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Abstract

Purpose: p53 is frequently expressed but rarely mutated in Hodgkin and Reed-Sternberg (HRS)
cells of Hodgkin’s lymphoma (HL). p53 protein levels are regulated by murine double minute 2
(MDM2) through a well-established autoregulatory feedback loop. In this study, we investigated
the effects of nutlin-3A, a recently developed small molecule that antagonizes MDM2 and disrupts
thep53-MDM2 interaction, onp53-dependent cellcycle arrest andapoptosis incultured HRS cells.
Experimental Design: HL cell lines carrying wild-type (wt) or mutated p53 gene were treated
with the potent MDM2 inhibitor nutlin-3A or a 150-fold less active enantiomer, nutlin-3B.
Results: We show that nutlin-3A, but not nutlin-3B, stabilizes p53 in cultured HRS cells carrying
wt p53 gene resulting in p53-dependent cell cycle arrest and apoptosis. Cell cycle arrest was
associated with up-regulation of the cyclin-dependent kinase inhibitor p21. Nutlin-3A ^
induced apoptotic cell death was accompanied by Bax and Puma up-regulation and caspase-3
cleavage and was abrogated, in part, by inhibition of caspase-9 and caspase-3 activity. By contrast, no effects on cell cycle or apoptosis were found in HL cell lines harboring mutated p53 gene.
Furthermore, combined treatment with nutlin-3A and doxorubicin revealed enhanced cytotoxicity
in HRS cells with wt p53 gene. Blocking of nuclear export by leptomycin B, or inhibition of
proteasome by MG132, stabilized p53 at a level comparable with that of nutlin-3A treatment in
HRS cells with wt p53.
Conclusions: These data suggest that nutlin-3A stabilized p53 by preventing MDM2-mediated
p53 degradation in HRS cells. wt p53 stabilization and activation by nutlin-3A may be a novel
therapeutic approach for patients with HL.

Functional

integrity of the p53 gene is an essential cellular
defense against neoplastic transformation (1). This is highlighted by the fact that f50% of human cancers harbor
mutated p53 (mt p53; ref. 2). On genotoxic or nongenotoxic
cellular stress, p53 is activated orchestrating several cell cycle
and apoptotic regulatory pathways (1). Prominent among these
is the transcriptional up-regulation of the cyclin-dependent
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kinase inhibitor p21, which leads to cell cycle arrest (1). In
parallel, p53 may lead to apoptosis through transcriptional upregulation of proapoptotic proteins, such as Bax, or BH3 family
members, such as Puma, in concert with direct targeting of
mitochondria and neutralization of antiapoptotic members of
the Bcl-2 family, such as Bcl-2 and Bcl-xL (3).
Murine double minute 2 (MDM2; HDM2 in humans) is a
master regulator of p53 (1, 4, 5). MDM2 inhibits p53 through
three mechanisms: first, binding of MDM2 to the transactivation domain of p53 inhibits p53 transcriptional activity;
second, binding of MDM2 to p53 facilitates its export from the
nucleus toward proteasomal degradation; and third, MDM2
acts as p53-ubiquitin ligase augmenting degradation by the
proteasome and thus down-regulating p53 protein levels (4, 5).
In turn, MDM2 is a transcriptional target of p53 establishing an
autoregulatory loop: p53 induces MDM2 gene expression, and
MDM2, in turn, leads to p53 inactivation and degradation (1).
Thus, amplification of MDM2 gene has been proposed as an
alternative mechanism of inactivation of the p53 pathway in
human cancers (6).
Because almost half of human cancers harbor unmutated or
wild-type (wt) p53 gene, many efforts have been made in
developing therapeutic agents that specifically activate p53,
with MDM2 antisense oligonucleotides being a paradigm
(7 – 9). Recently, nutlin-3A, a small molecule that binds the
p53-binding site of MDM2, was developed (10). By disrupting
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the interaction between MDM2 and p53, nutlin-3A has been
shown to stabilize p53 protein, specifically activate the p53
pathway, and have in vitro and in vivo antitumor activity against
a variety of solid tumors and some hematologic malignancies
harboring wt p53. The later include plasma cell myeloma, acute
myeloid leukemias, and chronic lymphocytic leukemia (10– 16).
Classic Hodgkin’s lymphoma (HL) accounts for f30% of all
lymphomas (17) and approximately two thirds of HL patients
can be cured with standard chemotherapeutic agents (18).
However, despite increased biological understanding and
refinement of traditional therapeutic schemes, approximately
one third of patients fail therapy and eventually die of disease
(18). In addition, the high frequency of late complications,
including secondary malignancies, in long-term survivors,
points to the necessity for ‘‘targeted’’ and more relevant
biological therapies (19 – 22).
Many studies have shown that Hodgkin and Reed-Sternberg
(HRS) cells of most HL tumors have wt p53 gene and express
p53 protein, which is functional and capable of inducing
expression of target genes, such as MDM2 or p21 (23 – 29). In
this study, we hypothesized that wt p53 can be stabilized by
inhibiting MDM2-mediated degradation of the protein in HL.
Using an in vitro system with cultured HRS cells carrying wt or
mt p53 genes, we show here that nutlin-3A can stabilize wt p53
by inhibiting its degradation and induce nongenotoxic
activation of the p53 pathway resulting in G1-S cell cycle arrest
and apoptosis. In addition, we show that nutlin-3A synergizes
with classic chemotherapeutic agents and enhances their
activity against HRS cells. This is the first study to provide
evidence for the antitumor activity of MDM2 antagonists in
HRS cells and the potential of wt p53 stabilization and
activation as a novel therapeutic strategy for patients with HL.

