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Abstract
Mdm2 inhibitors represent a promising class of p53 activating compounds that may be useful in
cancer treatment and prevention. However, the consequences of pharmacological p53 activation are
not entirely clear. We observed that Nutlin-3 triggered a DNA damage response in azoxymethane-
induced mouse AJ02-NM0 colon cancer cells, characterized by the phosphorylation of H2AX (at
Ser-139) and p53 (at Ser-15). The DNA damage response was highest in cells showing robust p53
stabilization, it could be triggered by the active but not the inactive Nutlin-3 enantiomer, and it was
also activated by another pharmacological Mdm2 inhibitor (Caylin). Quantification of γH2AX-
positive cells following Nutlin-3 exposure showed that approximately 17% of cells in late S and G2/
M were mounting a DNA damage response (compared to a ~50% response to 5-fluorouracil). Nutlin-3
treatment caused the formation of double strand DNA strand breaks, promoted the formation of
micronuclei, accentuated strand breakage induced by doxorubicin and sensitized the mouse colon
cancer cells to DNA break-inducing topoisomerase II inhibitors. Although the HCT116 colon cancer
cells did not mount a significant DNA damage response following Nutlin-3 treatment, Nutlin-3
enhanced the DNA damage response to the nucleotide synthesis inhibitor hydroxyurea in a p53-
dependent manner. Finally, p21 deletion also sensitized HCT116 cells to the Nutlin-3-induced DNA
damage response, suggesting that cell cycle checkpoint abnormalities may promote this response.
We propose that p53 activation by Mdm2 inhibitors can result in the slowing of double stranded
DNA repair. Although this effect may suppress illegitimate homologous recombination repair, it may
also increase the risk of clastogenic events.
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1. Introduction
p53 is activated following DNA damage through the phosphorylation of specific N-terminal
serine residues, which prevents p53 from interacting with its negative regulator, Mdm2 [1–
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3]. Gene expression changes induced by p53 lead either to cell cycle arrest, which enables cells
to repair DNA damage, or to apoptosis[4]. In addition to facilitating the repair or removal of
damaged cells, p53 can also suppress cancer development after oncogene activation. Cells
expressing activated oncogenes can initiate a checkpoint pathway that culminates in the
expression of p19ARF (p14 in humans), which activates p53 by binding and neutralizing Mdm2
[5–9]. Interestingly, oncogene activation has also been reported to induce DNA replication
stress, which results in prematurely terminated DNA replication forks, double-strand breaks
and p53 activation through the ATM pathway [10–14]. The oncogene-induced activation of
p53 through these two mechanisms appears to suppress carcinogenesis; in a number of mouse
genetic models p53 activation in cancer cells can trigger tumor regression [15–17].
Understanding how p53 is regulated in normal and transformed cells could provide important
insight into how its activity could be manipulated for cancer treatment and prevention.

Mdm2 inhibitors have been developed that may be able to reinforce the anti-cancer activities
of p53 in cancers and pre-cancerous lesions [18,19]. One potential advantage of the Mdm2
inhibitors is that they activate p53 directly, unlike most other chemotherapeutic compounds
that work through the formation of DNA lesions and strand breaks. This property of Mdm2
inhibitors may reduce their general toxicity and the risk of therapy-induced neoplasms. The
availability of relatively non-toxic p53 activators also raises the possibility that these
compounds could be employed as cancer preventive agents to treat high-risk individuals with
pre-cancerous lesions, prior to the mutational loss of a functional p53. However, it is not
entirely clear how p53 activation though this direct pharmacological mechanism compares to
that mediated by a DNA damage response, either on a cellular or tissue-level basis.

To determine the cellular consequences of p53 activation in colon cancers, we have been
studying the mouse AOM model of colon cancer. Lesions formed in this model are generally
non-invasive, genetically stable, possess a sequence-normal p53 gene, and thus appear to be
roughly equivalent to late adenomas in humans [20–24]. In addition to possessing a sequence
normal p53 gene, these lesions express the p19ARF protein, which indicates that at least this
portion of the oncogene checkpoint pathway has been mobilized [20]. Although this checkpoint
pathway may be important for slowing the progression of AOM-induced lesions, it appears to
be insufficient for preventing tumor formation. The elevated expression of the Mdm2 in AOM-
induced tumors appears to be partly responsible for suppressing p53 activity [20]. Treatment
of these lesions ex vivo with the Mdm2 inhibitor Nutlin-3 generates a robust and selective
activation of p53 target genes, relative to normal adjacent tissue [25]. These findings suggest
that Mdm2 inhibitors may provide an effective method for cancer prevention or treatment in
this model, and potentially in early human colonic lesions that possess an intact p53 gene.

