancer subtypes bearing defects in HR repair mechanism. This strategy matches a genetic
lesion in DNA repair to the drug mechanism to generate a tumor-specific therapeutic action.
The sapacitabine-induced lesion is not a substrate for BER, a mechanistic feature that
distinguishes the synthetic lethal condition created by sapacitabine in ATM-deficient CLL
from that created by PARP (poly ADP ribose polymerase) inhibition and a genetic lesion in
a second DNA repair pathway [96].

Knowledge of the unique mechanism of action of CNDAC creates the opportunity to
identify synergistic interactions with known anticancer drugs. Clonogenic assays have been
used to study combinations of CNDAC with agents targeting the BER (temozolomide and
PARP inhibitor), NER (bendamustine, 4-hydroperoxycyclophosphamide and platinum-
based drugs) as well as HR pathway (ATM inhibitor and imatinib), and these combinations
presented either synergistic or additive effects [97] (Liu ef a/., unpublished data). The results
of such investigations may be used to guide the design of clinical trials, and to indicate
appropriate biomarkers as end points to be evaluated for validation of the postulated
interactions.
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Article highlights

Sapacitabine and its active metabolite, CNDAC, are distinguished among
nucleoside analogs by the unique action mechanism of inducing a DNA single-
strand break (SSBs) after incorporation into DNA. Double-strand breaks
(DSBs), regarded as the lethal form of DNA damage, are subsequently
generated during a second cycle of DNA replication.

Transcription-coupled nucleotide excision repair (TC-NER) participates in
repair of CNDAC-induced SSBs, while homologous recombination (HR) plays
a major role in repairing DSBS, as evidenced by sensitization of cells bearing
defects in components of these pathways. The two DNA repair pathways work
in concert in cellular responses to CNDAC, and are potential resistance
mechanisms.

The dependency of cancer cells on the HR pathway to repair sapacitabine or
CNDAC-induced DNA damage creates the opportunity to preferentially
sensitize tumors with deficiency in HR function, providing a basis for targeted
therapy in subgroups of cancer patients.

A wide range of hematologic malignancies and solid tumors that have defects in
HR capability due to various genetic traits may be selectively targeted by
sapacitabine-containing therapy. Potential candidates for sapacitabine treatment
are discussed.

The authors hypothesize that cancers with deficiencies in ATM and BRCA1/2
or downregulation of Rad51 and its interacting proteins are attractive candidates
for sapacitabine therapy. This postulate could be tested with sapacitabine-
containing clinical trials.
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Structures of 2”-deoxycytidine, CNDAC and sapacitabine.
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Figure2.
Mechanism of DNA self-strand breaking by CNDAC nucleotide after incorporation.
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Figure 3.
Conversion of CNDAC-induced single-strand break into double-strand break after a second
DNA replication.
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A model for DNA repair proteins in response to sapacitabine/CNDAC-induced DNA

damage.
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Diversity of mechanisms of action and clinical activities of nucleoside and nucleobase analogs.

Table 1

Predominant mechanism Drug Clinical activity
Inhibition of DNA replication Cytarabine AML
Nelarabine T-ALL
Inhibition of ribonucleotide reductase & DNA replication  Fludarabine B-cell malignancies, AML
Cladribine Hairy cell leukemia
Gemcitabine Solid tumor
Clofarabine AML, ALL
Activation of DNA MMR to futile cycling 6-Thioguanine ALL, AML
6-Mercaptopurine ALL
Block thymidylate synthase 5-Fluorouracil Solid tumors
Epigenetic modification Azacitidine MDS
Decitabine MDS

Mimic genetic syndromes

RNA incorporation may have a role

DNA strand breaks

Pentostatin

Fludarabine

Azacitidine

Sapacitabine/CNDAC

Hairy cell leukemia
B-cell malignancies
B-cell malignancies
MDS

AML, MDS, etc.

Page 25

AML: Acute myeloid leukemia; CNDAC: 2’-C-cyano-2’-deoxy-1-B-D-arabino-pentofuranosylcytosine; MDS: Myelodysplastic syndrome; MMR:

mismatch repair; T-ALL: T-cell acute lymphocytic leukemia.
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