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Abstract

The Mdm2 oncogene is a negative regulator of the p53 tumor suppressor and recently identified 

inhibitor of DNA break repair. Nutlin-3 is a small molecule inhibitor of Mdm2/p53 interaction that 

can induce apoptosis in cancer cells through activation of p53. While this is promising therapy for 

those cancers with wild-type p53, half of all human cancers have inactivated p53. Here, we reveal 

a previously unappreciated effect of Nutlin is inhibition of DNA break repair, stemming from its 

ability to increase Mdm2 protein levels. The Nutlin-induced increase in Mdm2 inhibited DNA 

double-strand break (DSB) repair and prolonged DNA damage response signaling independent of 

p53. Mechanistically, this effect of Nutlin required Mdm2 and acted through Nbs1 of the Mre11/

Rad50/Nbs1 DNA repair complex. In ovarian cancer cells where >90% have inactivated p53, 

Nutlin combined with the genotoxic agents, cisplatin or etoposide, had a cooperative lethal effect 

resulting in increased DNA damage and apoptosis. Therefore, these data demonstrate an 

unexpected consequence of pharmacologically increasing Mdm2 levels that when utilized in 

combination with genotoxic agents induces synthetic lethality in ovarian cancer cells, and likely 

other malignant cell types, that have inactivated p53.

Implications—Data reveal a therapeutically beneficial effect of pharmacologically increasing 

Mdm2 levels combined with chemotherapeutic agents for malignancies that have lost functional 

p53.
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Introduction

The p53 tumor suppressor can inhibit cell cycle progression and induce apoptosis following 

cellular stress, such as DNA damage. Consequently, p53 is mutated or deleted in 

approximately half of all of human cancers, with some malignancies having higher p53 
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mutation rates (1). In high grade serous ovarian cancer, the most common and aggressive 

form of the disease, >90% of the tumors have inactivated p53 (2). Typically, an initial 

diagnosis is made at late stages of metastatic disease, making ovarian cancer challenging to 

treat and one of the most deadly cancers among women (3). Primary chemotherapy for 

ovarian cancer involves the genotoxic platinum drugs, cisplatin or carboplatin (4). Although 

initial responses are good, platinum resistance occurs often, requiring the use of other 

genotoxic agents, such as etoposide (5).

Mdm2 is an E3 ubiquitin ligase that binds directly to p53, targeting it for proteosomal 

degradation (1). In recent years, the drug Nutlin-3 (Nutlin) was developed that binds in the 

p53-binding pocket of Mdm2, inhibiting the interaction between Mdm2 and p53. Nutlin 

prevents the negative regulation of p53 by Mdm2, thus, activating p53. In cancer cells with 

wild-type p53, Nutlin can induce p53-mediated apoptosis (6). Additionally, Nutlin has been 

used in combination with genotoxic agents to induce apoptosis of cancer cells retaining 

functional p53 (7). While this approach shows promise for tumors retaining wild-type p53, 

this mechanism of action is not useful for the many cancers with mutated or deleted p53. 

Therefore, understanding and establishing therapeutics that can act independent of p53 are 

needed for treating these cancers.

It has been reported that a consequence of Nutlin treatment is elevated Mdm2 protein levels, 

and this occurs in cells with or without p53 (6,8). While Mdm2 negatively regulates p53, 

Mdm2 also has p53-independent functions that negatively impact genome stability (9). We 

have shown elevated Mdm2 levels act through Nbs1 of the Mre11/Rad50/Nbs1 (MRN) 

DNA repair complex to impair DNA damage response signaling, leading to inhibition of 

double-strand DNA break repair and increased genome instability independent of p53 

(10,11). Here, we show the Nutlin-induced increase in Mdm2 results in an inhibition of 

double-strand DNA break repair and DNA damage response signaling that requires both 

Mdm2 and Nbs1, but not p53. We also demonstrate a combined lethal effect of Nutlin and 

genotoxic agents in p53 inactivated ovarian cancer cells due to the inhibition of DNA repair. 

These studies reveal an alternative mechanism of action of Nutlin in tumor cells that have 

inactivated p53 and a likely therapeutic benefit of increasing Mdm2 levels 

pharmacologically in those tumors.