In this present report, we find that p53 activation by Mdm2 inhibitors can themselves induce
a DNA damage response under certain situations. We discuss the potential mechanism for the
induction of this DNA damage response, and the implications of these findings for the potential
clinical application of Mdm2 inhibitors.

2. Material and Methods
2.1. Cell culture and treatments

AJ02-NM0 cells were cultured in RPMI 1640 with Glutamax (Invitrogen, Carlsbad, CA)
supplemented with 5% (v/v) fetal bovine serum (Lonza, Rockland, ME ), 5% (v/v) heat-
inactivated horse serum (Invitrogen, Carlsbad, CA), 1% (v/v) insulin-transferrin-selenium
(Gibco, Grand Island, NY), 100 mM non-essential amino acids (Invitrogen, Carlsbad, CA) and
antibiotic–antimycotic (Invitrogen, Carlsbad, CA). Doxorubicin and 5-fluorouracil (5-FU)
were purchased from Sigma (St. Louis, MO) and used at a final concentration of 500 nM and
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100 µM, respectively. The Mdm2 inhibitors, Nutlin-3 and Caylin were purchased from Cayman
Chemical (Ann Arbor, MI), and stored frozen as a 10 mM stock solution in DMSO.

2.2. Cell fractionation
AJ02-NM0 cells were washed twice with cold phosphate buffer saline (PBS) and incubated in
lysis buffer A [10 mM Hepes, pH 7.6, 15 mM KCl and 2 mM MgCl2 plus 0.1% (v/v) Nonidet
P-40] supplemented with proteinase/phosphatase inhibitor cocktails (Sigma, St. Louis, MO)
and 1 mM DTT for 8 min on ice. The cells were then scraped into tubes and centrifuged for
10 min at 4° C (14,000 rpm). The supernatant was the cytoplasmic extract and the resulting
nuclear pellets were rinsed with the above buffer A without NP-40. Nuclear extracts were
prepared by resuspending nuclear pellets with a high-salt buffer C [20 mM Hepes, pH 7.6, 1.5
mM MgCl2, 420 mM NaCl, 0.2 mM EDTA, 1 mM DTT, 5% glycerol and proteinase/
phosphatase inhibitor cocktails (Sigma, St. Louis, MO)], incubating on ice for 40 min and then
centrifuging for 10 min at 4° C. Total protein in the extracts was quantified using the Bio-Rad
protein assay (BioRad, Hercules, CA).

2.3. Immunoblotting and immunofluorescence
For immunoblotting studies, 10 µg of protein was denatured under reducing conditions,
separated on 10% SDS-polyacrylamide gels and transferred to nitrocellulose by voltage
gradient transfer. The resulting blots were blocked with 5% (w/v) non-fat dry milk in PBS +
0.1% (v/v) Tween. Specific proteins were detected with appropriate antibodies using enhanced
chemiluminescence detection (Santa Cruz Biotechnology, Santa Cruz, CA) as recommended
by the manufacturer. Immunoblotting antibodies were p53 (Ab-1) and phospho-p53 Ser-15
(Ab-3) from Calbiochem (San Diego, CA). The anti-actin antibody (I-19) used was from Santa
Cruz Biotechnogy (Santa Cruz, CA).

For immunofluorescence, AJ02-NM0 cells were washed with cold PBS and fixed with 4%
paraformaldehyde (PFA) for 10 min at room temperature. The PFA was removed, and
permeabilizing reagent (0.5% Triton X-100) was added to the cells for 10 min at room
temperature. Cells were then incubated in 5% serum for 30 min, to block non-specific antibody
binding. After blocking, the cells were incubated with primary antibody at a 1:100 dilution
followed by incubation with FITC conjugated or Cy-3 conjugated secondary antibody (Jackson
ImmunoResearch Laboratories, West Grove, PA). Cells were counterstained with 4’,6-
diamidino-2-phenylindole dihydrochloride (DAPI) (10µg/ml) (Invitrogen, Eugene, Oregon).
Fluorescent imaging was performed on an inverted microscope (Eclipse TE 300; Nikon,
Melville, NY, USA) using a 20X objective. Images were acquired using a CCD camera
(Quantix 57, Roper Scientific, Tuscon, AZ). The H2AX rabbit polyclonal antibody (sc-101696)
from Santa Cruz Biotechnology was used for these studies.

