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Abstract

Mdm2 is often overexpressed in tumors that retain wild-type TP53 but may affect therapeutic 

response independently of p53. Herein is shown that tumor cells with MDM2 amplification are 

selectively resistant to treatment with topoisomerase II poisons but not other DNA damaging 

agents. Tumor cells that overexpress Mdm2 have reduced DNA double-strand breaks in response 

to doxorubicin or etoposide. This latter result is not due to altered drug uptake. The selective 

attenuation of DNA damage in response to these agents is dependent on both Mdm2 levels and an 

intact ubiquitin ligase function. These findings reveal a novel, p53-independent activity of Mdm2 

and have important implications for the choice of chemotherapeutic agents in the treatment of 

Mdm2-overexpressing tumors.

INTRODUCTION

Mdm2 is a well-characterized negative regulator of the p53 tumor suppressor protein. Mdm2 

inhibits p53 transcriptional activity and ubiquitylates p53, targeting it for proteasomal 

degradation under normal conditions.1 In response to a variety of cell stressors, include 

genotoxic stress, p53 is stabilized by disruption of the Mdm2–p53 interaction and activates 

programs of tumor suppression that include cycle arrest, apoptosis and other downstream 

effects.2

Overexpression of Mdm2 has been documented in a variety of different malignancies and is 

often a consequence of gene amplification.3 Although a role for Mdm2 as an oncogene has 

focused on its role as an inhibitor of p53, there has been growing interest in p53-independent 

roles of Mdm2. Several studies have found that overexpression of Mdm2 is not mutually 

exclusive with loss or mutational inactivation of TP53, pointing to the possibility of p53-

independent contributions.3–6 In addition, several studies have suggested that Mdm2 plays 

p53-independent roles in cell cycle progression, apoptosis, maintenance of genomic stability 

and response to DNA damage.7–9
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Topoisomerase II poisons are among the most frequently employed chemotherapeutic agents 

in the treatment of many different cancers.10–14 Topoisomerase II enzymes catalyze the 

ATP-dependent passage of one intact DNA double helix through a double-strand DNA break 

produced in a second duplex, thereby relaxing DNA supercoiling and permitting such 

processes as DNA replication and transcription to occur.15 Topoisomerase II poisons bind to 

and trap the topoisomerase II holoenzyme in a so-called ‘cleavable complex’, at which point 

the enzyme is engaged in an otherwise transient covalent complex with the 5′ ends of 

cleaved DNA.16 This interaction inhibits re-ligation of the cleaved DNA duplex, and the 

lesion is interpreted by the cell as a double-stranded break.17 Doxorubicin and etoposide, 

members of the anthracycline and epidophyllotoxin subclasses of topoisomerase II poisons, 

respectively, achieve this outcome by different means. Whereas etoposide may promote 

double-strand breaks as a consequence of direct binding to topoisomerase II, doxorubicin 

intercalates into DNA and is thought to interfere with re-ligation at the topoisomerase II-

DNA interface by perturbing the geometry of the DNA.16,18 In the present study, the effect 

of Mdm2 overexpression on the sensitivity of tumor cells to a panel of DNA damaging 

agents was investigated.

RESULTS

Tumor cells that overexpress Mdm2 as a result of gene amplification show selective 
resistance to topoisomerase II poisons

SJSA-1 osteosarcoma cells harbor a ~ 20-fold amplification of the MDM2 gene (Expanded 

View Figure 1a). The amplification of MDM2 in this cell line is associated with an 

approximately 50-fold elevation of MDM2 transcript over U2OS osteosarcoma cells and a 

correspondingly elevated level of Mdm2 protein (Supplementary Figures 1B–C). Both tumor 

lines are reported to be TP53WT; this was confirmed by sequencing19 (see Materials and 

methods). The effect of a range of doses of doxorubicin or etoposide on the proliferation of 

these cells was studied. The growth of U2OS cells was inhibited by all doses of doxorubicin 

or etoposide employed in growth curve assays relative to untreated controls (Figure 1a). In 

contrast, the growth of SJSA-1 cells was impaired only at higher doses of both drugs (Figure 

1a). Low doses of doxorubicin or etoposide that inhibited U2OS cell proliferation failed to 

produce an antiproliferative response in SJSA-1 cells.

To determine whether the difference in chemosensitivity of these tumor lines was unique to 

topoisomerase II poisons, the growth inhibitory effects of a panel of drugs that trigger DNA 

damage by other means were also investigated. SJSA-1 cells were not resistant to treatment 

with camptothecin, neocarzinostatin or carboplatin compared to U2OS cells (Figure 1b). 

U2OS and SJSA-1 cells were equally sensitive to camptothecin, while U2OS cells were 

more resistant to neocarzinostatin and carboplatin than SJSA-1 cells in the range of doses 

studied. These findings suggest that SJSA-1 cells are selectively resistant to topoisomerase II 

poisons but not to other DNA damaging agents.
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Tumor lines that overexpress Mdm2 show reduced DNA damage in response to 
topoisomerase II poisons

The mechanism of resistance of SJSA-1 cells to doxorubicin and etoposide was investigated. 