Materials and Methods

Cell culture

p53−/−, p53−/−Mdm2−/−, and Nbs1ΔB/ΔB murine embryonic fibroblasts (MEFs) were 

cultured as we previously described (12). 293T cells were cultured as described by the 

American Type Culture Collection (Manassas, VA). SKOV-3, OVCAR-5 and OVCAR-8 

ovarian cancer cell lines were cultured as previously described (13).

Chemotherapeutic agents

Nutlin (Sigma) and etoposide (Sigma) were dissolved in DMSO (Sigma) at 17.2 mM and 50 

mM, respectively, from which working stocks were generated. The concentration of Nutlin 

used refers to the entire mixture, but only half of the total concentration represents the active 
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enantiomer A. Cisplatin (Sigma) was resuspended in 0.9% NaCl at 5 mM from which 

working stocks were generated.

Western blotting and Protein half-life analysis

Following addition of Nutlin (10 µM) or vehicle control (DMSO) for 1 hour, cycloheximide 

(20 µg/ml; Sigma) was added to cultures of p53−/− MEFs. At intervals, cells were placed on 

ice and harvested for western blot analysis. Whole cell lysates were prepared, subjected to 

SDS-PAGE, transferred to nitrocellulose, and Western blotted as we previously described 

(11). Antibodies specific for Mdm2 (2A10 for mouse, Calbiochem; 3G9 for human, 

Millipore), cleaved Caspase 3 (ASP175, Cell Signaling), and β-actin (Sigma) were used. 

Densitometry for quantification of Mdm2 protein bands was performed using Image J 

software (National Institutes of Health) and were relative to band intensities of β-actin.

Comet assay

Cells were left untreated or were treated with Nutlin (10 µM) or vehicle control (DMSO) 24 

hours prior to γ-radiation (137Cs source), where indicated. As a control, cells were either 

transfected or infected with a bicistronic retroviral vector encoding Mdm2 and GFP (10). 

Neutral comet assays were performed at intervals following γ-radiation, as previously 

described (10,11). A minimum of three independent experiments were performed for all 

analyses. Statistical significance was determined by student’s t-tests.

Immunofluorescence

Cells were cultured on coverslips and, where indicated, treated for 24 hours with the 

specified drug. Following γ-radiation, cells were fixed and γH2AX and pS/TQ foci were 

detected by immunofluorescence and analyzed as previously described (11,14). Antibodies 

against pSer139-H2AX (Millipore), pSer1981-ATM (Rockland), and secondary antibodies 

Alexa Fluor 594 and Alexa Fluor 488 (Invitrogen) were used. The number of γH2AX and 

pS/TQ foci per cell for at least 40 cells per individual condition was quantified. A minimum 

of 2–3 independent experiments were performed for these analyses. Statistical significance 

was determined using a confidence interval of 95%. The assays determining the percentage 

of γH2AX positive cells 24 hours following removal of cisplatin or etoposide were 

performed two times as previously published (15), except Nutlin (10 µM) was added to the 

samples indicated. Cells that had 5 or more foci were considered positive; statistical 

significance was determined using a student’s t-test.

Proliferation, viability, and apoptosis analysis

For MTT assays, cells (5×103–1×104) were cultured in 96-well plates and treated in 

quadruplicate with chemotherapeutic agents (Nutlin, etoposide, cisplatin, or a combination) 

at varying concentrations for 72 hours. At intervals, MTT assays (Sigma) were performed 

according to manufacturer’s protocol. To evaluate apoptosis, cells were treated with 

chemotherapeutic agents for 48 hours, photographed and harvested. Whole cell protein 

lysates were prepared as described above. Cleaved Caspase 3 was evaluated by Western blot 

(see above).

Carrillo et al. Page 3

Mol Cancer Res. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

Nutlin increases Mdm2 protein stability independent of p53

It was previously reported that cell lines treated with Nutlin can lead to increased levels of 

Mdm2 as detected by Western blot, and this can occur in the absence of p53 (6,8). To 

determine whether Nutlin influences Mdm2 protein stability, we evaluated Mdm2 protein 

levels following addition of the protein synthesis inhibitor, cycloheximide. To exclude 

effects on Mdm2 from p53 activation due to Nutlin treatment, we utilized p53−/− MEFs. We 

also only exposed the MEFs to Nutlin for one hour to evaluate direct effects of Nutlin and 

eliminate any secondary effects that may occur with prolonged treatment. Mdm2 protein 

remained present for longer in cells with Nutlin compared to vehicle control treated cells 

(Figure 1A). Specifically, there were high levels of Mdm2 protein remaining after 20 

minutes with cycloheximide in the Nutlin treated cells, whereas in the vehicle control treated 

cells, Mdm2 was barely detectable. These data indicate increased stability of Mdm2 protein 

in the presence of Nutlin, resulting in elevated levels of Mdm2.