2.4. Cell Cycle Analysis
Cells were fixed with 4% (w/v) PFA at room temperature for 10 minutes and permeabilized
with PBS plus 0.5% (v/v) Triton-X100 for 10 minutes. The cells were washed with PBS and
blocked with 5% (v/v) serum in PBS. Cells were then stained for γH2AX using a p-Histone
H2AX (Ser-139) primary antibody (Santa Cruz Biotechnology) at 1:100 dilution in 5% (v/v)
serum and a FITC conjugated secondary antibody (Jackson Immuno Labs) at 1:200 dilution
in 5% serum. Following staining, cells were harvested by trypsinization and stained with 30
µg/ml propidium iodide with 0.3 mg/ml RNase A. At least 6,000 cells were evaluated for
fluorescence using a Becton Dickinson FACSCalibur flow cytometer (San Jose, CA).
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2.5. Cell viability assay
Cells were plated in triplicate into 96-well plates and treated with doxorubicin (0 to 1.0 µM),
etoposide (0 to 300 µM) or 5-fluorouracil (5FU; 0 to200 µM) plus 0.2% (w/v) DMSO (vehicle
control) or 20 µM Nutlin-3. After a 40-h exposure, cytotoxicity was assessed using the CellTiter
96 Aqueous One kit (Promega, Madison, WI) according to manufacturer’s protocol. The
resulting absorbance values were averaged and expressed as a fraction of control vehicle.

2.6. DNA analysis
Field inversion gel electrophoresis (FIGE) was used to resolve high molecular weight
fragments resulting from DNA cleavage in whole cells. Agarose plugs containing cells were
digested for 24 h at 56° C in buffer A (0.5M EDTA, 1% sarkosyl, 1mg/ml Proteinase K). The
plugs were washed six times in TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA) and stored
at 4° C. Plugs (approximately 0.5–1 ×107 cells) were loaded onto a 14 cm long gel casted with
1% (w/v) SeaKemR Gold Agarose (Lonza, Rockland, ME) in 0.5 × TBE (45 mM Tris, 45 mM
borate, 1 mM EDTA) and electrophoresis was carried out at 22° C using the FIGE Mapper
electrophoresis system with a buffer circulation pump (BioRad, CA, USA). The total run time
was 14 hours with forward and reverse voltages of 140V and 80V, respectively. The forward
switch time was increased linearly to 24 sec, and the reverse switch time was increased linearly
to 8 sec over the 14 hr run. Two sets of standards were used; the Yeast Chromosome PFG
Marker (225 – 1,900 kb) and the MidRange PFG Marker I (15 – 300 kb) [New England Biolabs,
MA]. The gel was stained with ethidium bromide for visualization and photography.

2.7. Micronulei Assay
AJ02-NM0 cells were grown in 35mm culture dishes for 24 hours to near confluency. Cells
were then treated with DMSO (0.2%) or Nutlin-3 (20µM) for 24 hours. The media was removed
and replaced with media containing the inhibitor of microfilament formation, cytochalasin-B
(1µg/µl) (Enzo Life Sciences, Farmingdale, NY). After 24 hours cells were fixed with 4% PFA
and stained with DAPI (10µg/ml). Approximately 700 binucleated cells per treatment were
evaluated for the presence of micronuclei.

2.8. Caspase 3 assay
Cells cultured and treated on 24 well plates were washed with cold PBS and lysed in 100 µl
of buffer containing 10 mM Tris-Cl, pH 7.5, 100 mM NaCl, 1 mM EDTA and 0.01% Triton
X-100 using a single freeze-thaw cycle. 50 µl of this extract was combined with 50 µl 2X
Reaction buffer containing 20 mM PIPES, pH 7.4, 4 mM EDTA, 0.2% CHAPS and 0.2 mM
of caspase 3 substrate Z-DEVD-AMC (Enzo Life Sciences International, Plymouth Meeting,
PA). The increase in fluorescence was determined over the course of one hour. The change is
fluorescence was then normalized to the total protein content of the extract.

