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Abstract

(−)-Lomaiviticin A (1) and the monomeric lomaiviticin aglycon [aka: (−)-MK7-206, (3)] are 

cytotoxic agents that induce double-strand breaks (DSBs) in DNA. Here we elucidate the cellular 

responses to these agents and identify synthetic lethal interactions with specific DNA repair 

factors. Toward this end, we first characterized the kinetics of DNA damage by 1 and 3 in human 

chronic myelogenous leukemia (K562) cells. DSBs are rapidly induced by 3, reaching a maximum 

at 15 min post addition and are resolved within 4 h. By comparison, DSB production by 1 requires 

2–4 h to achieve maximal values and >8 h to achieve resolution. As evidenced by an alkaline 

comet unwinding assay, 3 induces extensive DNA damage, suggesting that the observed DSBs 

arise from closely spaced single-strand breaks (SSBs). Both 1 and 3 induce ataxia telangiectasia 

mutated- (ATM-) and DNA-dependent protein kinase- (DNA-PK-) dependent production of 

phospho-SER139-histone H2AX (γH2AX) and generation of p53 binding protein 1 (53BP1) foci 

in K562 cells within 1 h of exposure, which is indicative of activation of nonhomologous end 

joining (NHEJ) and homologous recombination (HR) repair. Both compounds also lead to ataxia 

telangiectasia and Rad3-related- (ATR-) dependent production of γH2AX at later time points (6 h 

post addition), which is indicative of replication stress. 3 is also shown to induce apoptosis. In 

accord with these data, 1 and 3 were found to be synthetic lethal with certain mutations in DNA 

DSB repair. 1 potently inhibits the growth of breast cancer type 2, early onset- (BRCA2-) deficient 

V79 Chinese hamster lung fibroblast cell line derivative (VC8), and phosphatase and tensin 

homologue deleted on chromosome ten- (PTEN-) deficient human glioblastoma (U251) cell lines, 

with LC50 values of 1.5 ± 0.5 and 2.0 ± 0.6 pM, respectively, and selectivities of >11.6 versus the 

isogenic cell lines transfected with and expressing functional BRCA2 and PTEN genes. 3 inhibits 

the growth of the same cell lines with LC50 values of 6.0 ± 0.5 and 11 ± 4 nM and selectivities of 
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84 and 5.1, for the BRCA2 and PTEN mutants, respectively. These data argue for the evaluation of 

these agents as treatments for tumors that are deficient in BRCA2 and PTEN, among other DSB 

repair factors.

Graphical Abstract

INTRODUCTION

A large portion of chemotherapies target DNA, but many of these agents possess dose-

limiting side effects arising from excessive damage to normal tissues. DNA damage is 

ameliorated by a complex network collectively known as the DNA damage response (DDR). 

The DDR comprises no less than one dozen distinct pathways that repair specific types of 

DNA lesions, such as alkylations, base mismatches, single-strand breaks (SSBs), and 

double-strand breaks (DSBs).1 These repair pathways are frequently mutated in cancer and 

drive genomic instability and tumor progression.2 However, these mutations also provide a 

therapeutic opportunity because DDR-deficient cell lines ameliorate the damage induced by 

exogenous agents less efficiently than normal tissues.3 This may translate into increased 

sensitivity, lower effective doses, and fewer off-target effects. The heightened sensitivity of 

cell lines to genotoxic agents conferred by specific mutations in the DDR has been referred 

to as a synthetic lethal interaction,4 an expression originally used to describe pairwise 

genetic mutations that render a cell nonviable.5

The complex dimeric bacterial metabolite (−)-lomaiviticin A (1) is a powerful inhibitor of 

cultured human cancer cell growth, with half-maximal inhibitory potencies in the low nM–

pM range (Figure 1).6 It was recently shown7 that the remarkable cytotoxicity of 1 arises 

from the induction of highly toxic8 DSBs in DNA. Both of the diazotetrahydrobenzo[b]-

fluorene (diazofluorene)9 functional groups (see structure 4) within 1 contribute to DNA 

cleavage. The natural monomeric diazofluorene (−)-kinamycin C (2)10 does not display 

DNA-cleavage activity and is much less potent (〈GI50〉 of 2 = 340 nM against the NCI 60). 

