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Abstract

CNDAC (2’-C-cyano-2’-deoxy-1-β-D-arabino-pentofuranosyl-cytosine, DFP10917) and its orally 

bioavailable prodrug, sapacitabine, are undergoing clinical trials for hematological malignancies 

and solid tumors. The unique action mechanism of inducing DNA strand breaks distinguishes 

CNDAC from other deoxycytidine analogs. To optimize the clinical potentials of CNDAC, we 

explored multiple strategies combining CNDAC with chemotherapeutic agents targeting distinct 

DNA damage repair pathways that are currently in clinical use. The ability of each agent to 

decrease proliferative potential, determined by clonogenic assays, was determined in paired cell 

lines proficient and deficient in certain DNA repair proteins. Subsequently each agent was used in 

combination with CNDAC at fixed concentration ratios. The clonogenicity was quantitated by 

median effect analysis, and a combination index was calculated. The c-Abl kinase inhibitor, 

imatinib, had synergy with CNDAC in HCT116 cells, regardless of p53 status. Inhibitors of 

PARP1 that interfere with homologous recombination (HR) repair or base excision repair (BER) 

and agents such as temozolomide that cause DNA damage repaired by the BER pathway were also 

synergistic with CNDAC. The toxicity of the nitrogen mustards, bendamustine and cytoxan, or of 

platinum compounds, which generate DNA adducts repaired by nucleotide excision repair and 

HR, was additive with CNDAC. An additive cell killing was also achieved by the combination of 

CNDAC with taxane mitotic inhibitors (paclitaxel and docetaxel). At concentrations which allow 

survival of the majority of wild type cells, the synergistic or additive combination effects were 

selective in HR-deficient cells. This study provides mechanistic rationales for combining CNDAC 

with other active drugs.

Keywords

sapacitabine; homologous recombination; synthetic lethality; clonogenicity

#Corresponding author. Department of Experimental Therapeutics, The Univ. of Texas M. D. Anderson Cancer Center, Houston, TX 
77030. Tel.: 713-792-3335, wplunket@mdanderson.org. 

Disclosure of Potential Conflict of Interest
The authors have no potential conflict of interest to disclose.

HHS Public Access
Author manuscript
Mol Cancer Ther. Author manuscript; available in PMC 2017 April 01.

Published in final edited form as:
Mol Cancer Ther. 2016 October ; 15(10): 2302–2313. doi:10.1158/1535-7163.MCT-15-0801.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Introduction

Sapacitabine is an orally bioavailable prodrug of the deoxycytidine analog, CNDAC (2’-C-

cyano-2’-deoxy-1-β-D-arabino-pentofuranosyl-cytosine). Sapacitabine has shown activity in 

AML and MDS (1, 2) and is currently in Phase III trial for older AML patients 

(www.clinicaltrials.gov identifier NCT01303796) and a Phase II trial for relapsed CLL/SLL 

with 11q22-23 deletion (NCT01253460). The parent nucleoside, CNDAC, formulated for 

parenteral infusion as DFP-10917, is in a Phase I/II trial for AML and ALL (NCT01702155) 

(3).

After being phosphorylated in vivo, CNDAC induces DNA damage by incorporation into 

replicating DNA with the subsequent formation of nicks through a β-elimination process 

that generates a 2’, 3’-dideoxy analog at the 3’-terminus which is not a substrate for ligation 

(4). These CNDAC-induced single-strand breaks (SSBs) may be repaired by a transcription-

coupled nucleotide excision repair mechanism (5). Unrepaired SSBs can be converted into 

double-strand breaks (DSBs) when cells go through a second S-phase. The potentially lethal 

DSBs, resulting from unresolved SSBs, are repaired mainly by the homologous 

recombination (HR) pathway (6). We have demonstrated that deficiency in HR components, 

including ATM, RAD51, XRCC3, BRCA2, confer sensitivity to CNDAC. Preliminary 

studies reporting hypersensitivity of colon cancer cells lacking BRCA1 or BRCA2 to 

CNDAC (7) are in agreement with our findings.

CNDAC is distinguished from other structurally related nucleoside analogs (cytarabine, 

decitabine and gemcitabine) in its unique mechanism of action. To better understand and 

prepare for the next-step clinical applications, we exploited combination strategies of 

CNDAC with chemotherapeutic agents targeting different DNA repair pathways. Most of 

these agents are already in clinical use as first-line therapies. Imatinib, the first tyrosine-

kinase inhibitor for the treatment of Ph+ CML as well as a number of other malignancies, 

inhibits the activity of c-Abl kinase in addition to the CML pathogenic Bcr-Abl kinase 

resulting from the t (9;22) translocation. c-Abl, activated by ATM kinase (8, 9), amplifies the 

DNA damage response in HR pathway. Inhibition of poly-(ADP-ribose) polymerase 

(PARP1), which facilitates gap filling in the BER pathway as well as increased activity of 

HR (10, 11), has shown promising therapeutic advantage in tumors deficient in HR function. 

Temozolomide, an oral alkylating agent used for brain tumors and melanoma, induces DNA 

lesions that are repaired in part by the base excision repair (BER) pathway (12, 13). 