3. Results
3.1. Nutlin-3 causes p53 phosphorylation in AJ02-NM0 cells

The activation of p53 in cancer cells with Mdm2 inhibitors, such as Nutlin-3, has been described
to occur with a limited number of post-translational p53 modifications [26]. In particular, it
has been found that the ATM target site on human p53, Ser-15, is not phosphorylated after
treatment of a number of cancer cell lines following Nutlin-3 stimulation [26]. To further
develop the mouse AOM model to test the efficacy of Mdm2 inhibitors, we determined whether
p53 activation likewise occurred in the absence of Ser-15 phosphorylation in cells derived from
an AOM-induced colon tumor [27]. As shown in Figure 1, treatment of AJ02-NM0 cells with
Nutlin-3 generated a rapid stabilization of p53. Unexpectedly, an antibody specific for p53
phosphorylated at Ser-15 showed that this modification was in fact occurring. The level of p53
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phosphorylation induced by Nutlin-3 was comparable to that obtained following treatment with
5-fluorouracil (5FU), a thymidine synthesis inhibitor that is known to trigger a DNA damage
response as a result of uracil incorporation into the DNA. The extent of p53 phosphorylation
appeared to be most pronounced at the later time points, so subsequent analysis employed a
24 hour Nutlin-3 exposure.

3.2. Nutlin-3 causes H2AX phosphorylation in AJ02-NM0 cells
Phosphorylation of histone H2AX at Ser-139 to form γH2AX following DNA damage was
used to further examine the impact of Nutlin-3 on the DNA damage response [28]. As shown
in Figure 2A, Nutlin-3 increased the number of AJ02-NM0 cells expressing γH2AX several
fold, consistent with Nutlin-3 inducing a DNA damage response. This degree of activation was
similar to that obtained from 5FU treatment (Figure 2A). We also compared the ability of the
active and inactive Nutlin-3 enantiomers to increase γH2AX staining of AJ02-NM0 cells
[29]. The active Mdm2 inhibitor Nutlin-3a was able to induce γH2AX staining and p53
phosphorylation, whereas the inactive enantiomer Nutlin-3b was not (Figure 2B). To further
examine the relationship between γH2AX and p53 expression, cells were co-stained for these
two proteins (Figure 2C). Interestingly, p53 activation was highest in cells that expressed
γH2AX, suggesting a connection between p53 stabilization and the DNA damage response.
Finally, another Mdm2 inhibitor, Caylin, was also found to activate H2AX and p53
phosphorylation (Figure 3), supporting the role of Mdm2 inhibition in this process.

To determine whether the Nutlin-3 activation of γH2AX was cell cycle dependent, cells were
immuno-stained for γH2AX expression and DNA content (by propidium iodide) and analyzed
by flow cytometry. Figure 4A shows the 2-dimensional plots relating γH2AX expression and
DNA content and Figure 4B shows the cell cycle distribution. As shown in Figure 4A, 5FU
treatment increased the γH2AX staining in approximately half of the cells. Positively staining
cells were apparent in both the diploid and tetraploid populations of the culture. When Nutlin-3-
treated cells were analyzed, increased γH2AX expression was observed in approximately 17%
of the cells. Interestingly, most of the cells expressing γH2AX following Nutlin-3 treatment
appeared to be in late S and G2/M. The cell cycle distribution trace of Nutlin-3-treated cells
showed an accumulation of cells at late S and G2/M, suggesting a degree of arrest at this cell
cycle phase (Figure 4B).