Nutlin inhibits DNA break repair through Mdm2 and Nbs1, independent of p53

We have previously shown that increased levels of Mdm2 protein inhibit double-strand 

DNA break repair independent of p53 (10,11,14). To determine whether the increase in 

Mdm2 levels caused by Nutlin would result in an inhibition in double-strand DNA break 

repair, we first tested this by neutral comet assay in 293T cells, which have inactivated p53 

due to expression of SV40 large T antigen. We detected 60.1% (+/−1.57%) of the cells 

exposed to Nutlin had DNA damage remaining 60 minutes post γ-radiation, compared to 

only 29.7% (+/−2.35%) of DMSO treated cells (Figure 1B). The reduction in repaired DNA 

caused by Nutlin was comparable to cells that ectopically overexpressed Mdm2. To more 

fully assess whether this effect of Nutlin is independent of p53, we evaluated DNA repair in 

p53−/− MEFs in the presence of Nutlin. Sixty minutes after γ-radiation, p53−/− MEFs with 

Nutlin had reduced repair of double-strand DNA breaks resulting in significantly more cells 

harboring damaged DNA compared to cells treated with vehicle control (Figure 1C). Again, 

the inhibition of DNA repair by Nutlin was comparable to cells overexpressing Mdm2 from 

a vector.

To determine the requirement of Mdm2 for this effect on DNA repair of Nutlin, we exposed 

p53−/−Mdm2−/− MEFs to Nutlin or DMSO vehicle control. We observed at both 60 and 90 

minutes following γ-radiation, Nutlin treated cells repaired their DNA to a similar extent as 

DMSO control (Figure 1D), whereas MEFs overexpressing Mdm2 had significantly reduced 

DNA repair. These results demonstrate the Nutlin-induced inhibition of double-strand DNA 

break repair is mediated by Mdm2.

The inhibition in DNA break repair induced by Mdm2 is mediated through its interactions 

with Nbs1 of the MRN complex (11). To evaluate the requirement of Nbs1 for the effects of 

Nutlin on DNA break repair, we utilized MEFs where Nbs1 has been mutated resulting in 

instability and severely reduced Nbs1 expression (Nbs1ΔB/ΔB (16)). DNA break repair is 

already delayed in the Nbs1ΔB/ΔB MEFs and addition of Nutlin did not further inhibit DNA 

repair (Figure 1E). As we reported previously (11), expression of wild-type Nbs1 rescues the 
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DNA repair kinetics in the Nbs1ΔB/ΔB MEFs. However, when a mutant of Nbs1 that cannot 

bind Mdm2 (mut 8; (11)) was expressed, Nutlin treatment did not result in a delay in DNA 

repair (Figure 1E). Therefore, Nutlin-induced inhibition of DNA break repair is dependent 

on Mdm2 and Nbs1 interaction.

Nutlin inhibits the DNA damage signal through Mdm2

To determine whether the reduction in DNA break repair caused by Nutlin is due to a delay 

in DNA damage signaling that occurs when Mdm2 is overexpressed (10,11), we evaluated 

γH2AX foci formation and resolution. H2AX is rapidly phosphorylated (γH2AX) upon 

DNA damage and returns to an unphosphorylated form upon repair (17). Assessment of 

γH2AX foci formation showed that 10 minutes following γ-radiation, p53−/− MEFs in the 

presence of Nutlin formed 31% fewer foci than vehicle treated cells (Figure 2A and 

Supplemental Figure S1A). These results were comparable to cells overexpressing Mdm2 

from a retroviral vector. At 150 minutes post γ-radiation, there were significantly increased 

numbers of γH2AX foci in the Nutlin exposed MEFs compared to DMSO treated controls, 

indicating a delay in foci resolution. To determine the role of Mdm2, we measured foci in 

p53−/−Mdm2−/− MEFs. When Mdm2 was not present, Nutlin no longer inhibited the 

formation or the resolution of γH2AX foci compared to DMSO treated cells (Figure 2B and 

Supplemental Figure S1B). These results indicate Nutlin treatment has a comparable 

inhibitory effect on γH2AX foci formation and resolution as Mdm2 overexpression, and this 

effect is independent of p53, but requires Mdm2.