Bendamustine and cytoxan, nitrogen mustards with wide-spread usage in solid tumors and 

hematologic malignancies, form bulky adducts repaired by the NER pathway (14). Adducts 

that escape this level of repair are capable of generating interstrand DNA cross links, which 

require HR repair. Cisplatin and oxaliplatin initially cause DNA mono-adducts and intra-

strand crosslinks that are repaired by NER (15, 16), but the most toxic lesions are inter-

strand crosslinks that are repaired by the Fanconi anemia and HR pathways (17–19). The 

last class of chemotherapeutic drug investigated in this study is the taxanes, which include 

paclitaxel and docetaxel. These “mitotic inhibitors” act by stabilizing tubulin and disrupting 

microtubule function, thereby inhibiting cell division (20).
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Our investigations demonstrate that drugs that directly affect DSB repair (imatinib and 

inhibitors of PARP1) or which rely upon aspects of DSB repair (temozolomide), are 

synergistic with CNDAC. Combinations of CNDAC with agents that cause bulky adducts 

and crosslink DNA (platinum compounds or nitrogen mustards) or that affect the mitotic 

spindle (taxanes) produced loss of clonogenicity that were additive with that of CNDAC. In 

all cases, cells that were deficient in HR were selectively sensitized relative to those with 

normal repair capabilities. Considerations of the mechanisms that enable these positive 

interactions identify future paths of research and clinical opportunities.

Materials and Methods

Materials

Imatinib, temozolomide, bendamustine, cisplatin, oxaliplatin, paclitaxel, docetaxel, veliparib 

(ABT-888) and talazoparib (BMN 673) were purchased from Selleck Chemicals. Olaparib 

(AZD2281, KU-0059436) and CO-338 (PF-01367338-BW, rucaparib camsylate salt) were 

obtained from AstraZeneca and Clovis Oncology through MTAs, respectively. 4-HC was 

kindly provided by Drs. Michael Colvin and Susan Ludeman (Duke University, NC). 

Structures of PARP1 inhibitors used are shown in Suppl. Fig. 1.

Cell lines

The Chinese hamster ovary cell line AA8 (designated as WT1) and Chinese hamster lung 

cell line V79-4 (designated as WT2) were from ATCC (Manassas, VA). The AA8-derived 

mutant of XRCC3 (irs1SF) and the V79-derived mutant of BRCA2 (V-C8) were provided by 

Dr. Randy Legerski (M.D. Anderson Cancer Center, Houston, TX). 1SFwt8 (irs1SF 

complemented with human XRCC3 cDNA), 51D1 (RAD51D knockout line) and 51D1.3 

(RAD51D complemented line) were gifts from Dr. Larry Thompson (Lawrence Livermore 

National Laboratory, Livermore, CA). All the above hamster cell lines, obtained in 2008 – 

2010, were maintained in α-MEM supplemented with 10% fetal bovine serum (FBS) and 

Glutamax. In 2013, Dr. Wouter Wiegant (The Leiden University Medical Center, Leiden, 

Netherlands) also kindly provided hamster lung cell lines, V79 (designated as WT3) and 

paired V-C8 (BRCA2), which were maintained in Ham’s F-10 medium containing FBS 

(10%) and Glutamax. Colon carcinoma cell lines with wild type or knock-out p53 (HCT116 

p53+/+ and p53−/−) were provided by Dr. Bert Vogelstein (Johns Hopkins Medical School, 

MD) in 2007, and were cultured in McCoy’s 5A with 10% FBS. HeLa RAD51C knockout 

line created by CRISPR technology and the RAD51C wild-type control line were obtained 

from Dr. Junjie Chen (M.D. Anderson Cancer Center, Houston, TX) in 2015, and were 

grown in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum 

(FBS) and Glutamax. All cells were free of mycoplasma, as certified by Characterized Cell 

Line Core Facility at MDACC using the MycoAlert kit from Lonza (Switzerland). All 

hamster cell lines were functionally validated by clonogenic sensitivity to mitomycin C (21). 

STR DNA fingerprinting was used to authenticate human cell lines by the Characterized 

Cell Line Core at MDACC. Frozen aliquots of cells were used within 6 months of thawing.
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Clonogenic assay

Attached cells were seeded in 6-well plates one day before cells were exposed to a range of 

concentrations of drugs for 24 hr. After washing into drug-free medium, cells were 

incubated for 3 to 8 days depending on growth rate of the particular cell line, and colonies 

(containing 50 or more cells) in triplicate wells were counted electronically (GelCount, 

Oxford Optronix, Oxford, UK).

Statistical analysis

Clonogenicity curves were plotted and IC50 values of single agents were calculated using the 

GraphPad Prism6 software (GraphPad Software, Inc. San Diego, CA) based on 

clonogenicity rates in triplicate.

Median-effect analysis of drug combinations

The sensitivity of individual cell lines to each single agent was determined as a basis for 

choosing fixed molar ratios of two agents to be combined (Suppl. Fig. 1–6). Clonogenicity 

of cells following treatment with two agents combined in fixed molar ratios over a range of 

concentrations for each agent that achieve 10% to 90% inhibition alone was analyzed by the 

median-effect method (22, 23) using the CalcuSyn software (Biosoft, Ferguson, MO). The 

calculated combination index (CI) <1, =1 and >1 indicate being synergistic, additive and 

antagonist, respectively. The dose-reduction index (DRI), calculated for a 90% decrease in 

clonogenicity, signifies when used in combination the fold dose-reduction for each drug to 

achieve a given lethal effect.