3.3. Nutlin-3 treatment generates double strand DNA breaks in AJ02-NM0 cells
To determine the effect of Nutlin-3 on double strand DNA break formation, genomic DNA
from AJ02-NM0 cells was analyzed using field inversion gel electrophoresis (FIGE). Figure
5A shows the results of such an analysis when AJ02-NM0 cells were treated with Nutlin-3, the
toposiomerase II inhibitor doxorubicin, or a combination of both agents for 24 hours [30].
Double strand breaks between 500–2000 kbp were apparent in cells treated with the
combination of Nutlin-3 and doxorubicin, indicating that Nutlin-3 may promote or stabilize
DNA breaks generated by the topoisomerase inhibitor. The increase in DNA strand breakage
by the combination treatment was approximately 5-times that observed in control cells. To
determine whether Nutlin-3 could promote strand breakage on its own, cells were treated for
additional time points, and DNA from a greater number of cells was analyzed by FIGE to
increase sensitivity. As shown in Figure 5B, Nutlin-3 and doxorubicin accentuated DNA
breakage relative to control cells (approximately 50 and 100%, respectively), consistent with
an ability of both agents to generate or stabilize DNA breaks. The enhanced formation of
micronuclei following Nutlin-3 exposure provides additional evidence for chromatin breakage
(Figure 5C).
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3.4. Nutlin-3 sensitizes AJ02-NM0 cells to topoisomerase II inhibitors
The cooperation between doxorubicin and Nutlin-3 in promoting DNA breakage prompted us
to determine the effect of these agents on the growth of AJ02-NM0 cells. As shown in Figure
6, growth of the AJ02-NM0 cells was only marginally affected by doxorubicin, even when this
drug was present at micromolar concentrations. However, the presence of Nutlin-3 served to
sensitize AJ02-NM0 cells to doxorubicin. Similarly, Nutlin-3 sensitized AJ02-NM0 cells to
another topoisomerase inhibitor, etoposide (Figure 6)[31–33]. Growth inhibition by 5FU was
not significantly enhanced by Nutlin-3, possibly because this agent primarily causes uracil
incoporation, rather than double strand DNA breaks [34,35]. Flow cytometeric analysis was
performed to compare the effect of Nutlin-3 on cell cycle distribution changes induced by
doxorubicin and 5FU. As shown in Figure 7A, the individual treatments with 5FU, doxorubicin
and Nutlin-3 all generated characteristic changes in the cell cycle distribution, with Nutlin-3
and doxorubicin causing cells to collect later in the cell cycle than 5FU. The doxorubicin/
Nutlin-3 combination caused a small increase in the number of sub-diploid cells in the
population, whereas the Nutlin-3 and 5FU combination looked much like treatment with 5FU
alone. The sub-diploid cells formed following the doxorubicin/Nutlin-3 combination were
likely to be apoptotic, as supported by the fact that caspase 3 activation was also observed
following treatment with this drug combination (Figure 7B). The interaction between Nutlin-3
and doxorubicin in this cell cycle analysis reflects the growth inhibitory effect observed in
Figure 6.

3.5. Nutlin-3 promotes H2AX phosphorylation in HCT116 cells in the presence of hydroxyurea
The analysis of other cancer cell lines suggests that the DNA damage response pathway is not
always activated by Nutlin-3 [26]. We therefore determined the impact of Nutlin-3 on γH2AX
expression in the HCT116 colon cancer cell line. As shown in Figure 8 and 9, Nutlin-3 serves
to stabilize p53 in HCT116 cells, but does not increase the number of γH2AX positive cells
(Figures 8A and 8B) nor lead to p53 phosphorylation at serine 15 (Figure 9C). Given that
γH2AX expression was related to the cell cycle in AJ02-NM0 cells, occurring primarily at late
S and G2/M, we determined whether cell cycle inhibitors may promote the DNA damage
response in HCT116 cells. As shown in Figure 9A, combining Nutlin-3 with hydroxyurea (HU)
increased γH2AX staining of HCT116 cells. To assess the role of p53 in this response, H2AX
phosphorylation was assessed in a line HCT116 line with a deleted p53 gene (Figure 9B).
Although the p53 null cells were more sensitive to HU than the parental line, Nutlin-3 did not
further enhance the response. Finally, we found that HCT116 cells with a deletion in the Cdk
inhibitor p21 were likewise sensitized to Nutlin-3, as indicated by an enhanced serine-15
phosphorylation following Nutlin-3 treatment (Figure 9C). The potential role of Nutlin-3
activated p53 in slowing the repair of double strand DNA breaks that form during S phase or
unregulated cell cycle progression is discussed.

4. Discussion
Mdm2 inhibitors are a new class of p53 activating agents that may prove to be of considerable
value for cancer treatment. In addition, their ability to activate p53 without first damaging DNA
suggests a low genotoxic potential. Therefore, they may be useful for the treatment of relatively
early lesions, prior to p53 mutation. However, little is known about the consequences activating
p53 through the pharmacological inhibition of Mdm2. For instance, p53 activated in this
manner lacks many p53 modifications resulting from a DNA damage response [26], and these
post-translational modifications may be important for regulating some aspects of p53’s
functions. We have been employing the mouse AOM colon cancer model as a pre-clinical
model of Nutlin-3 efficacy [25]. This model is particularly well-suited for studying Nutlin-3
since colon tumors in this model are typically p53-normal. Our previous analysis indicated that
Mdm2 is the primary p53 regulator in these tumors and that Mdm2 expression is frequently
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elevated relative to normal mucosa. Interestingly, ex vivo analysis of tumor and normal tissue
showed that tumors had an elevated level of sensitivity to Nutlin-3, although the molecular
basis of this heightened sensitivity is not clear. In this study we find that Nutlin-3 induces
double strand DNA breaks in AOM-induced colon cancer cells. This finding has a number of
implications regarding the safety and efficacy of pharmacological Mdm2 inhibitors.