However, the structural complexity of 1, its high reactivity toward reducing agents and 

nucleophiles, and its limited availability6b significantly constrain structure–function studies 

and translational development. To address this, efforts have been directed toward the 

identification of simpler analogs that induce DNA DSB formation and are amenable to 
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synthesis scale-up and optimization. An evaluation11 of a panel of synthetic diazofluorenes 

led to the identification of the monomeric lomaiviticin aglycon [aka: (−)-MK7-206, (3)] as 

an inducer of DNA DSBs in tissue culture, although much higher concentrations of 3 were 

required (1 μM 3 vs <1 nM 1).7

An understanding of the DDR induced by 1 and 3 and the identification of synthetic lethal 

interactions with specific DDR mutations will guide the selection of tumor types for in vivo 

evaluation. In this manuscript we first characterize the kinetics of DNA damage by 1 and 3 
in human chronic myelogenous leukemia (K562) cells. These data allowed us to develop a 

time-resolved immunofluorescence assay to probe the DDR induced by 1 and 3. We then 

show that 1 and 3 activate nonhomologous end joining (NHEJ) and homologous 

recombination (HR) repair8 and are synthetic lethal with mutations in breast cancer type 2, 

early onset- (BRCA2) and phosphatase and tensin homologue deleted on chromosome ten 

(PTEN), among other factors. BRCA2 is essential to HR repair; individuals with germline 

mutations in BRCA2 are at a high risk for developing breast and ovarian cancers (50–80% 

and 30–50%, respectively), among others.12 Although the role of PTEN in the DDR is not 

fully understood, mutant PTEN undergoes translocation from the nucleus via an interaction 

with the key NHEJ kinase ataxia telangiectasia mutated (ATM),13 and over 2700 PTEN 
mutations have been documented across 28 tumor types.14 Our results provide a foundation 

for the in vivo evaluation of 1 and 3 against tumor types that are deficient in BRCA2 and/or 

PTEN.

RESULTS

Determination of the Kinetics of DNA Damage by 1 and 3

In order to elucidate the DDR pathways activated by 1 and 3, we first needed to characterize 

the kinetics of DNA damage by each agent. We used an alkaline comet unwinding assay15 

which allows for the detection of both SSBs and DSBs (Figure 2). In these assays, K562 

cells were treated with 1 or 3, fixed in agarose, lysed, unwound under alkaline conditions, 

and subjected to electrophoresis at high pH. The DNA was then visualized by staining with 

the fluorophore SYBR green. DNA damage decreases supercoiling, relaxing the DNA and 

allowing for migration toward the anode. This relaxation creates the diagnostic comet “tails” 

that are observed upon visualization. The amount of undamaged DNA (in the head of the 

comet) and the amount of damaged DNA (in the tail of the comet) were then quantified 

using the CometScore software (Figure 2A). This assay revealed that both 1 and 3 rapidly 

induced DNA damage within 15 min of exposure in a dose-dependent fashion. Extensive 

DNA damage was observed in the presence of only 5–50 nM 1 (Figure 2B). By comparison, 

approximately 1–5 μM 3 was required to attain comparable levels of DNA damage (Figure 

2C). At 10 μM 3, extensive fragmentation was observed with little DNA remaining in the 

head of the comet.

The neutral comet unwinding assay follows the same protocols as the alkaline comet assay 

with the exception that unwinding and electrophoresis are conducted at near-neutral pH, 

conditions that allow for the selective detection of DSBs.15,16 We implemented a time-

resolved form of this assay to gain insights into the rates of production and resolution of 
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DSBs induced by 1 and 3. K562 cells were treated with 0.5 nM 1 or 1 μM 3 for up to 24 h. 