The induction of double-strand DNA breaks arising from treatment of either U2OS or 

SJSA-1 cells with these agents was assessed by neutral comet assay. Doxorubicin and 

etoposide produced significantly fewer DNA breaks in SJSA-1 than in U2OS cells across a 

range of relevant doses, as measured by percent tail DNA after treatment (Figure 2a, top, and 

Supplementary Figure 2A). SJSA-1 cells treated with either neocarzinostatin or 

camptothecin, however, did not develop fewer double-strand DNA breaks compared to 

U2OS cells (Figure 2a, bottom). The extent of DNA damage achieved by doxorubicin 

treatment of both cell lines was also determined by immunofluorescent detection of 

phospho-γH2A.X, a key mediator of DNA damage signaling and repair in response to 

double-strand breaks.20,21 In agreement with findings from the comet assays, whereas U2OS 

nuclei developed detectable phospho-γH2A.X foci at doses as low as 3.125 ng/ml 

doxorubicin, SJSA-1 cells did not demonstrate such foci at doses below 25 ng/ml (Figure 2b 

and Supplementary Figure 2B). Similar results were achieved with etoposide, while 

treatment with neocarzinostatin did not result in an appreciable difference in phospho-

γH2A.X detection across either cell line, also in agreement with comet assay results (Figure 

2c and Supplementary Figure 2c). Collectively, these results suggest that SJSA-1 cells are 

selectively resistant to induction of double-strand DNA breaks by topoisomerase II poisons.

Resistance to the induction of DNA damage by topoisomerase II inhibition is Mdm2-
dependent

Given the striking difference in levels of MDM2 expression between U2OS and SJSA-1 

cells (Expanded View Figures 1a–c), the influence of Mdm2 on the ability of topoisomerase 

II poisons to induce double-strand DNA breaks in SJSA-1 cells was investigated using an 

siRNA approach. SJSA-1 cells were transfected with either negative control or MDM2-

directed siRNA oligonucleotides. Following transfection, SJSA-1 cells were treated with a 

range of doses of either doxorubicin or neocarzinostatin to allow for comparison of 

topoisomerase II-dependent and -independent means of double-strand DNA break induction. 

The extent of MDM2 knockdown by siRNA in each setting was quantified by qPCR and the 

degree of double-strand DNA breaks induced by treatment with these agents was measured 

by neutral comet assay. Mdm2 protein levels after MDM2 knockdown were determined by 

immunoblotting (Supplementary Figure 3A). Off-target effects of MDM2 siRNA 

oligonucleotides were ruled out by single oligonucleotide experiments (Supplementary 

Figure 3B). SJSA-1 cells transfected with MDM2 siRNA and treated with doxorubicin 

revealed significantly higher levels of double-strand DNA breaks than cells treated with 

control siRNA (Figure 3a, top). Conversely, SJSA-1 cells transfected with MDM2 siRNA 

and treated with neocarzinostatin did not show any detectable difference in induced double-

strand DNA breaks when compared to control siRNA-transfectants (Figure 3a, bottom). No 

difference in DNA damage was detected in the untreated setting. Furthermore, knockdown 

of MDM2 was not shown to alter cell viability, as the fractions of hypodiploid cells after 

transfection with siRNA to MDM2 or negative control were comparable (Supplementary 

Figures 4A–C). These findings suggest that overexpression of Mdm2 blunts the ability of 

topoisomerase II poisons to generate double-strand DNA breaks in this cell line but does not 
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affect the extent of topoisomerase II-independent double-strand DNA breaks generated by 

neocarzinostatin.

To extend these studies to other cell lines harboring MDM2 amplification, similar 

experiments were carried out in CCF-STTG1 glioblastoma and LS141 liposarcoma cells, 

both of which possess in excess of 100 copies of MDM2 (Expanded View Figures 1a–c). As 

with SJSA-1 cells, both CCF-STTG1 and LS141 have been reported to be TP53WT; TP53 
status was confirmed by sequencing (see Materials and methods).22–24 The relevant doses of 

doxorubicin for CCF-STTG1 cells were determined by proliferation assay (Supplementary 

Figure 5). Knockdown of MDM2 in CCF-STTG1 cells resulted in an increase in the extent 

of double-strand DNA breaks with doxorubicin treatment, but did not affect double-strand 

DNA break induction by neocarzinostatin treatment (Figure 3b). Likewise, LS141 cells 

transfected with MDM2 siRNA and treated with doxorubicin exhibited a higher degree of 

double-strand DNA breaks over cells transfected with control siRNA; this difference was not 

seen with neocarzinostatin treatment (Figure 3c). Taken together, these data support a role 

for Mdm2 in impairing the ability of topoisomerase II poisons to induce DNA damage.

Overexpression of Mdm2 in tumor cells does not affect doxorubicin uptake

Previous work has reported that Mdm2 may induce expression of the P-glycoprotein drug 

efflux pump (P-gp).25 Furthermore, treatment of cells with the Mdm2 inhibitor Nutlin-3 has 

been shown to reduce P-gp activity.26 Therefore, the possibility that reduced DNA damage 

with topoisomerase II poisons in MDM2-amplified tumor lines may be a consequence of 

enhanced drug efflux was investigated. Uptake of doxorubicin was tracked in SJSA-1 and 

U2OS cells exposed to drug for varying periods of time and relative intracellular 

doxorubicin accumulation at each time point was estimated using an established flow 

cytometry approach.27,28 Both U2OS and SJSA-1 cells revealed comparable doxorubicin 

uptake profiles (Figures 4a and b). The absence of an effect of MDM2 knockdown by 

siRNA on intracellular doxorubicin accumulation was confirmed using this method in both 

SJSA-1 and CCF-STTG1 cells (Figures 4c and d). These results suggest that the difference 

in DNA damage observed with topoisomerase II poisons in cells that overexpress Mdm2 is 

not a consequence of reduced intracellular drug concentration.