γ-Radiation induces DNA breaks, which activates ATM, the DNA damage-induced kinase, 

that then phosphorylates motifs with a serine or threonine followed by a glutamine (S/TQ) 

(18). Another means to measure DNA damage signaling is to evaluate these phosphorylated 

S/TQ (pS/TQ) sites. Following γ-radiation, pS/TQ foci were assessed in p53−/− MEFs 

cultured with Nutlin or vehicle control. Cells with Nutlin had 28% fewer foci immediately 

after γ-radiation, and 62% more foci at 240 minutes post γ-radiation compared to controls 

(Figure 2C and Supplemental Figure S2A). When p53−/−Mdm2−/− MEFs were used, Nutlin 

had neither an impact on the formation nor the resolution of the pS/TQ foci (Figure 2D and 

Supplemental Figure S2B). In both cell types, pS/TQ foci formation and resolution was 

impaired when Mdm2 was ectopically overexpressed, as we previously reported (11). 

Therefore, Nutlin inhibits the initial DNA damage response signal leading to prolonged 

signaling, and this requires Mdm2 but is independent of p53.

Nutlin inhibits DNA break repair in ovarian cancer cells

Ovarian cancer is a difficult to treat malignancy with the aggressive high grade serous 

ovarian carcinoma type harboring mutated or deleted p53 in >90% of the tumors (2). To 

determine whether Nutlin could increase levels of Mdm2 and inhibit DNA break repair in 

malignant cells that have inactivated p53, we assessed ovarian cancer cells that had either 

deleted or mutated p53. SKOV-3 ovarian cancer cells have deleted p53 and showed 

increased levels of Mdm2 following exposure to Nutlin (Figure 3A). We then assessed the 

effect of Nutlin on their ability to repair damaged DNA by exposing the SKOV-3 cells to 

Nutlin or vehicle control, and performing comet assays following γ-radiation. Only 57.6% 
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of the cells treated with Nutlin were able to repair their DNA damage within 90 minutes, 

compared to 74.5% of cells exposed to vehicle control (Figure 3A).

We also evaluated ovarian cancer cells that harbor mutant p53, OVCAR-5 (insertion at 

codon 224) and OVCAR-8 (deletion of codons 126–132) (19). Nutlin treatment led to 

increased Mdm2 protein levels in both cell lines (Figure 3B and 3C). In addition, both lines 

exposed to Nutlin had significantly reduced DNA break repair at 60 and 90 minutes post γ-

radiation (Figure 3B and 3C). These results indicate Nutlin-induced increase in Mdm2 

results in a delay in double-strand DNA break repair in ovarian cancer cells that contain 

deleted or mutated p53.

Delay of DNA damage signal in ovarian cancer cells caused by Nutlin

To assess the DNA damage signal in ovarian cancer cells, we evaluated γH2AX foci 

formation and resolution. Ten minutes after γ-radiation, there were 29% fewer γH2AX foci 

in the Nutlin treated p53 deleted SKOV-3 cells compared to vehicle control (Figure 4A and 

Supplemental Figure S3A). At 240 minutes post γ-radiation, the Nutlin treated SKOV-3 

cells had 46% more foci remaining compared to DMSO treated cells. Similar results were 

obtained with the p53 mutant ovarian cancer cell lines, OVCAR-5 and OVCAR-8 (Figure 

4B and 4C, respectively and Supplemental Figure S3B and S3C). Therefore, Nutlin inhibits 

DNA repair and DNA damage response signals in ovarian cancer cells with inactivated p53, 

analogous to what was observed in MEFs.

Inhibition of ovarian cancer cell expansion with combined treatment of Nutlin and 
genotoxic agents

Cisplatin, used in first-line therapy for ovarian cancer, is a genotoxic agent that causes DNA 

double-strand breaks (20). To determine whether inhibition in DNA repair by Nutlin would 

cooperate with genotoxic chemotherapeutic agents, we evaluated the combination effect of 

Nutlin and cisplatin. SKOV-3 cells were treated with Nutlin alone, cisplatin alone, or Nutlin 

and cisplatin in combination. SKOV-3 cells treated with 1 µM of cisplatin alone or 10 µM of 

Nutlin alone resulted in a maximum of 12.3% +/− 0.43% reduction in cell growth at 72 

hours compared to vehicle treated control (Figure 5A and Supplemental Figure S4A). 