To obtain each data point, the cells were collected, placed on ice, washed with cold PBS, and 

resuspended for analysis. These experiments showed that both 1 and 3 induced the formation 

of DSBs; however the kinetics of DSB production and resolution were remarkably distinct 

(Figure 3). The accumulation of DSBs induced by 1 reached a maximum at 2 h, and the 

breaks were resolved within 8–24 h. By comparison, DSB production and resolution in cells 

treated with 3 were much more rapid, reaching a maximum at approximately 15 min post 

addition and approaching resolution within 2–4 h. As in the alkaline comet assay (Figure 2), 

the DNA-damaging activity of 1 in this assay was much higher than that of 3. Additional 

experiments showed that DSB production by 3 was not measurably increased at 

concentrations >1 μM (Figure S1).

1 and 3 Induce Time-Dependent Production of γH2AX and 53BP1 Foci

Using the kinetic data outlined above, we then sought to probe for the activation of NHEJ 

and HR repair in cells treated with 1 or 3. An overview of the cellular sensing mechanisms 

that lead to activation of these repair pathways is shown in Figure 4 (for detailed discussions, 

see refs 8). Activation of NHEJ is initiated by recognition of the DNA DSB by the lupus Ku 

autoantigen protein p70–lupus Ku autoantigen protein p80 (KU70–KU80) heterodimer, 

which recruits the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs) and p53-

binding protein 1 (53BP1)17 to the site of damage. ATM kinase18 is then recruited to form 

phospho-SER139-histone H2AX (γH2AX).19 53BP1 and γH2AX stabilize the DSB and 

prevent resection. Additional factors, such as Artemis, DNA ligase 4, X-ray repair cross-

complementing protein 4, and XRCC4-like factor (not shown) are then recruited to ligate the 

broken ends. In HR repair, the DSB is detected by the MRE11–Rad50–NBS1 (MRN) 

complex, which leads to activation of ATM and ataxia telangiectasia and Rad3-related 

(ATR) kinases. In addition to H2AX, ATM phosphorylates CtBP-interacting protein (CtIP) 

and breast cancer type 1 susceptibility (BRCA1), among other factors. End resection by 

MRE11 is followed by binding of replication protein A (RPA) to the single-stranded ends 

and replacement by Rad51 in the presence of BRCA2. Rad51 mediates invasion of the sister 

chromatid and homology searching. The single-stranded ends are extended by DNA 

polymerase, and the strands are annealed by recombinases or resolvases (not shown). In both 

NHEJ and HR, γH2AX is generated for a megabase region surrounding the site of damage 

and is amplified by the DNA-PK complex20 in NHEJ repair. Finally, replication stress is 

sensed by RPA which recruits ATR to phosphorylate H2AX21 and initiate DNA repair. The 

factors that determine repair pathway choice are complex and include the DSB 

microenvironment, availability of the repair factors in each pathway, and the stage of the cell 

cycle.8a

γH2AX19 and 53BP117 foci are useful indicators of DNA DSB repair activity. We applied 

the data from our comet assays above to develop a time-resolved immunofluorescence assay 

for the detection of γH2AX and 53BP1 foci in cells treated with 1 or 3. 53BP1 and γH2AX 

foci were evident at 30 min after exposure to 0.5 nM 1 (Figure 5), and residual foci were 

observed after 24 h. The kinetics of 53BP1 and γH2AX foci formation from 0–4 h correlate 

with the induction of DNA DSBs observed by the neutral comet assay (Figure 3). However, 

while the neutral comet assay appeared to show high levels of DSB resolution after 8 h, the 
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frequency of 53BP1 and γH2AX foci did not markedly decrease between 8 and 24 h. The 

presence of foci at later time points may be due to residual DNA DSBs, which are likely to 

be substrates for the slow component of DNA DSB repair.22

We then studied the time-dependent formation, colocalization, and resolution of 53BP1 and 

γH2AX foci in K562 cells treated with 1 μM 3. Because our comet assay data indicated that 