It would seem counterintuitive that p53 activation by Nutlin-3 would show an enhancement of
DNA breakage since p53 typically stabilizes genome integrity. However, it has been well
documented that p53 slows DNA repair through the homologous recombination repair pathway
[36,37]. Specifically, p53 regulates the Rad51 strand exchange step of this repair pathway
[38,39]. It is not entirely clear what the advantage of slowing this step of the repair process
might be, but it has been proposed that this may enhance the fidelity of repair by ensuring that
heteroduplexes are not formed [40]. Excessive or low-fidelity repair through this pathway can
lead to gene conversion events, genome rearrangements and potentially loss of heterozygosity
[36]. Interestingly, double strand DNA breaks occur spontaneously during DNA replication,
but these breaks are usually resolved rapidly through homologous recombination and do not
persist long enough to induce a DNA damage responses [41]. It should be noted that the ability
of p53 to slow the homologous recombination repair appears to be restricted to this particular
DNA repair pathway: other forms of repair, such as base and nucleotide excision repair do not
appear to be affected.

We propose that the pharmacological inhibition of Mdm2 and activation of p53 during S phase
specifically slows homologous recombination repair of the breaks that arise during S phase in
sensitive cell lines, which in turn activates the DNA damage response pathway. This model is
consistent with the finding that γH2AX staining is pronounced in late S phase, when the
replication associated breaks are predicted to occur. In addition, the sensitization of AJ02-
NM0 cells to doxorubicin and etoposide by Nutlin-3 could result from slowing the repair of
double strand breaks induced by these agents. Finally, γH2AX staining can be accentuated
with the deoxyribose nucleotide reductase inhibitor HU, or by deletion of the p21 Cdk inhibitor.
In the case of HU, interfering with DNA replication through reducing nucleotide pools could
accentuate DNA breakage at replication forks [42]. Cells with a compromised ability to regulate
cell cycle progression, such as through reduced p21 expression, may also be sensitized to the
strand breakage effects of Nutlin-3. This latter possibility is supported by a recent report
showing that sensitivity to Nutlin-3 is enhanced by high expression levels of E2F-1. Elevated
E2F-1 expression can also perturb cell cycle checkpoint regulation [43]. If Mdm2 inhibitors
can in fact slow homologous repair, it is not clear whether this would have a beneficial or
harmful affect on patients treated with this type of agent. However, it will be important to assess
the extent of this effect if Nutlin-3 or other Mdm2 inhibitors advance to clinical trials.

Activation of a DNA damage response following Nutlin-3 treatment may generate a positive
feedback loop that further accentuates the actions of p53. The phosphorylation of p53 at Ser-15
following Nutlin-3 treatment could further suppress Mdm2 binding and prevent p53 from
associating with other inhibitory proteins, such as MdmX [44–46]. In addition, a DNA damage
response causes a number of other post-translational modifications on p53, which can enhance
its ability to activate target genes and promote apoptosis [47–49]. The sensitivity of cells to
the mobilization of a DNA damage response following Nutlin-3 treatment may therefore alter
their sensitivity to this agent. Since a DNA damage response induced by Nutlin-3 occurs in
late S and G2/M, proliferating cells may be more sensitive to this activity. We previously
reported that the ex vivo treatment of mouse colonic tissues with Nutlin-3 generated a
significantly more robust p53 response in AOM-induced tumors than in normal adjacent
mucosa [25]. In these experiments, tumors and normal tissue were removed from AOM-treated
mice, bisected, and cultured in control or Nutlin-3 containing medium. It was found that tumors
maintained in Nutlin-3 medium significantly activated the expression of p53 target genes
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including Mdm2, p21, GADD45 and Bax, whereas no activation was observed in the normal
tissue. We propose that the ability of Nutlin-3 to induce a DNA damage response in the AOM-
induced tumors may be responsible for the selective gene activation in tumors; AOM tumor
cells may be more prone to the Nutlin-3 activation of a DNA damage response due to their
higher proliferative index and/or because of more frequent DNA replication errors [11,50].