However, treatment with both 1 µM of cisplatin and 10 µM of Nutlin resulted in a 26.9% +/

− 0.62% reduction in cell growth at 72 hours compared to vehicle treated cells 

(Supplemental Figure S4A). This cooperative effect was more apparent between Nutlin and 

5 µM cisplatin, which combined inhibited growth by 51.5% +/− 0.49%, while 5 µM cisplatin 

alone only inhibited 35.0% +/− 1.08% (Figure 5A). Nutlin enhanced the negative effect of 5 

µM cisplatin on cell expansion over that of the 10 µM cisplatin alone. Similar results were 

obtained with the OVCAR-5 and OVCAR-8 mutant p53 ovarian cancer cells (Figure 5A and 

Supplemental Figure S4A). These results indicate pharmacologically increasing Mdm2 with 

Nutlin enhanced the lethality of cisplatin in ovarian cancer cells with inactivated p53.

Etoposide also results in double-strand DNA breaks and is used to treat relapsed ovarian 

cancer, following platinum-resistance (5). We evaluated the combination effect of Nutlin 

with etoposide in SKOV-3, OVCAR-5, and OVCAR-8 ovarian cancer cell lines. For all 

three cell lines, treatment with either Nutlin or 1 µM etoposide had a very slight effect on the 
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expansion of the cells, but when combined, cell growth was significantly inhibited (35.9–

56.2%) (Supplemental Figure S4B). Similarly, when treated with Nutlin and 5 µM 

etoposide, cells were inhibited by 60.2–75.3% compared to only 49–53% when 5 µM 

etoposide alone was used (Figure 5B). The effects of Nutlin with 5 µM etoposide was 

similar to treating the cells with 2–4 times the amount of etoposide alone (Figure 5B). 

Therefore, ovarian cancer cells treated with both Nutlin and etoposide were significantly 

impaired in their ability to expand, and this was more than the effect of either drug alone, 

indicating cooperation.

Lethal combination for ovarian cancer cells of Nutlin and genotoxic agents

To determine if cell death caused the observed reduction in cell growth, SKOV-3, 

OVCAR-5 and OVCAR-8 ovarian cancer cell lines were first visually evaluated. We 

observed fewer cells in addition to an increase in dead and dying cells in the cultures 

exposed to both Nutlin and cisplatin (Figure 6A and Supplemental Figure S5) as well as 

Nutlin and etoposide (Figure 6B and Supplemental Figure S5) in comparison to either drug 

alone. These results suggest that the ovarian cancer cells are dying, but to test whether 

apoptosis was occurring, we assessed cleaved Caspase 3. Very little or no cleaved Caspase 3 

was detected in Nutlin or vehicle control treated cells (Figure 6C and 6D). However, cleaved 

Caspase 3 was readily apparent in ovarian cancer cells treated with the combination of 

Nutlin and 5 µM cisplatin, and was similar to the amount of cleaved Caspase 3 observed in 

cells treated with 10 µM cisplatin alone (Figure 6C). Moreover, Nutlin combined with 5 µM 

of etoposide resulted in increased cleaved Caspase 3 to levels similar to 10 µM of etoposide 

alone (Figure 6D). Comparable results were obtained in all three ovarian cancer cell lines 

with both genotoxic drugs (Figure 6C and 6D). These results indicate Nutlin has a 

cooperative effect with cisplatin and etoposide in ovarian cancer cells with inactivated p53, 

resulting in apoptosis.

One established method to measure effects of drugs on ovarian cancer cells at the DNA level 

is to evaluate γH2AX foci after a prolonged time (i.e. 24 hours) after removal of the 

genotoxic drug; this is a measure of damage remaining and indicative of cells that are likely 

to die (15). Using this method, we observed an increased percentage of ovarian cancer cells 

that were γH2AX positive after incubation with Nutlin or cisplatin alone, but significantly 

more when cells were treated with both Nutlin and cisplatin (Figure 6E). Analogous results 

were obtained when etoposide was used (Figure 6F). Combined, the data indicate that 

inhibition of double-strand DNA break repair resulting from Nutlin-induced increased 

Mdm2 levels cooperates with genotoxic agents, such as cisplatin or etoposide, to cause 

apoptosis of ovarian cancer cells lacking functional p53.