DSB production by 3 peaked at 15 min (Figure 3), we examined 53BP1 and γH2AX foci 

production over the time ranges 5–60 min (Figure 6A) and 1–24 h (Figure 6B). Relatively 

small 53BP1 foci were evident as early as 5 min post addition and appeared to plateau after 

15 min, in accord with the comet assay presented above. However, as with 1, 53BP1 and 

γH2AX foci persisted and were evident at later time points (Figure 6B). Moreover, the levels 

of γH2AX appeared to increase without a corresponding increase in 53BP1, suggesting the 

formation of apoptotic DNA fragments.23

3 Induces Apoptosis in K562 Cells

One of the earliest steps of apoptosis involves the translocation of the membrane 

phospholipid phosphatidylserine (PS) from the inner to the outer cell membrane. Once 

exposed to the extracellular environment, PS can bind annexin V. Accordingly, annexin V–

fluorophore conjugates, such as Alexa Fluor 488-conjugated annexin V (Annexin V–A488) 

are used to identify apoptotic cells. The translocation of PS precedes other apoptotic 

processes such as loss of membrane integrity. Propidium iodide (PI) binds nucleic acids by 

penetrating compromised membranes and is frequently used as a secondary dye to identify 

late-apoptotic cells. Annexin V–A488/PI staining was conducted to determine if the increase 

in γH2AX induced by 1 μM 3 over the period 4–24 h was related to induction of apoptosis. 

Parallel experiments were conducted using 0.5 nM 1. Upon treatment of K562 cells with 3 
for 4 h, approximately 70% of the cells revealed late-apoptotic PS exposure (Annexin V 

positive) and a compromised cell membrane (PI positive). Induction of apoptosis was not 

observed in K562 cells treated with 1 at a 4 h time point (Figure S2).

1 and 3 Activate NHEJ and HR Repair

To more conclusively connect the immunofluorescence experiments above with activation of 

NHEJ and HR repair, we evaluated the production of γH2AX and 53BP1 foci by 1 and 3 in 

the presence of DSB repair inhibitors. As discussed in Figure 4, ATM kinase is a major 

physiological mediator of the phosphorylation of H2AX in response to DSB production.18 

2-(4-Morpholinyl)-6-(1-thianthrenyl)-4H-pyran-4-one (KU55933) is an ATP-competitive 

inhibitor of ATM that was identified in a high-throughput screen (IC50 = 13 nM).24 Cellular 

inhibition of ATM by KU55933 diminishes ionizing radiation (IR)-initiated phosphorylation 

of a range of ATM targets including H2AX.24

Co-incubation of K562 cells with KU55933 and 1 or 3 demonstrated that production of 

γH2AX is ATM dependent (Figure 7). K562 cells were pretreated with KU55933 (10 μM) 

for 1 h and then assayed for γH2AX after treatment with 0.5 nM 1 or 1 μM 3 for an 

additional hour. Pretreatment with KU55933 diminished the formation of γH2AX foci 

induced by 1 and 3. 53BP1 foci formation was also noticeably decreased upon pretreatment 

with KU55933.
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ATR kinase phosphorylates H2AX in response to replication stress (Figure 4).21 Caffeine is 

an inhibitor of both ATM (IC50 = 0.2 mM) and ATR (IC50 = 1.1 mM) kinases.25 Pretreating 

cells with 5 mM caffeine for 1 h before the addition of 1 or 3 (1 h additional incubation) 

resulted in a marked reduction in γH2AX foci (Figure 8), and the decrease in γH2AX foci 

was more pronounced in cells treated with 3 than 1. As with the ATM inhibitor KU55933, 

the 53BP1 response was diminished in cells treated with caffeine and 1.