Although p53 is readily activated in response to DNA damage through a well-orchestrated
series of events that feature a number of post-translational p53 modifications, Mdm2 inhibitors
in some regard function in a manner similar to the p19 and p14 ARF proteins. These proteins
are expressed following oncogene activation, bind to Mdm2 and inhibit its interaction with
p53, and can also localize Mdm2 away from p53 by recruiting it into the nucleolus [5,7,51–
53]. Interestingly, some reports have indicated that the oncogene activation of p53 entails an
induction of the DNA damage response [11,14,54]. We propose that the induction of the DNA
damage response by oncogenes may occur following p53 stabilization through an interference
with homologous recombination repair during S phase. If this is in fact the case, Mdm2
inhibitors may be useful for accentuating the oncogene checkpoint. The use of Mdm2 inhibitors
in cancer prevention paradigms, for example to clear microscopic preneoplastic lesions such
as microadenomas and difficult to detect flat adenomas, would seem a promising application.

Although our present model focuses on the contribution of p53 on the Nutlin-3 induced DNA
damage response, other Nutlin-3-induced changes may be playing an important role. For
example, Mdm2 itself has been reported to increase in spontaneous chromosome breaks in
fibroblasts independent of their p53 status [55,56], and it is possible that Nutlin-3 binding of
Mdm2 accentuates this activity. Nutlin-3 may also affect the activity of other Mdm2-target
proteins involved in DNA repair, such as Tip60 [57–59]. Understanding how cellular functions
are modulated by pharmacological Mdm2 inhibitors will be important for optimizing the use
of this family of therapeutic agents.
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Figure 1.
Treatment of AJ02-NM0 cells with Nutlin-3 stabilizes p53 and leads to the phosphorylation of
p53 at Ser-15. AJ02-NM0 cells were treated with Nutlin-3 (20µM) or 5-FU (100µM) for the
indicated lengths of time. Nuclear extracts were then prepared and immunoblotted for p53 or
p53 phosphorylated at Ser-15. Immunoblots were also probed with actin, which served as a
loading control.
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Figure 2.
A) Nutlin-3 elicits a DNA damage response comparable to 5-FU. AJ02-NM0 cells were treated
with DMSO (vehicle control), 5FU, or Nutlin-3 as indicated for 24 hours and analyzed for
γH2AX by immunofluorescence (red). Nuclei were counter-stained with DAPI (blue). The top
panel shows representative fluorescence images, and the bottom panel shows the fraction of
cells staining positively for γH2AX. The asterisks indicate p < 0.01 as determined by an
ANOVA with a Bonferroni’s post test. B) The active Nutlin-3 enantiomer (Nutlin-3a) is
required for induction of a DNA damage response. AJ02-NM0 cells were treated with DMSO,
racemic Nutlin-3, active Nutlin-3a or inactive Nutlin-3b, as indicated. Cells were then
processed for γH2AX expression as described in panel 2A and immunoblot for P-p53 (Ser-15).
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The graph to the left shows the fraction of γH2AX positive cells while the immunoblot on the
right shows p53 stabilzation and phosphorylation. Both γH2AX staining and p53
phosphorylation requires the presence of the active enantiomer Nutlin-3a. The asterisks
indicate p < 0.01 as determined by an ANOVA with a Bonferroni’s post test. C) Activation of
γH2AX is localized to cells in which p53 has been stabilized. AJ02-NM0 cells were treated
with Nutlin-3 for 24 hours and analyzed for γH2AX (red) and p53 (green) by
immunofluorescence. Images were merged using Image J software.
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Figure 3.
A) An alternative inhibitor of Mdm2, Caylin-1, also induces the phosphorylation of H2AX to
form γH2AX. AJ02-NM0 cells were treated with DMSO, 20µM Caylin-1, or 40µM Caylin-1
for 24 hours and analyzed for γH2AX by immunofluorescence. The graph shows the fraction
of cells staining positively for γH2AX. The asterisks indicate p < 0.01 as determined by an
ANOVA with a Bonferroni’s post test. B) Treatment of AJ02-NM0 cells with Caylin-1 leads
to the stabilization and phosphorylation of p53. AJ02-NM0 cells were treated with Caylin-1
for 24 hours at the indicated concentrations. Nuclear extracts were then prepared and
immunoblotted for p53 or p53 phosphorylated at Ser-15. Immunoblots were also probed with
actin, which served as a loading control.
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Figure 4.
A) Nutlin-3 induces a DNA damage response in late S and G2/M. AJ02-NM0 cells were treated
with DMSO (vehicle control), 5-FU, or Nutlin-3, as indicated, for 20 hours. Immunofluorescent