Results

Imatinib and CNDAC are synergistic regardless of p53 status

ATM-dependent homologous recombination is the major pathway to repair CNDAC-induced 

DNA double strand breaks (6), and cells lacking HR components are significantly sensitized 

to CNDAC. RAD51 recombinase, a key component of HR, forms filaments along 3’-

overhanging single-stranded DNA and catalyzes annealing of resected DNA ends to 

homologous DNA sequences (24, 25). Because RAD51 is phosphorylated and activated by 

the c-Abl kinase in vitro (26), we hypothesized that inhibition of c-Abl by imatinib might 

down-regulate RAD51 activity and thereby suppress HR function. If this is the case, then 

imatinib may potentiate CNDAC toxicity. We studied the interaction between imatinib and 

CNDAC in human colon cancer cells and extended this to isogenic lines with wild-type p53 

and knocked-out p53. p53 knockout cells were no more sensitive to imatinib or CNDAC 

alone compared to the wild type (Fig. 1A, Suppl. Fig. 2A and 2B). The IC50 values of 

imatinib and CNDAC in HCT116 cells are greater than 14 µM and 0.2–0.3 µM, respectively 

(Suppl. Fig. 1C). When these isogenic cells were exposed to the imatinib-CNDAC 

combination at fixed ratios (200:1 for Exp. 1, 50:1 for Exp. 2 and Exp. 3), loss of 

clonogenicity was greater than additive (Fig. 1B). Median effect analysis of the combination 

demonstrated that CI values of both lines were less than 1 in three independent experiments 

(Fig. 1C), indicating a synergistic interaction of these two agents. There was no significant 

difference between p53+/+ and p53−/− cells, indicating that the synergy between imatinib and 
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CNDAC is independent of p53 status. The DRI values indicate that the same effect of either 

drug alone may be achieved at lesser concentrations in the presence of the second drug. In 

addition, c-Abl activity was equally inhibited by imatinib (50% inhibition at 7 – 8 µM, 70% 

- 75% inhibition at 40 µM) in both p53+/+ and p53−/− cells (Suppl. Fig. 2D).

CNDAC interacts synergistically with PARP1 inhibitors

PARP1 inhibitors target poly(ADP-ribose) polymerase 1, which is crucial for SSB repair by 

the base excision repair pathway and for repair of DSBs by either non-homologous end-

joining or homologous recombination pathways, respectively. The actions of CNDAC have 

been shown to be independent of the BER proteins DNA polymerase β and Xrcc1, and cells 

lacking the NHEJ proteins DNA-PKcs and Ku-80 are not sensitized to CNDAC (6). Thus, 

interactions between CNDAC and PARP1 inhibitors are likely due to the actions of PARP1 

inhibitors on HR (10, 11). Therefore we hypothesized that combination of CNDAC with a 

PARP1 inhibitor will create a synthetic lethal condition in HR-defective cells. To test this 

postulate we compared the sensitivity of paired BRCA2 lines to three PARP1 inhibitors, 

veliparib, olaparib and rucaparib. Rucaparib was shown to be the most potent agent among 

the three in sensitizing BRCA2 deficient cells (>2400-fold more sensitive than wild type), 

olaparib was less so (>400-fold) and veliparib was the least potent (>300-fold) (Suppl. Fig. 

3A and 3D), consistent with earlier reports (27). Moreover, cells lacking XRCC3 were 

significantly more sensitive to olaparib compared to parental cells (>500-fold) but 

clonogenicity of cells lacking the NER component, XPF was minimally decreased (∼4-fold) 

(Suppl. Fig. 3C). Comparison of the lethality of PARP1 inhibition for 24 hr relative to 

prolonged incubation demonstrated that the potency of inhibition was increased 50-fold by 

continuous exposure (IC50 = 4 nM vs 200 nM) (Suppl. Fig. 3B).

Combination of olaparib and CNDAC at a ratio of 1:1 (Exp. 1) or 1.3:1 (Exp. 2) achieved 

CI<1, indicating synergy in BRCA2 deficient cells (Fig. 2A). The olaparib-CNDAC 

combination in XRCC3 deficient cells (ratio 6.25:1 for both Exp. 1 and 2, Fig. 2B) and 

RAD51D deficient cells (ratio 1.2:1 for both Exp. 1 and 2, Fig. 2C) also achieved CI<1, 

suggesting this synergistic effect is common in HR defective cells. The concentrations of 

both agents tested were too low to kill the wild type cells, demonstrating aselectivity for the 

mutants. Similar to the olaparib-CNDAC combination, rucaparib and CNDAC (at nM 

concentration range) combined at a ratio of 1:1.2 (Exp. 1) or 1:3 (Exp. 2) was also 

synergistic with CI<1 in BRCA2 defective cells (Fig. 2D). However, this combination was 

also effective in the wild type cells (Fig. 2E), although at a higher concentration (µM) range 

of both rucaparib and CNDAC (25:1 for both Exp. 1 and 2, CI<1), suggesting selectivity is 

lost at greater concentrations.

In addition, HeLa RAD51C knockout cells have been shown to be sensitive to a newer and 

more potent PARP1 inhibitor, talazoparib (Suppl. Fig. 3E). Combination of talazoparib and 

CNDAC at fixed ratios presented synergy (CI<1) in both RAD51C deficient (ratio 1:125, at 

lower nM range, Fig. 2F) and proficient HeLa cells (ratio 1:50, at higher nM range, Fig. 2G). 

Thus, combinations of olaparib, rucaparib or talazoparib with CNDAC clearly demonstrated 

a synergistic interaction between PARP1 inhibitors and CNDAC in HR deficient cells. 
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Although synergy with CNDAC is consistent or comparable to HR deficient cells, selectivity 

is lost at the higher rucaparib or talazoparib concentrations.