Mdm2 requires an intact RING finger domain to suppress topoisomerase II-dependent DNA 
damage

Mdm2 has been reported to ubiquitinate and regulate the levels of several target proteins in 

addition to p53.1,7,9 The contribution of the RING finger and associated ubiquitin ligase 

function of Mdm2 to the observed reduction in DNA damage with topoisomerase II poisons 

was studied. Stable clones of U2OS cells that overexpress either Flag-tagged, full-length 

wild-type Mdm2 (Mdm2WT) or a RING finger mutant (Mdm2C464A) were generated. Clones 

were screened for levels of Mdm2 expression by immunoblotting (Figures 5a and c). 

Doxorubicin-treated Mdm2WT clones revealed fewer double-strand DNA breaks compared 

to empty-vector controls, as measured by comet assay (Figure 5b, top). As expected, 

doxorubicin uptake in Mdm2WT and empty-vector controls was comparable (Supplementary 

Figure 6). In contrast, when treated with neocarzinostatin, the levels of DNA damage in 

Mdm2WT clones were indistinguishable from controls (Figure 5b, bottom). In agreement 
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with these findings, transient overexpression of Mdm2 in U2OS cells using a viral 

transduction approach also reduced the extent of doxorubicin-induced double-strand DNA 

breaks compared to empty-vector controls (Figure 6a). No effect on the levels of DNA 

damage with neocarzinostatin was observed by this method (Figure 6b). Conversely, 

Mdm2C464A clones did not show reduced double-strand DNA breaks after doxorubicin 

treatment (Figure 5d). The findings from these studies are in agreement with those from 

MDM2-amplified tumor lines and further support a role for Mdm2 in selectively attenuating 

the ability of topoisomerase II poisons to induce double-strand DNA breaks. Moreover, 

given the failure of RING finger-mutant Mdm2 to reduce levels DNA damage achieved with 

doxorubicin, the ubiquitin ligase activity of Mdm2 is likely critical for this outcome.

A role for Mdm2 regulation of p53 in mediating this effect was also studied. U2OS cells 

transfected with siRNA to TP53 and treated with doxorubicin did not demonstrate reduced 

double-strand DNA breaks by comet assay (Supplementary Figure 7). Additionally, SJSA-1 

cells did not demonstrate further reduction in doxorubicin-induced double-strand DNA 

breaks after transfection with siRNA to TP53 (Supplementary Figure 8). In agreement with 

these findings, transient overexpression of Mdm2 in TP53−/− H1299 tumor cells using a 

viral transduction approach reduced the extent of doxorubicin-induced double-strand DNA 

breaks compared to empty-vector controls (Figure 7). To further validate these observations, 

TRP53−/−MDM2+/+ and TRP53−/−MDM2−/− mouse embryo fibroblasts (MEFs) were 

treated with doxorubicin and assessed for double-strand DNA breaks. TRP53−/−MDM2−/− 

MEFs demonstrated a significant increase in DNA double strand breaks over 

TRP53−/−MDM2+/+ controls (Figure 8). Taken together, these findings suggest that the 

effect of Mdm2 on DNA damage by topoisomerase II poisons is independent of Mdm2-

mediated ubiquitination and degradation of p53. In agreement with published reports, co-

treatment of SJSA-1 cells with Nutlin-3 and doxorubicin resulted in an increase in double-

strand DNA breaks (Supplementary Figure 9).29 This finding has been observed by other 

investigators to be independent of p53, suggesting that the N-terminal hydrophobic region of 

Mdm2 may be contributing to the attenuation of DNA damage induced by topoisomerase II 

poisons through a separate mechanism. Finally, further knockdown of MDM2 in U2OS cells 

did not produce the effects seen with Mdm2 overexpression, arguing that the influence of 

Mdm2 on doxorubicin-dependent induction of double-strand DNA breaks may require 

threshold levels of protein (Supplementary Figure 7).

The extent of DNA damage induced by topoisomerase II poisons is not dependent on 
levels of topoisomerase IIα

Although a variety of toxicity mechanisms have been described using different doses of 

doxorubicin in different model systems, the topoisomerase IIα isoform of topoisomerase II 

is frequently considered to be the molecular target of this drug responsible for the 

generations of double-strand DNA breaks.30,31 Several studies have suggested a direct 

correlation between the levels of topoisomerase IIα and sensitivity to both doxorubicin and 

etoposide.32,33 To elucidate a possible mechanism by which Mdm2 may be mediating 

resistance to topoisomerase II poisons, the influence of topoisomerase IIα levels on the 

extent of doxorubicin-induced DNA damage was studied. U2OS cells transfected with 

siRNA to TOP2A and treated with doxorubicin showed no discernible difference in 
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phospho-γH2A.X staining compared to cells transfected with control siRNA 

(Supplementary Figure 10A). Similarly, SJSA-1 cells were neither sensitized nor rendered 

more resistant to DNA damage by doxorubicin after TOP2A knockdown (Supplementary 

Figure 10B). Moreover, despite the differences in the ability of doxorubicin to induce DNA 

damage in U2OS and SJSA-1 cells, a difference in topoisomerase IIα levels between these 

lines, either under basal conditions or during doxorubicin treatment, was not seen by 

immunoblotting (Supplementary Figure 10C). Taken together, these findings do not support 

a role for levels of expression of topoisomerase IIα in the ability of Mdm2 to attenuate the 

DNA damage induced by topoisomerase II poisons.