staining was performed to detect γH2AX levels, which was quantified by flow cytometry. Cells
were also analyzed for DNA content by propidium iodide staining. Cells within the square
analysis region shown were defined as γH2AX positive. B) Nutlin-3 increases AJ02-NM0 cell
accumulation in the late S and G2/M. AJ02-NM0 cells were treated as described in 3A, with
the results for propidium iodide DNA staining shown.
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Figure 5.
A) FIGE showing dsDNA breaks in AJ02-NM0 cells treated with DMSO vehicle control (C),
Nutlin-3 (N), doxorubicin (D), or a Nutlin-3/doxorubicin combination (N+D). Cells were
treated for 24 hours prior embedding and FIGE analysis. B) FIGE analysis shows dsDNA
breaks in Nutlin-3 and doxorubicin treated AJ02-NM0 cells. Cells were treated with DMSO,
Nutlin-3, or doxorubicin for 24, 36, or 48 hours. Cells were embedded in agarose plugs and
DNA was resolved by FIGE. C) Increased formation of micronuclei following treatment with
Nutlin-3 indicates the induction of dsDNA damage. AJ02-NM0 cells were treated with DMSO
(vehicle control) or Nutlin-3 for 24 hours. The cells were then treatment with cytochalasin-B
for 24 hours to prevent cytokinesis. The panel to the left is a representative image of a
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micronucleus from Nutlin-3 treated AJ02-NM0 cells. The chart on the right shows the increased
formation of micronuclei following treatment with Nutlin-3 compared to treatment with
DMSO.
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Figure 6.
Nutlin-3 sensitizes AJ02-NM0 cells to treatment with the topoisomerase II inhibitors
doxorubicin and etoposide, but not the thymidylate synthase inhibitor, 5FU. AJ02-NM0 cells
were treated for 24 hours with the indicated drugs, with Nutlin-3 (20µM) or DMSO vehicle
control (as indicated). Cell viability was measured using the CellTiter 96 Aqueous One kit
(Promega). The mean viability of triplicate cultures are shown ± SD. *** indicates p < 0.001
as determined by a two-way ANOVA with a Bonferroni’s post test.
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Figure 7.
A) The effect of Nutlin-3 on the cell cycle when administered alone, or in combination with
doxorubicin or 5FU. AJ02-NM0 cells were treated with Nutlin-3, 5FU or doxorubicin for 20
hours and the effect on the cell cycle distribution was analyzed by flow cytometry. The top
panels show the impact of these agents relative to vehicle (DMSO)-treated control cells. The
bottom panels show the cell cycle distribution of AJ02-NM0 cells treated with Nutlin-3 in
combination with doxorubicin or 5FU. The asterisk indicates the sub-diploid cell population
appearing in the cells treated with the doxorubicin plus Nutlin-3 combination. B) Increased
caspase-3 activity indicates increased apoptosis following combination treatment of AJ02-
NM0 cells with doxorubicin and Nutlin-3. AJ02-NM0 cells were treated with DMSO,
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doxorubicin, Nutlin-3, or a combination of doxorubicin and Nutlin-3 for 24 hours. Protein
extracts were prepared and analyzed for caspase-3 activity using the Z-DEVD-AMC substrate.
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Figure 8.
A) Nutlin-3 does not induce a DNA damage response in HCT116 cells. HCT116 cells were
treated for 24 hours with 5FU or Nutlin-3 as indicated and stained for γH2AX (red). Nuclei
were counterstained with DAPI (blue). B) HCT116 cells treated with 5FU, or Nutlin-3 were
quantified for γH2AX staining by flow cytometry. Cells within the square analysis region are
defined as γH2AX positive.
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Figure 9.
A) Treatment of HCT116 cells with Nutlin-3 in the presence of hydroxyurea enhances γH2AX
expression. HCT116 cells were treated for 24 hours with DMSO vehicle (Control), Nutlin-3,
hydroxyurea (HU), or a combination of Nutlin-3 and hydroxyurea as indicated. Cells were
analyzed for γH2AX by immunofluorescence. The graph shows the quantification of γH2AX-
positive cells. B) HCT116 cells with a targeted deletion of the p53 gene were treated as
described in Figure 9A. The fraction of γH2AX positive cells appearing in the culture was
determined and is shown in the graph. For both Figure 9A and 9B, the asterisks indicate p <
0.01 as determined by an ANOVA with a Bonferroni’s post test. C) Increased phosphorylation
of p53 is exhibited in HCT116 p21 −/− cells compared to HCT116 cells following treatment
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with Nutlin-3 and 5FU. HCT116 with or without a targeted deletion of the p21 gene were
treated with 5FU or Nutlin-3 for 24 hours. Nuclear extracts were then prepared and
immunoblotted for p53 or p53 phosphorylated at Ser-15.
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