Temozolomide and CNDAC have synergy in HR defective cells

Temozolomide (TMZ) methylates DNA most often at the O6 or N7 positions of the guanine 

residues which cause mutations associated with tumorigenesis. The O6-MeG lesion can be 

recognized and directly repaired by O6-methylguanine-DNA-methyltranferase (28, 29), 

whereas N7-MeG, the major form of lesions, is recognized by methylpurine-DNA 

glycosylase and repaired via the BER pathway (12). We found that cells deficient in the HR 

proteins XRCC3 or RAD51D were more sensitive to TMZ (IC50 values 2.2 – 2.9 µM) 

relative to XRCC3 or RAD51D complemented cells (IC50 >>10 µM, Suppl. Fig. 3). This 

suggests that HR may be responsible, in part, for repair of DNA damage caused by TMZ, 

presumably due to DSBs arising from SSBs unrepaired by BER. The combination of TMZ 

and CNDAC at a fixed ratio of 600:1 indicated a dose response that was highly selective in 

XRCC3 deficient cells with respect to the parental and complemented lines (Fig. 3A). The 

results of median effect analysis (CI= 0.8–0.9) suggested a synergy (Fig. 3B). Similarly, the 

TMZ-CNDAC combination (ratio 350:1) in RAD51D defective cells was also selective (Fig. 

3C) and indicative of synergy (CI ∼0.8) (Fig. 3D). In addition, selectivity and synergy of 

TMZ-CNDAC combination (ratio 1200:1) was also observed in BRCA2 deficient cells (Fig. 

3E and 3F). Thus, TMZ and CNDAC have synergy in HR defective cells at concentrations 

insufficient to kill the wild type, XRCC3 or RAD51D complemented lines (Fig. 3A, 3C and 

3E; Suppl. Fig. 4).

Both bendamustine and 4-hydroperoxycyclophosphamide have an additive effect with 
CNDAC in HR-deficient cells

Bendamustine and 4-HC are nitrogen mustards, which form mono-adducts on DNA, 

activating the NER pathway. Notably, our preliminary studies demonstrated that cells 

defective in XPF, a key component of both NER and repair of interstrand crosslinks, were 

88-fold more sensitive to 4-HC than the wild type (Suppl. Fig. 5B). Those adducts that are 

not repaired have the potential to form interstrand crosslinks. Although NER is the primary 

pathway for repair of damage due to bendamustine and 4-HC, HR has an important role in 

repairing secondary damage caused by these agents. For example, RAD51D deficiency 

rendered 12- and 13-fold sensitivity to bendamustine relative to RAD51-complemented cells 

and wild type cells. Deficiency in XRCC3 conferred 19-fold and 45-fold sensitivity to 

bendamustine relative to XRCC3 complemented and parental cells, respectively (Suppl. Fig. 

5A). Similar to bendamustine, 4-HC sensitized RAD51D and XRCC3 deficient cells by 

approximately 50-fold compared to parental cells, whereas BRCA2 deficient cells were 20-

fold more sensitive to 4-HC than the wild type (Suppl. Fig. 5B).

Bendamustine-CNDAC combination at molar ratio of 1000:1 resulted in CI ∼1 in both 

XRCC3 deficient (Fig. 4A) and RAD51D deficient cells (Fig. 4B). The combination of 4-

HC and CNDAC led to CI ∼1 in both BRCA2 (ratio 4:1, Fig. 4C) and XRCC3 deficient cells 

(ratio 16:1, Fig. 4D). These results show that agents that cause lesions that are initially 

repaired by NER are additive to the action of CNDAC in HR-defective cells. All the 
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concentrations tested in the above experiments were non-toxic to the wild type or 

complemented cell lines.

Combination of CNDAC with platinum compounds presents additive actions

Cisplatin is a front-line therapy for several solid tumors. Oxaliplatin is used in combination 

strategies for both solid tumors and hematological malignancies. Both drugs act by intra- 

and inter-strand crosslinks in DNA. Preliminary investigations with single agents determined 

that BRCA2 deficient cells were 24- and 11-fold more sensitive to cisplatin and oxaliplatin, 

respectively, relative to wild type cells (Suppl. Fig. 6A). Furthermore, wild type cells were 

78-, 39- and 55-fold more resistant to cisplatin than cells lacking XPF, RAD51D and 

XRCC3, respectively. Similarly, cells defective in XPF, RAD51D and XRCC3 were 29-, 13- 

and 8-fold more sensitive to oxaliplatin compared to parental cells (Suppl. Fig. 6B). 

Therefore, while NER is the initial and primary DNA repair pathway that acts on platinum 

adducts, HR also participates in the repair processes, presumably in resolving inter-strand 

crosslinks. The combination of cisplatin and CNDAC (ratio: 7:1, 6:1 and 6:1, respectively) 

resulted in CI ∼1, <1 and ∼1 in BRCA2-, RAD51D- and XRCC3-deficient cells, 

respectively (Fig. 5A, 5B and 5C, upper left panels). Replacement of cisplatin with 

oxaliplatin in the combination also achieved CI values ∼1 in the above deficient cell lines at 

oxaliplatin-CNDAC (ratio: 12:1, 25:1 and 4:1, respectively; Fig. 5A, 5B and 5C, upper right 

panels). These results demonstrate additive interaction between cisplatin or oxaliplatin and 

CNDAC at concentrations that were not toxic to HR proficient cells. Therefore, we 

combined cisplatin or oxaliplatin and CNDAC in greater concentration ranges to study if the 

additive effect applies to wild type cells as well. The cisplatin-CNDAC combination at ratios 

of 9:1 and 9:2 led to CI ∼ 1 in V79-4 and AA8 lines, respectively, while the oxaliplatin-

CNDAC combination at 7:1 ratio (Fig. 5D and 5E) also confirmed that the combination 

effect of platinum compounds and CNDAC is additive in both HR-proficient and deficient 

cells.