DNA-PK is a member of the PI3KK family of kinases that phosphorylates histone H2AX in 

response to DNA DSBs20 and apoptosis (Figure 4).23 8-(4-Dibenzothienyl)-2-(4-morpholin-

yl)-4H-1-benzopyran-4-one (NU7441) is a selective inhibitor of DNA-PK (IC50 = 14 nM).26 

Addition of NU7441 increases the persistence of γH2AX after DNA damage.27 Pretreating 

cells with 10 μM NU7441 for 1 h before addition of 1 or 3 (1 h additional incubation) 

demonstrated that production of γH2AX is DNA-PK dependent (Figure 9). In the presence 

of NU7441 and 1, γH2AX and 53BP1 foci formation was reduced, and induction of γH2AX 

and 53BP1 foci was almost completely inhibited by NU7441 in K562 cells treated with 3.

The experiments outlined above were repeated with the exception that immunofluorescence 

was conducted after incubating with 1 or 3 for 6 h. These experiments suggested that 

production of γH2AX foci is ATR dependent at 6 h but is ATM- and DNA-PK-independent, 

at this later time point (Figure S3).

1 and 3 Are Potent and Selective Inhibitors of BRCA2-and PTEN-Deficient Cell Lines

The data outlined above indicate that 1 and 3 activate NHEJ and HR repair. Accordingly, we 

hypothesized that 1 and 3 would be synthetic lethal4 with cell types that are deficient in 

these pathways. Toward this end, we evaluated the potency of 1 and 3 against cell line pairs 

that are proficient or deficient in specific DNA DSB repair factors but are otherwise 

isogenic, using a clonogenic survival assay.

These studies revealed that BRCA2-deficient V79 Chinese hamster lung fibroblast cell line 

derivative (VC8) and PTEN-deficient human glioblastoma (U251) cell lines are highly 

sensitized toward 1, with LC50 values of 1.5 ± 0.5 and 2.0 ± 0.6 pM, respectively (Figure 

10). At 4 pM, 1 displayed 11.6-fold selectivity for the BRCA2 mutant, while at this same 

concentration, 1 completely inhibited the growth of the PTEN mutant colonies, with only 

23% reduction in the growth of the PTEN-proficient colonies. In addition, 1 displayed 

selectivities toward other BRCA2-deficient cell lines (Peo1, DLD1) as well as KU80-, 

DNA-PK-, and ATM-deficient cell lines. MutL homologue 1 (MLH1)-, breast cancer type 1 

susceptibility protein (BRCA1)-, fanconi anemia group D2 protein (FANCD2)-, and DNA 

repair protein complementing XP-A cells (XPA)-deficient cell lines were not sensitized 

toward 1. The activity of 3 against the same panel of tumors was also determined (Figure 

11). As with 1, we observed that BRCA2-deficient VC8 cells and PTEN-deficient U251 

cells are potently sensitized toward 3, with LC50 values of 6.0 ± 0.5 and 11 ± 4 nM and 

selectivities of 84 and 5.1, for the BRCA2 and PTEN mutants, respectively. KU80- and 

ATM-deficient cell lines, and other BRCA2-deficient (Peo1, DLD1) cell lines, were also 

sensitized toward 3. FANCD2-, MLH1-, and BRCA1-deficient HCC1937 cell lines were not 

sensitized toward 3, as was found with 1. Several differences in cell line selectivities were 
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observed. For example, while the BRCA1-deficient UWB1.289 and XPA-deficient XP20S 

cell lines were not sensitized toward 1, these cell lines were moderately sensitized toward 3 
(selectivity = 1.5, 1.5, respectively). In addition, while DNA-PK-deficient 50D cell lines 

were sensitized toward 1 (selectivity =1.2), these cell lines were not sensitized toward 3. 

Finally, the BRCA2-deficient EUFA423 cell line was more highly sensitized toward 3 than 1 
(selectivities = 3.6, 1.3 respectively).