Discussion

Since the development of Nutlin, scientists have been using it as a research tool to 

investigate the involvement of the p53 pathway in various settings and for determining the 

chemotherapeutic potential of activating p53 to treat cancer (6,7). Although studies have 

extensively demonstrated p53-dependent properties of Nutlin, p53-independent effects of 

Nutlin have also emerged. One observed p53-independent effect of Nutlin is the increase in 
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Mdm2 protein levels (6,21), which our data indicate is due to Mdm2 protein stabilization. 

We had previously shown Mdm2 overexpression inhibits DNA break repair and promotes 

genome instability independent of p53 (10,11). Here our data reveal that stabilization of 

Mdm2 by Nutlin resulted in an inhibition in the DNA damage signal and delayed DNA 

break repair. This effect of Nutlin was dependent on Mdm2 and its interactions with Nbs1. 

When Nutlin was combined with genotoxic agents in ovarian cancer cells, a significant 

increase in DNA damage and apoptosis independent of p53 was induced. These results 

provide insight into a novel p53-independent, Mdm2-dependent mechanism of Nutlin. 

Importantly, our data show the therapeutic benefit of pharmacologically increasing Mdm2 in 

conjunction with genotoxic agents as a means of inducing synthetic lethality in cancers with 

inactivated p53, such as ovarian cancer.

Numerous studies have described a cooperative effect between Nutlin and genotoxic agents 

in the context of wild-type p53. Our data suggest that in addition to p53 activation, Nutlin is 

also stabilizing Mdm2 causing an increase in the levels of Mdm2, which dampens the p53 

response to DNA damage, resulting in increased sensitivity to genotoxic drugs (22,23). A 

small number of studies have also explored the effect Nutlin in combination with genotoxic 

drugs in cancer cells with mutated or deleted p53, but the mechanism for the observed 

cooperation between the two in this context was poorly understood. For example, a 

cooperative effect between Nutlin and topoisomerase II inhibitors in pancreatic cancer cells 

with inactivated p53 has been described (24). They reported Nutlin caused an increase in 

DNA damage response signals in response to genotoxic insults in three hours. Consistent 

with this, we observed an increase in DNA damage response signals four hours after γ-

radiation, but we also detected a reduction in the early DNA damage response signal. Our 

results indicate Nutlin delays the DNA damage signal leading to more DNA damage 

signaling at later times after the genotoxic drug. Another study proposes Nutlin cooperates 

with cisplatin and doxorubicin by activating a p53 family member, p73, leading to E2F1 

activation to induce apoptosis (25–28). Mdm2 can bind and regulate p73, and both p73 and 

E2F1 can be activated following DNA damage (29). Our data established that in the absence 

of functional Nbs1, Nutlin was unable to inhibit double-strand DNA break repair. Thus, if 

p73 and E2F1 are involved it appears that they do not contribute to the delay in DNA break 

repair induced by Nutlin.

Half of all human cancers have directly inactivated p53 and many cancers that progress or 

relapse from therapies have inactivated p53 (1). Therefore, there is much need for 

identifying new chemotherapeutic approaches for those malignancies that have inactivated 

p53, such as ovarian cancer. Current standard chemotherapy treatment for ovarian cancer 

involves the platinum-based genotoxic agents cisplatin or carboplatin (4). Our results reveal 

Nutlin used in combination with cisplatin increases the efficacy of cisplatin, showing that in 

the presence of Nutlin, 2-fold lower concentrations of cisplatin are effective. Relapse in 

ovarian cancer often results from platinum-resistance and requires the need to use 

combination therapy with other genotoxic agents, such as etoposide (5). Our data 

demonstrate that Nutlin also cooperates with etoposide to increase its efficacy, resulting in 

2–4-fold lower concentrations of etoposide being equally effective. Our results have 

significant therapeutic implications, as they reveal that pharmacologically modulating 

Mdm2 levels could be used to more effectively treat malignancies that have inactivated p53, 
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as well as allow lower concentrations of toxic chemotherapeutic drugs to be used. This study 

also emphasizes the importance of assessing compounds that lead to increased Mdm2 levels 

for therapeutic purposes. Moreover, since increasing Mdmx levels also leads to an inhibition 

of DNA break repair (14), compounds that stabilize Mdmx or both Mdm2 and Mdmx are 

also likely to have similar results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nutlin inhibits DNA break repair independent of p53 and through Mdm2 and Nbs1
(A) Cycloheximide (CHX) was added to p53−/− MEFs pretreated with Nutlin (10 µM) or 

vehicle control (DMSO) for 1 hour. At the intervals indicated cells were harvested and 

whole cell protein lysates were subjected to Western blot analysis for the protein indicated. 