Taxane agents and CNDAC have additive effect in cells lacking HR function

Paclitaxel and docetaxel are well-established tubulin-directed agents used against multiple 

cancer types. Because they impact specifically on mitosis, it is not a surprise that neither 

RAD51D nor BRCA2 deficient cells were significantly sensitive to these two agents relative 

to proficient cells (Suppl. Tab. 1). However, the paclitaxel-CNDAC (15:1) and docetaxel-

CNDAC (5:1) combinations both achieved CI <= 1 in cells lacking RAD51D (Fig. 6A). 

Paclitaxel-CNDAC (3:10) and docetaxel-CNDAC (1:10) combinations achieved CI <= 1 and 

CI >1, respectively, in cells complemented with RAD51D (Fig. 6B). The concentrations of 

paclitaxel and docetaxel were in the same range for both cell lines. In contrast, the 

concentrations of CNDAC required to achieve a similar cell killing effect were 50-fold 

greater in RAD51D repleted than deficient cells (6). The interaction between taxane agent 

and CNDAC was also investigated in cells lacking BRCA2 and the wild type. Paclitaxel-

CNDAC (ratios 10:1 for Exp. 1 and 7:2 for Exp. 2) and docetaxel-CNDAC (ratios 20:3 for 

Exp. 1 and 3:2 for Exp. 2) combinations both resulted in CI ∼1 in BRCA2 deficient cells 

(Fig. 6C). Paclitaxel-CNDAC (ratios 1:5 for Exp. 1 and 1:6 for Exp. 2) and docetaxel-

CNDAC (ratios 1:6 for Exp. 1 and 1:20 for Exp. 2) combinations also led to CI >=1 in wild 

type cells (Fig. 6D). Again the concentrations of paclitaxel and docetaxel were similar for 
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both cell lines. By contrast, the concentrations of CNDAC required to achieve similar cell 

killing effect were 20-fold greater in the wild type than BRCA2 deficient cells (6). Together, 

these results demonstrated an additive effect of taxanes and CNDAC in HR defective cells 

and proficient cells as well. This effect is selective in HR deficient cells at lower 

concentrations of CNDAC that allow survival of wild type cells.

Discussion

The increased DNA mutation rates that cause genome instability are a hallmark of cancer 

cells that allow them to generate resistance to single therapeutic agents. Given this 

limitation, combination chemotherapy has been the most effective approach to 

circumventing the emergence of resistance as well as affecting deeper responses. CNDAC 

has a novel mechanism of action that results in chemically defined, repair resistant SSBs, 

which are metabolized to DSBs upon DNA replication. Earlier work demonstrated that HR 

is principally responsible for the repair of this damage (6) with transcription-coupled 

nucleotide excision repair having a lesser role (5). In contrast, lack of either non-

homologous end-joining, base excision repair or nucleotide mismatch repair had negligible 

effects on the sensitivity of cells to CNDAC (5, 30). Looking forward to the further 

development of CNDAC, this investigation sought to identify drugs that have the most 

advantageous level of cell killing activity when applied in combinations with CNDAC.

Taking advantage of colony formation assays and median-effect analyses, we evaluated the 

combinational effects of CNDAC with a wide spectrum of chemotherapeutic agents 

affecting different DNA repair pathways and targets. Drugs that affect DSB repair (imatinib 

and inhibitors of PARP1) or which may rely upon DSB repair (temozolomide), were 

synergistic with CNDAC. Combinations of CNDAC with agents that cause bulky adducts to 

DNA (platinum compounds or nitrogen mustards) or that affect the mitotic spindle (taxanes) 

produced loss of clonogenicity that was additive with that of CNDAC. In all cases, cells that 

were deficient in HR were selectively sensitized relative to those with normal repair 

capabilities. Considerations of the mechanisms that enable these positive interactions 

identify future paths of research and clinical opportunities.

Imatinib is one of several potent inhibitors of c-Abl that are currently used against a variety 

of cancers. c-Abl is activated by DNA damage, and subsequently amplifies the response by 

phosphorylating down-stream DNA damage proteins, including RAD51 the key enzyme for 

homology search in the HR process (31–33). In the context of synergy with CNDAC, 

inhibition of c-Abl by imatinib likely disables its contribution to this aspect of HR, thereby 

decreasing the possibility that CNDAC generated DSBs will be repaired. Imatinib has been 

shown to inhibit homologous recombination in cancer cell lines by downregulating Rad51 

expression at both mRNA and protein levels (34, 35). This provides an alternative 

mechanism by which imatinib sensitizes HCT116 cells to CNDAC. However, this synergy 

between imatinib and CNDAC is likely specific to certain cell types, because the same 

synergy was not observed in HeLa Rad51C knockout line and its control line (data not 

shown).

Liu et al. Page 8

Mol Cancer Ther. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Recent investigations have demonstrated mechanisms by which inhibition of PARP1 may 

block DNA repair, several of which may contribute to synergy with CNDAC. Upon DNA 

damage, PARP1 quickly adds poly (ADP-ribose) polymers (PARylation) to proteins, 

including itself, that are adjacent to DNA breaks. Such modifications are recognized by 

BARD1, which is responsible for bringing its binding partner BRCA1 to the vicinity of the 

damage (36). BRCA2 has its own role in HR by enabling RAD51 to relocate to form the 

single strand filament that is required for homology search (37, 38). In addition, the 

attraction of BRCA2 to DSB has been shown to be dependent upon PARylation, a process 

that is blocked by PARP1 inhibitors (39). Thus, inhibiting PARylation may diminish HR 

repair of CNDAC-induced DSB. Also, self-PARylation by PARP1 is thought to assist its exit 

from DNA damage to permit repair proteins to act (40). Inhibition of such self-PARylation is 

thought to be the cause of PARP1 trapping onto DNA, thereby inhibiting the HR repair 

processes (41). In addition, a study from Kaufmann’s group has highlighted the contribution 

of NHEJ to PARP1 inhibitor lethality in HR-deficient contexts (42), supporting the “NHEJ 

activation” model (43). Although NHEJ does not appear to participate in the repair of 