DISCUSSION

A recurring limitation of all DNA-damaging agents involves off-target effects arising from 

excessive damage to normal tissues. However, many cancers are driven by mutations in 

DNA repair factors,2 and these mutations can sensitize tumors to DNA-damaging agents.3 

The goal of this study was to identify synthetic lethal interactions between the DNA 

cleavage agents 1 and 3 and mutations in specific DNA DSB repair factors. These data will 

guide the selection of tumor types for in vivo evaluation and translational development, 

which is ongoing in our laboratories. Toward this end we initially probed the kinetics of 

DNA DSB production by 1 and 3. While both compounds induce DSBs, the kinetics of 

DNA damage production are distinct. The levels of DSBs induced by 1 increase for 

approximately 4 h post addition (Figure 3), and this slow increase in DSB levels may be 

associated with the formation of secondary DSBs arising from cell cycle progression (e.g., S 

phase) or interference with other proteins associated with transcription and replication, such 

as topoisomerases. By comparison, DSBs are induced more rapidly by 3 and peak at 

approximately 15–30 min post addition (Figure 3). A >2000-fold higher concentration of 3 
is required to induce a level of DSBs comparable to 0.5 nM 1. We hypothesize that DSBs 

induced by 3 arise from closely spaced SSBs, which allow separation of the helical structure. 

This is supported by our alkaline comet assay, which revealed extensive DNA damage in 

cells treated with 3 (Figure 2C), and prior mechanistic data, which indicated that both 

diazofluorenes of 1 are involved in DNA cleavage.7 The accumulation of SSBs may explain 

the higher rate of resolution of the DSBs in cells treated with 3, as each contributing SSB 

can be repaired by many different pathways.1,2,28

Using the kinetic data above, we employed two markers of DNA DSB repair, γH2AX19 and 

53BP1,17 to probe the cellular response to 1 and 3. Our studies indicate that γH2AX 

production induced by 1 is ATM and DNA-PK dependent at early time points (Figures 7–9), 

which is consistent with activation of NHEJ and HR repair. Phosphorylation of H2AX is an 

early and essential step in NHEJ repair19 and is carried out redundantly by ATM18 and 

DNA-PK.20 Accumulation of γH2AX initiates the recruitment of DNA damage response 

proteins, such as 53BP1, to the site of DSBs and triggers checkpoint activation leading to 

cell cycle arrest (Figure 4).19e,29 At early time points, production of γH2AX in cells treated 

with 3 is also ATM- and DNA-PK dependent (Figures 7–9), suggesting activation of NHEJ 

and HR in cells treated with 3 immediately after exposure.

Interestingly, we observed that H2AX phosphorylation is ATR dependent and ATM 

independent at later time points (6 h) in cells treated with 1 or 3 (Figure S3). Thus, selective 

inhibition of ATM in cells treated with 1 or 3 with the ATM-inhibitor KU5593324 did not 

block H2AX phosphorylation at 6 h, while treatment with caffeine, which inhibits ATR (as 
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well as ATM),25 decreased H2AX phosphorylation at 6 h. This is consistent with the finding 

that γH2AX foci formed at early times postexposure to IR is ATM- and DNA-PK dependent 

but ATR independent, while at later times post IR (6 h), γH2AX foci formation is ATR 

dependent but independent of ATM and DNA-PK.30 It has been reported that H2AX is 

phosphorylated in an ATR dependent, but ATM-independent, response to replication arrest, 

and that this γH2AX colocalizes with other repair proteins such as 53BP1 and BRCA1.21 

We postulate that 1 and 3 form replication blocks that lead to ATR-dependent 

phosphorylation of H2AX at later time points. In addition, 3, but not 1, induces high levels 

of γH2AX as time progresses. This increase in γH2AX does not correlate with 53BP1 foci 

formation and appears to be related to induction of apoptosis, which is supported by 

Annexin V–A488/PI staining (Figure S2).