DISCUSSION

Despite attempts to correlate Mdm2 levels with response to chemotherapy, a prognostic role 

for Mdm2 has been elusive. Although Mdm2 overexpression has been reported in a variety 

of different malignancies, studies have produced contradictory conclusions.3 In 

osteosarcoma, for example, it was suggested that MDM2 amplification was associated with 

a more aggressive disease course owing to detection predominantly in metastatic or 

recurrent tumor specimens.34,35 Another study found MDM2 to be more frequently 

amplified in parosteal osteosarcomas, which are typically lower in pathologic grade than the 

conventional subtype and associated with better outcomes.36 More recently, copy number 

gain of MDM2 was associated with poor response to chemotherapy regardless of pathologic 

subtype.37 Attempts to draw conclusions from these few studies are complicated not only by 

differences in methods used to detect MDM2 amplification but also by the absence of 

treatment data accompanying the samples analyzed. As the management of osteosarcoma 

frequently involves treatment with any combination of cisplatin, doxorubicin, methotrexate, 

ifosfamide and related agents, the challenge of identifying a possible influence of Mdm2 

expression on tumor responsiveness to individual drugs in this relatively rare disease is 

enormous.10,38 These obstacles have been noted by others attempting to pool data from 

analyses of soft tissue sarcomas, gliomas and other cancers.39,40

There is an important question as to whether Mdm2 is reducing the level of DNA damage or 

is enhancing DNA repair. Studies from the laboratory of Christine Eischen have established 

a clear role for Mdm2 in disrupting DNA double-strand break repair. Mdm2 has been found 

to associate with Nbs1, a member of the MRN (Mre11-Rad50-Nbs1) complex that is 

essential for DNA repair, cell cycle checkpoint signaling and telomere maintenance.41,42 

Expression of wild-type Mdm2 was found to delay the recovery of DNA damage after 

ionizing radiation, but this effect was abolished if an Mdm2 mutant incapable of binding 

Nbs1 was used.41 The delay in double-strand DNA break resolution was determined to be 

p53-independent. These studies demonstrate that Mdm2 plays a role in inhibiting the repair 

of double-strand DNA breaks via a mechanism involving this interaction with Nbs1. Further, 

the repair of the DNA damage that is caused by doxorubicin (as a topoisomerase II inhibitor) 

versus that of neocarzinostatin (acting as an radiomimetic) is unlikely to be occurring by 

distinct pathways. Yet, the effects seen with Mdm2 are specific for the former. Taken 

together, the findings reported here thus are more likely explained by Mdm2 exerting an 

effect at the level of the DNA damage itself, rather than subsequent steps in the cellular 

response to that damage.
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The work presented here has not examined the effect of ionizing radiation in the setting of 

Mdm2 overexpression, although the radiomimetic compound neocarzinostatin was used.43 

An effect of Mdm2 on neocarzinostatin-induced double-strand DNA breaks was not 

identified by comet assay, neither after MDM2 siRNA transfection in MDM2-amplified cell 

lines nor with ectopic expression of Mdm2 in U2OS cells. In addition, neocarzinostatin 

treatment in these experiments was continuous, limiting the ability to infer a role for Mdm2 

in the repair of these DNA lesions. Similarly, although phosphoγH2A.X has been described, 

as an early mediator of the DNA damage response to double-strand DNA breaks, no 

difference in staining between U2OS and SJSA-1 cells treated with neocarzinostatin was 

detected. Whether overexpression of Mdm2 delays double-strand DNA break repair after 

drug withdrawal remains to be seen, although at least one study has contended that Mdm2 

may be necessary for effective DNA repair.29

An intriguing possibility was recently proposed by Yeo et al. which involves a potential role 

for p53 in preventing interference between transcription and replication thereby influencing 

cellular responses to inhibitors of topoisomerase II.44 This effect was shown to be influenced 

by levels of TOP2A, whereas the effect in Mdm2-overexpressing SJSA-cells was not 

influenced by TOP2A knockdown (Supplementary Figure 10). Further, the Mdm2-

dependent outcomes described herein have been shown to be p53-independent. Nevertheless, 

a possible contribution of Mdm2 in regulating DNA damage generated by an interplay 

between transcription and replication cannot be ruled out.

Nayak et al. reported reduced sensitivity to an array of topoisomerase II poisons in a panel 

of SNP309G/G cell lines relative to SNP309T/T cells.45 The T→G transversion in SNP309, 

located in the first intron of the MDM2 gene, is associated with enhanced binding of the Sp1 

transcription factor and a consequent increase in Mdm2 expression.46 Consistent with the 

findings in the present work, while G/G cell lines were less sensitive to topoisomerase II 

poisons than their T/T counterparts, this was not true of treatment with camptothecin, 

cisplatin and non-DNA damaging drugs such as taxanes. MDM2 knockdown in G/G lines 

increased sensitivity to etoposide, while no change in sensitivity was observed with MDM2 
knockdown in T/T lines. Interestingly, the authors reported an indirect correlation between 

Mdm2 and topoisomerase IIα levels and identified an interaction between topoisomerase IIα 
and Mdm2 by co-immunoprecipitation. The authors concluded that elevated Mdm2 levels 

promote the ubiquitin-mediated degradation of topoisomerase IIα during treatment with 

topoisomerase II poisons, thereby reducing the availability of topoisomerase IIα for 

inhibition and rendering cells resistant to this class of drug. Other reports have failed to 

demonstrate a relationship between topoisomerase IIα levels and cell sensitivity to 

doxorubicin, and an interaction between Mdm2 and topoisomerase IIα has not been 

consistently observed, likely owing to differences in reagents and conditions47,48. Nayak et 
al. used the SMP14 antibody to immunoprecipitate Mdm2 in their cell extracts following 

treatment with etoposide. There is evidence that the epitope of this antibody is masked by 

Mdm2 phosphorylation after DNA damage that reduces the ability to detect Mdm2 by 

immunoblotting.49 Additionally, the Sepharose beads employed in their co-IP were washed 

in phosphate-buffered saline (PBS), whereas a more stringent wash buffer containing a 

higher salt concentration and detergent was used in the studies presented here.
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How, then, might overexpression of Mdm2 confer resistance to DNA damage induction by 

topoisomerase II poisons? In the absence of uniform support for topoisomerase IIα levels 

mediating sensitivity to these drugs, it is reasonable to propose that post-translational 

modification of topoisomerase IIα is playing a critical role. The phosphorylation, 

acetylation, ubiquitination and sumoylation of topoisomerase IIα have all been reported, but 

the consequences of these modifications are a matter of dispute.50 Nevertheless, it is 

conceivable that a reduction in the catalytic activity topoisomerase IIα may reduce 

sensitivity to topoisomerase II poisons without altering cell viability in the absence of drug. 