CNDAC (30), microhomology-mediated end joining, an alternative to NHEJ, has a PARP1-

dependent step that may be inhibitory to HR (44). Finally, PARP1 inhibitors are thought to 

interfere with BER at steps following removal of a damaged nucleotide, thereby permitting 

endogenous gap to be converted to a DSB upon subsequent DNA replication (45, 46). These 

additional breaks may serve to compete for HR proteins that otherwise would be directed to 

repair of breaks generated by CNDAC. Each of these mechanisms of PARP1 inhibitors may 

serve to enable synergy in combination with CNDAC.

The interactions of temozolomide with CNDAC produced a lesser synergistic loss of 

clonogenicity. The single strand gap generated by CNDAC is terminated on the 3’-end by a 

2’, 3’-dideoxy nucleotide β-elimination product that is not a substrate for ligation by BER 

(5). It is possible that this structure attracts the BER proteins (XRCC1, DNA polβ, DNA 

ligase 4) that normally insert and ligate a cognate nucleotide, thus diminishing the capacity 

for BER. Under such conditions, repair of temozolomide may be diminished and not 

completed effectively. Thus, DNA with gaps may be replicated generating DSBs that 

compete for repair with those caused by CNDAC.

The taxanes are commonly used to treat both breast cancers and ovarian cancer, each of 

which include significant cohorts of patients that are deficient in HR repair due to loss or 

mutation of BRCA1 or BRCA2 (47). Several cells lines lacking different elements of HR 

repair were selectively sensitized to combinations of CNDAC, but no evidence of synergy 

between CNDAC and paclitaxel or docetaxel was observed. The repair of interstrand DNA 

crosslinks associated with the mechanisms of action of platinum compounds and nitrogen 

mustards requires components of the HR process. Although cells lacking HR repair were 

clearly sensitized to these agents alone and in combination, it was surprising that synergy 

with CNDAC was not observed under the conditions tested with the combinations. 

Nevertheless, the consistent additive actions of CNDAC and these active agents provide a 

rationale for their use in combinations, particularly against tumors that lack HR capacity.
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Figure 1. 
Imatinib and CNDAC are synergistic in HCT116 cells, regardless of p53 status. HCT116 

cells with wild type p53 and p53 KO were pretreated with imatinib (5 – 50 µM) for 2 hours 

before co-incubation with CNDAC (0.05 – 0.4 µM). Cells were washed after 24 hours and 

incubated in medium with imatinib added at the same concentrations until colonies were 

fixed. A, comparison of clonogenicity of p53 wild type and p53 KO after treatment with 

imatinib alone vs imatinib-CNDAC combination at a fixed ratio (200:1), representative of 3 

independent experiments (ratios 200:1 or 50:1). B, median effect analysis algebraic estimate 

of imatinib and CNDAC combination (ratio 200:1), representative of 3 independent 

experiments. C, values of combination index (CI) at 50%, 75% and 90% clonogenic 

inhibition and dose reduction index (DRI) at 90% clonogenic inhibition (mean ± S.D.).
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Figure 2. 
The PARP1 inhibitors olaparib, rucaparib and talazoparib have synergistic effect with 

CNDAC. A, Chinese hamster wild-type (WT2) and BRCA2 deficient (−BRCA2) cells were 

exposed to olaparib (2.5 – 19.5 nM) 1 hour before addition of CNDAC (2.5 – 15 nM). After 

24 hours, cells were washed out of drugs and incubated in medium with olaparib added at 

the same concentrations until colonies were fixed. Upper panel, representative of two 

independent experiments, comparison of clonogenicity of wild type and BRCA2 deficient 

cells after treatment with olaparib alone vs olaparib-CNDAC combination at a fixed ratio 
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(1:1 for Exp. 1 and 1.3:1 for Exp. 2). Lower panel, CIs and DRI at 90% clonogenic 

inhibition from median effect analysis of the two experiments in the BRCA2 deficient line. 

B, CHO wild-type (WT1) and XRCC3 deficient (−XRCC3) cells were exposed to olaparib 

(15 – 65 nM) 1 hour before addition of CNDAC (2.4 – 10.4 nM). After 24 hours, drugs were 

washed out and cells were incubated in medium with olaparib at the same concentrations 

until colonies were fixed. Upper panel, representative of two independent experiments, 

comparison of clonogenicity of wild type and XRCC3 deficient cells after treatment with 

olaparib alone vs olaparib-CNDAC combination at a fixed ratio (6.25:1). Lower panel, CIs 

and DRI at 90% clonogenic inhibition from median effect analysis of the two experiments in 

the XRCC3 deficient line. C, RAD51D deficient (−RAD51D) and complemented 

(+RAD51D) CHO cells were exposed to olaparib (6 – 14.4 nM) 1 hour before addition of 

CNDAC (5 – 12 nM). After 24 hours, drugs were washed out and cells were incubated in 

medium with olaparib at the same concentrations until colonies were fixed. Upper panel, 

representative of two independent experiments, comparison of clonogenicity of RAD51D 

deficient and repleted cells after treatment with olaparib alone vs olaparib-CNDAC 

combination at a fixed ratio (1.2:1). Lower panel, CIs and DRI at 90% clonogenic inhibition 

from median effect analysis of the two experiments in the RAD51D deficient line. D - E, 