The data presented above conclusively point to the involvement of NHEJ and HR repair as 

important pathways to remediate DNA damage induced by 1 and 3. This suggested that 1 
and 3 would be synthetic lethal with specific mutations in these pathways. To evaluate this 

hypothesis, we determined the activity of 1 and 3 against a panel of paired cell lines that are 

proficient or deficient in specific DNA DSB repair factors but are otherwise isogenic. We 

observed remarkably potent activity toward BRCA2-deficient V79 Chinese hamster lung 

fibroblast cell line derivative (VC8) and PTEN-deficient human glioblastoma (U251) cell 

lines, with LC50 values of 1.5 ± 0.5 and 2.0 ± 0.6 pM for 1 and LC50 values of 6.0 ± 0.5 and 

11 ± 4 nM for 3, respectively. PTEN has recently been implicated in DNA repair,13 and 

BRCA2 is an important mediator of HR,12 and both BRCA212 and PTEN14 display high 

incidences of mutation across a wide range of cancers. The selectivities toward these mutant 

cell lines versus the isogenic cell lines transfected with and expressing functional BRCA2 

and PTEN genes were also high, suggesting an acceptable therapeutic index might be 

attainable in vivo. We also discovered that ATM- and KU80-deficient cell lines are 

sensitized toward 1 and 3, albeit to a lesser degree, which is consistent with our mechanistic 

model and provides additional tumor types for preclinical evaluation.

CONCLUSION

This work establishes the kinetics and relative eficiencies of DNA damage induced by 1 and 

3 and shows that 1 is a much more potent DNA cleavage agent than 3. This is consistent 

with an earlier model for DNA cleavage by 1, which invoked participation of both 

diazofluorene functional groups in its DNA-damaging effects and showed that the observed 

DSBs arise from a single binding event.7 Nonetheless, 3 cleaves DNA in tissue culture at 

higher concentrations, likely through the accumulation of unrelated SSBs, and this lower 

activity is mitigated to some extent by the ease of synthesis and optimization of 3. In 

addition, we have elucidated the cellular response to 1 and 3 and shown that the compounds 

activate NHEJ and HR repair. These latter data lay the foundation for evaluation of 1 and 3 
as monotherapies against tumor types that are deficient in either pathway. Toward this end, 

we have identified synthetic lethal interactions between 1 and 3 mutations in PTEN or 

BRCA2. Collectively, these data reveal the cellular responses to 1 and 3 and will help to 

advance the translational development of this new family of chemotherapeutic agents.
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Figure 1. 
Structures of (−)-lomaiviticin A (1), (−)-kinamycin C (2), (−)-MK7-206 (3), and the 

diazofluorene 4.
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Figure 2. 
1 and 3 induce extensive DNA damage in K562 cells. A. Overview of the alkaline comet 

unwinding assay. Undamaged, supercoiled DNA does not migrate to an appreciable extent 

when subjected to electrophoresis (left). Nicking and cleavage of DNA results in relaxation 

and migration toward the anode, generating the characteristic “tail” of the comet (center and 

right). The level of DNA damage is presented as %DNA in the comet tail, which is equal to 

the total comet tail intensity divided by the total comet intensity, multiplied by 100. K562 

cells were exposed to 0.5, 5, or 50 nM 1 (B) or 0.1, 1, 5, or 10 μM 3 (C). Exposure was 15 

min. Cross denotes mean %DNA in tail (91–151 cells), box denotes 2nd and 3rd quartiles, 

and lines in the middle of the box denote the median. Error bars represent 10th and 90th 

percentile, and values individually plotted are outliers.
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Figure 3. 
1 and 3 induce DNA DSBs in K562 cells, as determined by a neutral comet unwinding 

assay. This assay is similar to the alkaline comet unwinding assay (Figure 2) with the 

exception that unwinding and electrophoresis are conducted at near-neutral pH, allowing for 

the selective detection of DSBs. The amount of DNA in the tail is expressed as the tail 

moment, which is defined as the product of the tail length and the fraction of DNA in the 

tail. K562 cells were treated with 0.5 nM 1 or 1 μM 3 and incubated at 37 °C for 15 min to 

24 h. Each point represents the mean tail moment (of 92–152 cells) at each time point with 

standard error of the mean shown.
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Figure 4. 
Overview of the cellular sensing pathways leading to the activation of NHEJ and HR repair, 

the two canonical pathways that ameliorate DNA DSBs. Only factors relevant to the present 

study are shown; for detailed discussions, see ref 8.
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Figure 5. 
Immunofluorescence imaging of γH2AX and 53BP1 foci in K562 cells treated with 0.5 nM 

1. Rows (top to bottom): γH2AX (green), 53BP1 (red), DNA (blue), and merge. Columns 

(left to right): control, 0.5, 2, 4, 8, 16, and 24 h after addition.
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Figure 6. 
Immunofluorescence imaging of γH2AX and 53BP1 foci in K562 cells treated with 1 μM 3. 