Quantification of Mdm2 relative to β-actin was performed by densitometry. (B–E) 293T 

cells (B), p53−/− MEFs (C), p53−/−Mdm2−/− MEFs (D), and Nbs1ΔB/ΔB MEFs (E) were 

cultured with Nutlin (10 µM) or vehicle control (DMSO). Ectopic Mdm2 overexpression in 

each cell line served as a positive control. Whole cell lysates were Western blotted for the 
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indicated proteins. Following 5 Gy of γ-radiation, neutral comet assays were used to 

evaluate the percentage of cells with a tail moment ≥4 (damaged DNA). All graphs represent 

of a minimum of three independent experiments and each circle indicates one experimental 

sample consisting of a minimum of 40 cells analyzed. For D, 120 minutes following γ-

radiation is shown. B, *p=0.0004, **p=0.011; C, *p=0.01, **p=0.007; D, *p=0.001; 

**p=0.0093; E, *p=0.031, all as compared to DMSO, t-test.
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Figure 2. DNA damage signaling is inhibited by Nutlin and requires Mdm2
(A, C) p53−/− MEFs and (B, D) p53−/−Mdm2−/− MEFs were treated with Nutlin (10 µM) or 

vehicle control (DMSO). MEFs with ectopic Mdm2 overexpression served as a positive 

control. Following exposure to 5 Gy of γ-radiation, MEFs were fixed at intervals and 

immunofluorescence for γH2AX (A, B) and pS/TQ (C, D) was performed. The number of 

foci per cell was quantified. The mean of 2–3 independent experiments is graphed. Error 

bars represent SEM, and significance (*) determined using a confidence interval of 95%.
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Figure 3. Delayed DNA repair by Nutlin in ovarian cancer cells with inactivated p53
SKOV-3 (A) OVCAR-5 (B), and OVCAR-8 (C) ovarian cancer cell lines were cultured with 

Nutlin (10 µM) or vehicle control (DMSO). Whole cell protein lysates were evaluated by 

Western blot. Following 5 Gy of γ-radiation, neutral comet assays were used to measure 

DNA breaks. Each bar represents the average of 2–4 independent experiments with a 

minimum of 40 cells analyzed for each sample. A, *p=0.0073, **p=0.035; B, *p=0.0047, 

**p=0.01; C, *p=0.004, **p=0.0073, student’s t-test.
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Figure 4. Nutlin inhibits DNA damage signaling in ovarian cancer cells
SKOV-3 (A) OVCAR-5 (B), and OVCAR-8 (C) ovarian cancer cell lines were cultured with 

Nutlin (10 µM) or vehicle control (DMSO), and following γ-radiation, γH2AX foci were 

detected by immunofluorescence. The number of foci per cell was quantified. The mean of 

2–3 independent experiments is graphed. Error bars represent SEM, and significance (*) 

determined using a confidence interval of 95%.
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Figure 5. Nutlin cooperates with genotoxic agents to reduce cell viability independent of p53 in 
ovarian cancer cells
The indicated ovarian cancer cell lines were treated with the indicated drug(s) or vehicle 

control (DMSO). Nutlin was always at 10 µM. Cisplatin (A) or etoposide (B) was at 5 or 10 

µM. MTT assays were performed at intervals. Representative graphs of 3 independent 

experiments are shown. Error bars are SEM.
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Figure 6. Nutlin and genotoxic agents are a lethal combination for ovarian cancer cells that have 
inactivated p53
The indicated ovarian cancer cell line was treated with the indicated drug(s) or vehicle 

control (DMSO). Nutlin was always at 10 µM and cisplatin (A, C, E) or etoposide (B, D, F) 

was at 5 µM. For C and D, 10 µM cisplatin or etoposide, respectively, was also used. After 

48 hours, representative pictures (A and B) were taken and whole cell protein lysates were 

evaluated by Western blot (C and D) for cleaved Caspase 3 and β-actin. (E) 

Immunofluorescence for γH2AX was performed 24 hours following removal of cisplatin or 
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etoposide from SKOV-3 cells incubated with Nutlin or DMSO. Error bars represent SEM, 

*p<0.04, t-test.
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