BRCA2 deficient (−BRCA2, D) and wild-type (WT3, E) lines were exposed to rucaparib 1 

hour before addition of CNDAC. Concentrations of rucaparib tested were 0.8 – 6 nM 

(−BRCA2) and 3 – 12.5 µM (WT3), while concentrations of CNDAC were 2.4 – 7.2 nM 

(−BRCA2) and 0.12 – 0.5 µM (WT3), respectively. After 24-hour incubation, drugs were 

washed out and medium with rucaparib at the same concentrations were added during 

colony formation. Upper panels, comparison of cell clonogenicity after treatment with 

rucaparib alone vs rucaparib-CNDAC combination at fixed ratios (1:1.2 and 1:3 for Exp. 1 

and 2, respectively, in –BRCA2 line; 25:1 for both experiments in WT3). Lower panel, CIs 

and DRI at 90% clonogenic inhibition from median effect analysis of the two experiments in 

each line. F - G, HeLa RAD51C deficient (−RAD51C, F) and control line (G) and line were 

exposed to talazoparib 0.5 hour before addition of CNDAC. Concentrations of talazoparib 

tested were 0.16 – 0.48 nM (−RAD51C) and 15 – 60 nM (HeLa Cont), while concentrations 

of CNDAC were 20 – 60 nM (−RAD51C) and 0.75 – 3 µM (HeLa Cont), respectively. After 

24-hour incubation, drugs were washed out and medium with talazoparib at the same 

concentrations were added during colony formation. Upper panels, comparison of cell 

clonogenicity after treatment with talazoparib alone vs talazoparib-CNDAC combination at 

fixed ratios (1:125 for Exp. 1 and 2 in –BRCA2 line; 1:50 for both experiments in WT3). 

Lower panel, CIs and DRI at 90% clonogenic inhibition from median effect analysis of the 

two experiments in each line.
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Figure 3. 
Temozolomide and CNDAC are synergistic in HR deficient CHO lines. A and B, CHO wild-

type (WT1), XRCC3 deficient (−XRCC3) and XRCC3 complemented (+XRCC3) cells were 

exposed to temozolomide (1.2 – 10 µM) and CNDAC (0.002 – 0.02 µM) concomitantly for 

24 hours before washout and colony formation. A, the colonies were quantitated and 

clonogenicity of all three lines were compared for treatment with temozolomide alone vs 

temozolomide-CNDAC combination at a fixed ratio (600:1). B, median effect analysis 

algebraic estimate of temozolomide-CNDAC combination, CIs and DRI at 90% clonogenic 
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inhibition of the XRCC3 deficient line. C and D, CHO wild-type (WT1), RAD51D deficient 

line (−RAD51D) and RAD51D complemented lines (+RAD51D) were treated as in A and 

B. Concentrations of temozolomide tested in all lines were 0.7 – 10 µM, while 

concentrations of CNDAC were 0.002 – 0.03 µM. C, clonogenicity of all three lines were 

compared for treatment with temozolomide alone vs temozolomide-CNDAC combination at 

a fixed ratio (350:1). D, median effect analysis algebraic estimate of temozolomide-CNDAC 

combination, CIs and DRI at 90% clonogenic inhibition of the RAD51D deficient line. E 

and F, Chinese hamster wild-type (WT3) and BRCA2 deficient (−BRCA2) cells were 

exposed to temozolomide (4.8 – 10.8 µM) and CNDAC (4 – 9 nM) concomitantly for 24 

hours before washout and colony formation. E, clonogenicity of both lines were compared 

for treatment with temozolomide alone vs temozolomide-CNDAC combination at a fixed 

ratio (1200:1). F, median effect analysis algebraic estimate of temozolomide-CNDAC 

combination, CIs and DRI at 90% clonogenic inhibition of the BRCA2 deficient line (mean 

of two experiments).
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Figure 4. 
Both bendamustine (BEN) and 4-hydroperoxycyclophophamide (4-HC) have additive effect 

with CNDAC in HR deficient cells. A, CHO cell lines wild-type (WT1), deficient in XRCC3 

(−XRCC3) and complemented with XRCC3 (+XRCC3) were treated concomitantly with 

BEN (2 – 20 µM) and CNDAC (0.002 – 0.02 µM) for 24 hours before washout. Colonies 

formed were quantitated and clonogenicity of all three lines were compared for treatment 

with bendamustine alone vs bendamustine-CNDAC combination at a fixed ratio (1000:1). B, 

CHO cell lines wild-type (WT1), deficient in RAD51D (−RAD51D) and complemented 

Liu et al. Page 18

Mol Cancer Ther. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



with RAD51D (+RAD51D) were treated concomitantly with BEN (2 – 30 µM) and CNDAC 

(0.002 – 0.03 µM) as in A. Clonogenicity of all three lines were compared for treatment with 

bendamustine alone vs bendamustine-CNDAC combination at a fixed ratio (1000:1). C, 

Chinese hamster wild-type line WT2 and BRCA2 deficient line (−BRCA2) were exposed to 

CNDAC (0.002 – 0.02 µM) subsequent to addition of 4-HC (0.008 – 0.08 µM) and incubated 

for 24 hours before washout. Clonogenicity of all three lines were compared for treatment 

with bendamustine alone vs bendamustine-CNDAC combination at a fixed ratio (4:1). D, 

CHO cells deficient in XRCC3 (−XRCC3) and complemented with XRCC3 (+XRCC3) 

were treated concomitantly with CNDAC (0.002 – 0.012 µM) and 4-HC (0.032 – 0.192 µM) 

for 24 hours. Clonogenicity of all three lines were compared for treatment with 

bendamustine alone vs bendamustine-CNDAC combination at a fixed ratio (16:1). CIs of 

respective deficient cell lines in A - D are listed below the plots.
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Figure 5. 
Platinum compounds have additive effect with CNDAC. A, Chinese hamster wild-type line 