(A) 5–60 min post addition 3. Rows (top to bottom): γH2AX (green), 53BP1 (red), DNA 

(blue), and merge. Columns (left to right): control, 5, 10, 15, 30, and 60 min after addition. 

(B) 1–24 h post addition 3. Rows (top to bottom): γH2AX (green), 53BP1 (red), DNA 

(blue), and merge. Columns (left to right): control, 0.5, 1, 2, 4, 8, 16, and 24 h after addition.
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Figure 7. 
Induction of γH2AX by 3 and 1 is ATM dependent. Immunofluorescence imaging of 

γH2AX and 53BP1 foci in K562 cells treated with 1 μM 3 or 0.5 nM 1 in the presence or 

absence of 10 μM KU55933. Rows (top to bottom): γH2AX (green), 53BP1 (red), DNA 

(blue), and merge. Columns (left to right): control, 0.5 nM 1, 1 μM 3, 10 μM KU55933, 0.5 

nM 1 + 10 μM KU55933, 1 μM 3 + 10 μM KU55933. Cells were exposed to KU55933 for 1 

h prior to addition of 1 or 3; exposure was 1 h.
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Figure 8. 
γH2AX foci induced by 3 and 1 are ATM and ATR dependent. Immunofluorescence 

imaging of γH2AX and 53BP1 foci in K562 cells treated with 1 μM 3 or 0.5 nM 1 in the 

presence or absence of 5 mM caffeine, which inhibits ATM and ATR. Rows (top to bottom): 

γH2AX (green), 53BP1 (red), DNA (blue), and merge. Columns (left to right): control, 0.5 

nM 1, 1 μM 3, 5 mM caffeine, 0.5 nM 1 + 5 mM caffeine, 1 μM 3 + 5 mM caffeine. Cells 

were exposed to caffeine for 1 h prior to addition of 1 or 3; exposure was 1 h.
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Figure 9. 
γH2AX foci induced by 3 and 1 are DNA-PK dependent. Immunofluorescence imaging of 

γH2AX and 53BP1 foci in K562 cells treated with 1 μM 3 or 0.5 nM 1 in the presence or 

absence of 10 μM NU7441. Rows (top to bottom): γH2AX (green), 53BP1 (red), DNA 

(blue), and merge. Columns (left to right): control, 0.5 nM 1, 1 μM 3, 10 μM NU7441, 0.5 

nM 1 + 10 μM NU7441, 1 μM 3 + 10 μM NU7441. Cells were exposed to NU7441 for 1 h 

prior to addition of 1 or 3; exposure was 1 h.
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Figure 10. 
Activity of 1 against pairs of cell lines that are proficient or deficient in specific DNA DSB 

repair factors but are otherwise isogenic. Cell viability was determined by a clonogenic 

survival assay. Sensitive cell lines are defined as those in which the (% survival repair-

deficient cell line) < (% survival repair-proficient cell line) at 4 pM 1. Selectivity is defined 

as % survival repair-proficient cell line/% survival repair-deficient cell line at 4 pM 1. 

Complete data are presented in Table S1. The superscript “a” indicates not defined.
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Figure 11. 
Activity of 3 against pairs of cell lines that are proficient or deficient in specific DNA DSB 

repair factors but are otherwise isogenic. Cell viability was determined by a clonogenic 

survival assay. Sensitive cell lines are defined as those in which the (% survival repair-

deficient cell line) < (% survival repair-proficient cell line) at 20 nM 3. Selectivity is defined 

as % survival repair-proficient cell line/% survival repair-deficient cell line at 20 nM 3. 

Complete data are presented in Table S2.
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