Although one study has suggested that topoisomerase IIα catalytic activity may not affect 

the sensitivity of cells to topoisomerase II poisons, the authors conceded that differences in 

drug uptake, extractability of nuclear topoisomerase IIα for activity assays and overall 

susceptibility of cells to apoptosis were not rigorously assessed and may have influenced 

their results.48

Several lines of evidence suggest that a reduction in topoisomerase IIα activity may 

attenuate the ability of topoisomerase II poisons to stabilize cleavage complexes and induce 

double-strand DNA breaks. In yeast, a temperature-sensitive top2 strain of Saccharomyces 
cerevisiae grown at semi-permissive temperature showed reduced topoisomerase II enzyme 

activity and was resistant to topoisomerase II poisons amsacrine and etoposide but 

hypersensitive to camptothecin.51 In human cells, overexpression of the atypical ζ isoform 

of protein kinase C (PKCζ) resulted in phosphorylation of topoisomerase IIα and a 

concomitant reduction in catalytic activity, DNA-protein crosslinks and etoposide-induced 

double-strand DNA breaks.52 Consistent with this observation, blockade of PKCζ activation 

by wortmannin treatment or stable expression of a dominant-negative PKCζ enhanced 

topoisomerase IIα catalytic activity and increased the extent of etoposide-induced double-

strand DNA breaks.53 Additionally, a role for calcium-regulated phosphorylation of 

topoisomerase IIα by casein kinase I δ/ε with similar effects on catalytic activity has also 

been described.54,55 Mdm2 may be modifying the levels or activity of a number of upstream 

kinases in a ubiquitin-dependent manner. The consequent downregulation of topoisomerase 

IIα catalytic activity may confer resistance to topoisomerase II poisons by limiting the 

ability of these drugs to generate double-strand DNA breaks.

Apart from post-translational modification, protein–protein interactions may also influence 

topoisomerase II poison-induced double-strand DNA breaks, either by affecting 

topoisomerase IIα activity or accessibility. For example, Nayak et al. observed relocalization 

of topoisomerase IIα from the nucleus to the cytoplasm during treatment of SNP309G/G 

cells with etoposide.45 If Mdm2 were to promote the shuttling of topoisomerase IIα out of 

the nucleus, then the ability of etoposide to poison the enzyme in the nucleus would be 

limited, leading to fewer double-strand DNA breaks. Although evidence in support of a 

direct interaction with topoisomerase IIα has proven elusive, Mdm2 may still act on this 

enzyme through an intermediary protein or pathway. Previous work has identified an 

interaction between ERK and topoisomerase IIα that enhanced topoisomerase IIα catalytic 

activity but was not dependent on phosphorylation.56

Finally, although the work presented here has not directly addressed DNA repair, 

sumoylation of topoisomerase IIα has been observed after the enzyme is trapped in a 
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cleavage complex with DNA by topoisomerase II poisons.50 There is increasing evidence 

that hydrolysis of 5′-phosphotyrosyl linkages between the SUMO-1-conjugated enzyme and 

DNA by tyrosyl phosphodiesterase 2 is critical for clearance of DNA-enzyme adducts and 

subsequent repair of etoposide-induced DNA damage.57–59 Thus, It will be important to 

address whether elevated levels of Mdm2 affect this step of the DNA damage response.

These studies have shown that overexpression of Mdm2 selectively suppresses the levels of 

DNA double-strand breaks achieved by known inhibitors of topoisomerase IIα and is 

associated with selective resistance of MDM2-amplified tumor lines to this class of drugs. 

As MDM2 amplification and overexpression have been documented across a spectrum of 

malignancies at varying frequency, the prognostic value of Mdm2 levels on tumor response 

in patients treated with these agents warrants further investigation. In patients undergoing 

treatment, the effects of Mdm2 both on induction and repair of DNA damage by 

topoisomerase II poisons are likely to be critical and concurrent determinants of tumor 

response to these drugs.

MATERIALS AND METHODS

Cells and vectors

U2OS, SJSA-1, H1299 and CCF-STTG1 cells were purchased from ATCC. LS141 cells 

were a generous gift from Dr Jonathan Fletcher. Trp53−/− and Trp53−/−Mdm2−/− MEFs were 

a generous gift from Carol A. Prives. Experiments in MEFs were carried out at matched cell 

passage numbers. The pCMV-Flag-Mdm2WT expression plasmid expresses Flag-tagged, 

full-length human Mdm2 under the control of the CMV promoter. The pCMV-Flag-

Mdm2C464A expression plasmid was generated by site-directed mutagenesis using the 

pCMV-Flag-Mdm2WT construct as a template. The recombinant, bicistronic Adeno-Mdm2-

GFP adenovirus encodes human Mdm2 and green fluorescent protein, both of which are 

expressed by their respective CMV promoters. For establishment of stable Mdm2-

overexpressing clones, U2OS cells were co-transfected with either empty pCDNA3, pCMV-

Flag-Mdm2WT, or pCMV-Flag-Mdm2C464A and pBabe-Puro. Clones were selected in 1 

µg/ml puromycin (Sigma, St. Louis, MO, USA).

mRNA and protein analysis

RT–PCR as performed as previously described60 with the following primers.