Materials and Methods
Cell lines and reagents. Six HL cell lines were used in this study,
including MDA-V and KM-H2 (wt p53 gene) and L-428, L1236, HDML2,
and HD-MyZ (mt p53 gene; ref. 30). MDA-V is a novel cell line (gift from
Dr. R. Ford, The University of Texas M. D. Anderson Cancer Center,
Houston, TX) that has been established recently and characterized in our
Institution.3 MDA-V was established from lymph nodes of a previously
untreated patient with stage I classic HL of nodular sclerosis type. Karpas
299, an anaplastic large cell lymphoma cell line known
to express high levels of p53 protein due to a point mutation at codon
273 of exon 8, was used as a positive control (31). All cells were
maintained in RPMI 1640 supplemented with 15% FCS (Invitrogen
Corp.), at 37jC, in a humidified atmosphere containing 5% CO2.
The selective small-molecule antagonists of MDM2, nutlin-3A and
its 150 times less active enantiomer nutlin-3B (diluted in DMSO, as
10 mmol/L stock solution), were kindly provided by Dr. Lyubomir T.
Vassilev (Hoffmann-La Roche, Nutley, NJ). Doxorubicin, leptomycin B,
the proteasome inhibitor MG132, the caspase-3 inhibitor DEVD-CHD,
and the caspase-9 inhibitor Z-LEHD-FMK were purchased from Calbiochem. All reagents were used in different concentrations as indicated.
Reverse-transcription PCR and direct sequencing of p53 cDNA. Total
RNA was extracted from the cells using the RNeasy kit (Qiagen)
according to the manufacturer’s instructions. cDNA was synthesized
using the SuperScript First-Strand Synthesis System for reverse
transcription-PCR (Invitrogen Life Technologies) according to the
manufacturer’s instructions. The quality of cDNA was tested by PCR,
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using primers specific for h-actin cDNA. To amplify the entire open
reading frame of the p53 gene, the following primers were used: 5¶AAGTCTAGAGCCACCGTCCA-3¶ (forward) and 5¶-TGCAAGCAAGGGTTCAAAGAC-3¶ (reverse). The PCR program included cDNA
denaturation at 95jC (5 min) followed by 35 cycles of 95jC (30 s),
56jC to 58jC (30 s), and 72jC (1 min) and lastly extension at 72jC
(5 min). The PCR products were subcloned into pCR2.1-TOPO vector
(Invitrogen) and sequenced. Sequencing was done using the GeneAmp
PCR System 9600 (Perkin-Elmer), fluorescently labeled M13 forward
and reverse primers, and AmpliTaq-FS DNA polymerase (Perkin-Elmer)
according to the manufacturer’s directions.
Tumor samples and immunohistochemistry. Mouse monoclonal
antibodies to p53 and MDM2 (both from DakoCytomation) were
used. Immunohistochemical methods were used to assess protein
expression in formalin-fixed, paraffin-embedded tumor samples and
cell blocks from MDA-V, KM-H2, and L-428 using methods described
previously (32). In addition, 27 classic HL tumors obtained from
previously untreated patients under an Institutional Review Board –
approved protocol were assessed for p53 expression using immunohistochemistry and the same anti-p53 antibody. In each tumor sample,
at least 100 HRS cells in representative fields were manually counted to
determine the percentage of p53-positive HRS cells.
3-(4-5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt assay. MDA-V, KM-H2, and L-428 cells
were treated with nutlin-3A, nutlin-3B, chemotherapeutic agents, or
combinations in six-well plates using different concentrations as
indicated. At 48 h, a tetrazolium compound [3-(4-5-dimethylthiazol2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
salt] was added to each well and 3-(4-5-dimethylthiazol-2-yl)-5-(3carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt – positive cells were counted using the CellTiter 96 Aqueous cell proliferation
assay (Promega) and AQuant spectrophotometer (Bio-Tek Instruments,
Inc.) according to the manufacturer’s instructions.
Cell cycle analysis. Cells were fixed overnight in ice-cold ethanol
(70% v/v) and stained for 30 min with propidium iodide solution
[50 Ag/mL propidium iodide and 200 units/mL DNase-free RNase, in
phosphate buffer solution (pH 7.4); Roche Applied Science] at 37jC.
DNA content was determined using a FACSCalibur flow cytometer
(Becton Dickinson Immunocytometry Systems) and the cell cycle was
analyzed using ModFit LT software (Verity Software House).
Cell viability and apoptosis studies. Cell viability was evaluated using
trypan blue exclusion cell counts in triplicate. Annexin V staining (BD
Biosciences PharMingen) detected by flow cytometry was used to assess
apoptosis according to the manufacturer’s instructions. Briefly, the cells
were washed in ice-cold PBS and resuspended in binding buffer at a
concentration of 1  106 cells/mL. Aliquots of 100 AL (1  105 cells/
mL) were incubated with 5 AL Annexin V-FITC for 15 min followed by
5 AL propidium iodide for 1 min in the dark at room temperature.
Ungated cells (1  104) were then counted using a flow cytometer
(FACSCalibur). Cytospin preparations of nutlin-3A – or nutli-3B –
treated cells were stained with 4¶,6-diamidino-2-phenylindole and
examined by fluorescence microscopy for morphologic evidence of
apoptosis. Control cells were included in each set of experiments. All
experiments were done at least twice.
Western blot analysis. Cells in log-phase growth were collected,
washed twice in cold PBS, and lysed at 4jC in lysis buffer using protease
and phosphatase inhibitors as described previously (32). Cell lysates
containing 50 mg total protein were resolved in 10% SDS-PAGE,
transferred to nitrocellulose polyvinylidene difluoride membranes
(Amersham Pharmacia), and probed with primary antibodies. The
antibodies used included p53, p21, Bax, Bcl-2 (DakoCytomation),
Ser15
p-p53, Puma (Cell Signaling Technology), total and activated
caspase-3 (BD Biosciences PharMingen), and h-actin (control for
protein load; Sigma). Detection and signal visualization were done
using appropriate secondary antibodies conjugated with horseradish
peroxidase (Bio-Rad) and enhanced chemiluminescence reagents
(Amersham Pharmacia).
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Immunofluorescence and confocal microscopy. The primary antibodies used for immunofluorescence were the mouse monoclonal
antibodies anti-p53 and anti-MDM2 (both from DakoCytomation).
Briefly, cytospin cell preparations were washed twice with PBS, fixed,
and permeabilized with ice-cold acetone and ethanol solution (70-30%
v/v). Nonspecific binding of primary antibodies was blocked with
incubation with 1% bovine serum for 30 min. After washing, cell
preparations were incubated with primary antibody overnight at 4jC
and then with Alexa Fluor 488 goat anti-mouse secondary antibody
(Molecular Probes) diluted in 1% bovine serum for 30 min. ToPro3 was
used as counterstain. Immunofluorescence was detected using a 60/
1.40 PlanApo objective lens on an Olympus FV500 confocal