V79-4 (WT2) and BRCA2 deficient line V-C8 (−BRCA2) were exposed to CNDAC (CN, 2 

– 20 nM) subsequent to addition of cisplatin (cis, 14 – 140 nM) or oxaliplatin (oxali, 24 –

240 nM) and incubated for 24 hours before washout. The colonies formed were quantitated 

and clonogenicity of both lines were compared for treatment with cisplatin alone vs 

cisplatin-CNDAC combination at a fixed ratio (7:1, left) or oxaliplatin vs oxaliplatin-

CNDAC combination at a fixed ratio (12:1, right). B, CHO cell lines deficient in RAD51D 

(−RAD51D) and complemented with RAD51D (+RAD51D) were treated concomitantly 
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with cisplatin (12 – 240 nM) or oxaliplatin (50 – 1000 nM) and CNDAC (2 – 40 nM) in 

clonogenic assays as in A. Clonogenicity of both lines were compared for treatment with 

cisplatin alone vs cisplatin-CNDAC combination at a fixed ratio (6:1, left) or oxaliplatin vs 

oxaliplatin-CNDAC combination at a fixed ratio (25:1, right). C, CHO cell lines deficient in 

XRCC3 (−XRCC3) and complemented with XRCC3 (+XRCC3) were treated concomitantly 

with cisplatin (18 – 78 nM) or oxaliplatin (120 – 520 nM) and CNDAC (3 – 13 nM) for 24 

hours before washout in clonogenic assays. Clonogenicity of both lines were compared for 

treatment with cisplatin alone vs cisplatin-CNDAC combination at a fixed ratio (6:1, left) or 

oxaliplatin vs oxaliplatin-CNDAC combination at a fixed ratio (40:1, right). In A - C, CIs of 

the respective deficient cell lines are presented in the accompanying inserts. D, wild type 

hamster lung cell line (WT2) was exposed to cisplatin (0.36 – 3.6 µM) or oxaliplatin (0.28 – 

2.8 µM) followed by CNDAC (0.04 – 0.4 µM) as in A-C. Clonogenicity was compared for 

treatment with cisplatin alone vs cisplatin-CNDAC combination at a fixed ratio (9:1, left) or 

oxaliplatin vs oxaliplatin-CNDAC combination at a fixed ratio (7:1, right). E, wild type 

CHO cells (WT1) were exposed to cisplatin (0.9 – 4.5 µM) followed by CNDAC (0.2 – 1 

µM) as in D. Clonogenicity was compared for treatment with cisplatin alone vs cisplatin-

CNDAC combination at a fixed ratio (4.5:1). CIs of the wild-type lines in D - E are 

presented in the accompanying inserts.
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Figure 6. 
Taxane agents have additive effect with CNDAC in HR defective cells. A, CHO RAD51D 

deficient cells (−RAD51D) were treated concomitantly with paclitaxel (30 – 450 nM) or 

docetaxel (10 – 150 nM) and CNDAC (2 – 30 nM) for 24 hours in clonogenic assays. The 

colonies formed were quantitated and clonogenicity of both lines were compared for 

treatment with paclitaxel alone vs paclitaxel-CNDAC combination at a fixed ratio 

(representative 15:1, left) or docetaxel vs docetaxel-CNDAC combination at a fixed ratio 

(representative 5:1, middle). The mean CIs of paclitaxel-CNDAC combination (3 
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independent experiments) and docetaxel-CNDAC combination (2 independent experiments) 

are presented in the right panel. B, RAD51D complemented cells (+RAD51D) were treated 

concomitantly with paclitaxel (60 – 300 nM) or docetaxel (20 – 70 nM) and CNDAC (200 – 

1000 nM, high concentration range) for 24 hours in clonogenic assays. Clonogenicity of 

both lines were compared for treatment with paclitaxel alone vs paclitaxel-CNDAC 

combination at a fixed ratio (3:10, left) or docetaxel vs docetaxel-CNDAC combination at a 

fixed ratio (1:10, middle). CIs of paclitaxel-CNDAC combination and docetaxel-CNDAC 

combination are presented in the right panel. C, BRCA2-deficient Chinese hamster lung 

cells (−BRCA2) were treated concomitantly with paclitaxel (10.5 – 75 nM) or docetaxel (4.5 

– 50 nM) and CNDAC (2.4 – 11 nM, low concentration range) for 24 hours in clonogenic 

assays. Clonogenicity of both lines were compared for treatment with paclitaxel alone vs 

paclitaxel-CNDAC combination at a fixed ratio (representative 3.5:1, left) or docetaxel vs 

docetaxel-CNDAC combination at a fixed ratio (representative 1.5:1, middle). CIs (mean of 

2 independent experiments) of paclitaxel-CNDAC combination and docetaxel-CNDAC 

combination are presented in the right panel. D, the BRCA2 wild-type hamster cells (WT3) 

were treated concomitantly with paclitaxel (24 – 80 nM) or docetaxel (9 – 40 nM) and 

CNDAC (120 – 420 nM, high concentration range) for 24 hours in clonogenic assays. 

Clonogenicity of both lines were compared for treatment with paclitaxel alone vs paclitaxel-

CNDAC combination at a fixed ratio (representative 1:6, left) or docetaxel vs docetaxel-

CNDAC combination at a fixed ratio (representative 1:20, middle). CIs of paclitaxel-

CNDAC combination (mean of 2 independent experiments) and docetaxel-CNDAC 

combination are presented in the right panel.
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