Target Forward primer (5′ → 3′) Reverse primer (5′ → 3′)

MDM2 CATTCAGGTGATTGGTTGGA CACAGTAACTTGATATACCTCATCATC

TP53 CTGCCCTCAACAAGATGTTTTG CTATCTGAGCAGCGCTCATGG

TOP2A CCTGTAAATGAAAATATGCAAGTCA CCACATTTGCTGGGTCAC

GAPDH CAATGACCCCTTCATTGACC GATCTCGCTCCTGGAAGATG

Immunoblotting was performed as described.60 The following antibodies were used anti-

Mdm2 (EMD Millipore, Ab-1), anti-Flag (Sigma, F1804-M2), anti-topoisomerase IIα 
(Abcam, Cambridge, UK, EP1102Y) and anti-β-actin (Sigma A2066). Immunofluorescence 
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was performed as described60 using anti-phospho-γH2A.X (Millipore, St Louis, MO, USA, 

JBW301).

Fluorescence in situ hybridization

Cell lines were processed for fluorescence in situ hybridization analysis using standard 

cytogenetic preparation methods. Interphase fluorescence in situ hybridization analysis was 

performed using two probes, MDM2 labeled in Spectrum Orange and Centromere 

Enumeration Probe 12 labeled in Spectrum Green (Abbott Molecular, Abbott Park, IL, 

USA). Two hundred interphase cells were analyzed per cell line.

TP53 sequencing

RNA was isolated from cell lines using an RNeasy kit (Qiagen, Hilden, Germany). 

Following isolation, 1µg of RNA was used for cDNA synthesis using a qScript cDNA 

Synthesis kit (Quanta Biosciences, Beverly, MA, USA) according to the manufacturer’s 

protocol. The p53 cDNA sequence was amplified by PCR (DreamTaq Green PCR Master 

Mix, Thermo Scientific, Waltham, MA, USA), purified by agarose gel electrophoresis, and 

sequenced by Sanger sequencing (Genewiz, South Plainfield, NJ, USA).

The primers used for PCR amplification of the p53 cDNA sequence were 5′-

AGTCTAGAGCCACCGTCCA-3′ and 5′-TCTGACGCACACCTATTGCAAGC-3′. The 

primers used for sequencing were 5′-GTGCTTTCCACGACGGTGAC-3′, 5′-

CTGTGACTTGCACGTACTCC-3′, 5′-AGTGGTAATCTACTGGGACGGAAC-3′, 5′-

TCTGGCATTCTGGGAGCTTC-3′, 5′-TAGGGCACCACCACACTATGTC-3′, and 5′-

GGAACAAGAAGTGGAGAATGTC-3′.

siRNA transfections

Individual and pooled siRNA oligonucleotides were purchased directly from Dharmacon/

Thermo Scientific Molecular Biology (Lafayette, CO, USA) and used according to the 

manufacturer’s instructions. Oligonucleotide sequences are as follows.

Target Oligonucleotide # Sequence

MDM2 9 5′-GCCAGUAUAUUAUGACUAA-3′

10 5′-GAUGAGAAGCAACAACAUA-3′

25 5′-CCCUAGGAAUUUAGACAAC-3′

26 5′-AAAGUCUGUUGGUGCACAA-3′

TP53 14 5′-GAAAUUUGCGUGUGGAGUA-3′

15 5′-GUGCAGCUGUGGGUUGAUU-3′

16 5′-GCAGUCAGAUCCUAGCGUC-3′

17 5′-GGAGAAUAUUUCACCCUUCC-3′

TOP2A 06 5′-CGAAAGGAAUGGUUAACUA-3′

07 5′-GAUGAACUCUGCAGGCUAA-3′

08 5′-GGAGAAGAUUAUACAUGUA-3′

09 5′-GGUAACUCCUUGAAAGUAA-3′
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Target Oligonucleotide # Sequence

Negative control 5′-UUUGUAAUCGUCGAUACCCUG-3′

Neutral comet assay of double-strand DNA breaks

Single-cell comet electrophoresis was performed using the Trevigen CometAssay kit 

(Trevigen, Gaithersburg, MD, USA) according to the manufacturer’s instructions. Cells were 

treated with the agents described for the durations indicated and collected by trypsinization. 

Cells were pelleted at 2000 r.p.m. × 5 min and washed once in 1 × PBS. Approximately 

2×105 cells were resuspended in 0.1% low-melting point agarose in 1 × PBS. 50 µl of the 

cell suspension was pipetted onto designated areas of CometSlides and allowed to solidify 

for 10 min at 4 °C. Cells were lysed in CometAssay Lysis Solution for 1 h in the dark at 

4 °C. Samples were immersed in 1 × Neutral Electrophoresis Buffer (NED; Tris-acetate pH 

9.0) for 30 min at 4 °C and then transferred to an electrophoresis unit. Slides were aligned 

equidistant from electrodes. The electrophoresis unit was filled with 1 × NEB to a height of 

0.5 cm above the slides, and a constant current of 1.0 V/cm, measured between electrodes, 

was applied for 60 min at 4 °C. Slides were removed from the unit and placed flat in DNA 

precipitation solution (1M NH4Ac in 95% ethanol) for 30 min at room temperature in the 

dark. Afterward, slides were transferred into 70% ethanol for an additional 30 min at room 

temperature in the dark. Samples were subsequently dried at room temperature, in the dark, 

overnight. Samples were stained the following day with 1 × SYBR Green I stain (Invitrogen) 

diluted 1:10 000 in Tris-EDTA buffer pH 7.5. Comets were visualized at × 10 magnification 

using an Axioplan 2 IE fluorescent microscope equipped with an AxioCam MRm digital 

camera (Zeiss). Images were captured using AxioVision 4.8 software (Zeiss). Percent tail 

DNA for 50 nuclei per experimental point was determined using ImageJ software (NIH) 

with the Comet Assay plug-in (original macro from Herbert M. Geller, NIH, 1997, later 

development by Robert Bagnell, 2011, UNC-CH). Statistical significance of comet assay 

results was determined using a nonparametric Mann–Whitney U test.

Doxorubicin uptake analysis

doxorubicin (2 µg/ml) in the appropriate cell culture medium was added to each well of a 

12-well cell culture dish. 5 × 105 exponentially growing cells were added to three wells 

containing medium and drug at 120, 60, 30 and 10 min before harvest. All cells were 

collected and centrifuged at 2000 r.p.m. for 5 min. The cell pellets were washed once with 

ice-cold 1 × PBS and centrifuged a second time. The cells were resuspended in 300 µl of 

ice-cold 1 × PBS and fluorescence data were acquired immediately on a FACSCalibur flow 

cytometer (BD Biosciences, San Jose, CA, USA) as described by others.27,28 Briefly, laser 

excitation was set to 488 nm and all fluorescence greater than 530 nm (IGFL, integrated 

fluorescence) was captured for analysis. Relative intracellular doxorubicin concentration 

was estimated using normalized median fluorescence index (NMFI), in which cell volume is 

monitored by forward area light scatter (FALS) in parallel with IGFL: NMFI = (IGFL/
FALS) − (IGFL0/FALS0).
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Propidium iodide staining and cell cycle analysis

Cells were collected by trypsinization and centrifuged at 2000 r.p.m. for 5 min. Cell pellets 

were washed once in 1 × PBS and spun again. Approximately 1 × 106 cells were fixed in 

70% ethanol at − 20 °C for a minimum of 12 h before analysis. Samples were centrifuged at 

2000 r.p.m. for 5 min, resuspended in 1 × PBS, pelleted, and resuspended a second time in 1 

× PBS containing 20 µg/ml propidium iodide and 1 mg/ml RNAse A (Sigma). Samples were 

transferred to 5 ml flow cytometry tubes and incubated for 12 h the dark at 4 °C. Samples 

data were acquired on a FACSCalibur flow cytometer (BD Biosciences) and analyzed using 

CellQuest Pro software (BD Biosciences).

Immunofluorescence

Cells were split 1:5–1:10 (depending on cell type) into 100 mm cell culture dishes and 

grown on sterile glass coverslips for 24 h before treatment. Untreated cells were collected 

and fixed the following day and maintained at 4 °C until further processing. All treated cells 

were collected at the timepoints indicated. Upon collection, cells were washed twice in 1 × 

PBS and fixed in 4% paraformaldehyde for 30 min at room temperature. After fixing, cells 

were washed twice more in 1 × PBS. Cells were subsequently permeabilized and blocked for 

2 h at room temperature in a blocking solution comprising 0.1% Triton-X-100 and 2% 

bovine serum albumin in 1 × PBS. Primary anti-phosphpo-γH2A.X (Millipore, JBW301) 

was diluted 1:500 in blocking solution. Samples were incubated in primary antibody 

overnight. The coverslips were subsequently washed three times in blocking solution and 

incubated with 1:500 Alexa Fluor 488-conjugated goat anti-mouse for1 h at room 

temperature. Afterward, samples were washed twice in blocking solution and a third time in 

1 × PBS. Samples were mounted onto slides and nuclei were counterstained using 

VECTASHIELD HardSet mounting medium with DAPI (Vector Laboratories, Burlingame, 

CA, USA). All imaging was performed at × 40 magnification using an Axioplan 2 IE 

fluorescent microscope equipped with an AxioCam MRm digital camera (Zeiss). Exposure 

time was kept constant for all samples. Images were captured using AxioVision 4.8 software 

(Zeiss). yH2A.X foci were manually counted using ImageJ software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Tumor cells overexpressing Mdm2 show selective resistance to topoisomerase II poisons. (a) 

U2OS and SJSA-1 cells were seeded into medium containing the indicated doses of either 

doxorubicin (DOX) or etoposide (VP16) and allowed to incubate for up to 3 days. Adherent 

cells were counted each day beginning at day 1 post-seeding. Data are mean ± s.e.m. (b) 

U2OS and SJSA-1 cells were seeded into medium containing the indicated doses of 

camptothecin (CPT), neocarzinostatin (NCS) or carboplatin (CBCDA). Cell proliferation 

was assessed as described in (a). Data are mean ± s.e.m.
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Figure 2. 
Tumor cells overexpressing Mdm2 show reduced DNA damage due to topoisomerase II 

inhibition. (a) The extent of double-stranded DNA breaks induced by doxorubicin (DOX), 

etoposide (VP16), neocarzinostatin (NCS) and camptothecin (CPT) in U2OS and SJSA-1 

cells was determined by neutral comet assay following 48 h of treatment at the indicated 

doses of drug. Data are mean ± s.e.m. *P<0.05. ns=not significant. Results are 

representative. (b) U2OS and SJSA-1 cells were stained for phospho-γH2A.X after 48 h of 

treatment with the indicated doses of doxorubicin. Results are representative. (c) U2OS and 
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SJSA-1 cells were stained for phospho-γH2A.X after 48 h of treatment with 100 ng/ml 

doxorubicin, 3 µM VP-16 and 200 ng/ml neocarzinostatin. Results are representative.
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Figure 3. 
Reduced DNA damage consequent to topoisomerase II inhibition is Mdm2-dependent. (a) 

MDM2 transcripts in SJSA-1 cell were targeted for degradation using an siRNA approach. 

Cells transfected with siRNA were treated for 48 h with either doxorubicin or 

neocarzinostatin at the indicated doses. A representative experiment is shown. Left: The 

extent of MDM2 knockdown at each point was quantified by qPCR. Right: The degree of 

double-stranded DNA breaks in control (CTL) or MDM2 siRNA-transfected cells treated 

with either doxorubicin or neocarzinostatin was determined by neutral comet assay. Data are 

mean ± s.e.m. (b) The experiment described in (a) was carried out in CCF-STTG1 cells. 
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Data are mean ± s.e.m. Results are representative. (c) The experiment described in (a) was 

carried out using LS141 cells. Data are mean ± s.e.m. *P<0.05. ns=not significant. Results 

are representative.
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Figure 4. 
Mdm2 overexpression does not affect doxorubicin uptake. (a) U2OS and SJSA-1 cells were 

incubated in medium containing 2 µg/ml doxorubicin at 37 °C for up to 120 min and 

collected for flow cytometric analysis of doxorubicin uptake. Data are representative. (b) 

Relative intracellular doxorubicin accumulation was estimated by calculation of normalized 

median fluorescence index (NMFI). NMFI values were plotted over time. Data are mean ± 

s.e.m. (c) MDM2 transcripts in SJSA-1 cells were degraded using an siRNA approach and 

the effect of this manipulation on intracellular doxorubicin accumulation was studied. Left: 
The extent of Mdm2 knockdown by siRNA was quantified by qPCR. Error bars mean ± 

s.e.m. Right: NMFI values for control and Mdm2 siRNA-treated SJSA-1 cells exposed to 2 
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µg/ml doxorubicin for up to 120 min were calculated and plotted. Data are mean ± s.e.m. (d) 

The experiment described in (c) was performed using CCF-STTG1 cells. Data are mean ± 

s.e.m.
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Figure 5. 
The ability of Mdm2 to suppress DNA damage due to topoisomerase II poisons is dependent 

on an intact RING finger domain. (a) Immunoblot analysis of stable clones of U2OS-derived 

cells transfected with empty vector (CMV) or Flag-tagged, full-length, wild-type Mdm2 

(Mdm2WT). (b) The extent of DNA double-strand breaks due to doxorubicin (DOX) or 

neocarzinostatin (NCS) treatment in Mdm2WT clones versus empty vector controls was 

determined by neutral comet assay. A representative experiment is shown for two clones. 

Data are mean ± s.e.m. *P<0.05. (c) Immunoblot analysis of stable clones of U2OS-derived 

cells transfected with either empty vector (CMV) or Flag-tagged, full-length Mdm2 

harboring a point mutation in the RING finger domain (Mdm2C464A). (d) Mdm2C464A 

clones were treated with doxorubicin as in (b) and the extent of DNA double-strand breaks 
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was quantified by neutral comet assay. A representative experiment is shown for each clone. 

Data are mean ± s.e.m. ns=not significant.
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Figure 6. 
Expression of Mdm2 reduces DNA damage due to topoisomerase II inhibition. Left: 
Immunoblot analysis of U2OS cells transduced with an adenoviral vector driving expression 

of either GFP alone or in combination with full-length, wild-type Mdm2 and treated with the 

indicated doses of doxorubicin for 48 h. Right: The extent of DNA damage induced by 

doxorubicin in Adeno-GFP-versus Adeno-Mdm2-GFPtransduced U2OS cells was quantified 

by neutral comet assay. A representative experiment is shown. Data are mean ± s.e.m. (b) 

Left: Immunoblot analysis of U2OS cells transduced as described in (a) but treated with the 

indicated doses of neocarzinostatin for 48 h. Right: The extent of DNA damage induced by 

neocarzinostatin in Adeno-GFP- versus Adeno-Mdm2-GFP-transduced U2OS cells was 

quantified by neutral comet assay. A representative experiment is shown. Data are mean ± 

s.e.m. ns=not significant.
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Figure 7. 
Mdm2 suppression of DNA damage due to topoisomerase II inhibition is independent of 

p53. (a) Immunoblot analysis of H1299 cells transduced with an adenoviral vector driving 

expression of GFP alone or in combination with full-length, wild-type Mdm2 and treated 

with the indicated doses of doxorubicin for 48 h. (b) The extent of DNA damage induced by 

doxorubicin in Adeno-GFP versus Adeno-Mdm2-GFP-transduced H1299 cells was 

quantified by neutral comet assay. A representative experiment is shown. Data are mean ± 

s.e.m. ns=not significant.
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Figure 8. 
Loss of MDM2 in mouse embryo fibroblasts is associated with increased sensitivity to DNA 

damage due to topoisomerase II inhibition independent of p53. (a) Immunoblot analysis of 

TRP53−/−MDM2− +/+ and TRP53−/−MDM2−/− mouse embryo fibroblasts (MEFs) treated 

with the indicated doses of DOX for 48 h. C127I mouse mammary epithelial cells treated 

with 10 µM Nutlin-3 for 24 h are a positive control for Trp53 and Mdm2. (b) Neutral comet 

assay quantification of double-strand DNA breaks arising from DOX treatment at the 

indicated dose for 48 h in TRP53−/−MDM2− +/+ versus TRP53−/−MDM2−/− MEFs. A 

representative experiment is shown. Data are mean ± s.e.m. ns=not significant.
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