Fig. 2. Nutlin-3A inhibits the growth of HL cells that harbor wt p53 gene.
A,3-(4-5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium salt assay showed a dose-dependent inhibition of cell
growth in MDA-V and KM-H2 but not L-428 treated with nutlin-3A. No effect
was observed in cells treated with nutlin-3B. At 48 h after treatment with 10 Amol/L
nutlin-3A, the growth of MDA-V and KM-H2 cells was inhibited by 40% and
52%, respectively. B, the number of viable cells, as measured by trypan blue
exclusion assay, was reduced dramatically after nutlin-3A in MDA-V and KM-H2,
by 90% and 73%, respectively. By contrast, no change in the number of viable
cells was observed in L-428 after nutlin-3A nor in all three cell lines treated with the
same concentrations of nutlin-3B. All experiments were repeated at least trice with
similar results.

microscope with Fluoview version 4.3 software (Olympus). Staining
of cells omitting the primary antibodies step served as negative controls
in these experiments.

Results

Fig. 1. Expression of p53 in HRS cells. A and B, expression levels of p53 was
assessed in three HL cell lines usingWestern blot analysis and immunohistochemical
methods. Karpas 299, an anaplastic large cell lymphoma cell line known to express
high levels of mt p53 (31), was used as a positive control. Immunoblots showed
high levels of p53 in L-428, whereas KM-H2 and MDA-V expressed very low levels
of p53. Immunohistochemistry of cell blocks showed that MDA-V and KM-H2
express p53 at a very low level compared with that of L-428 that carry a mutant
p53 gene. C, amplification of p53 cDNA and direct sequencing of the entire open
reading frame of the p53 gene showed that MDA-Vand KM-H2 cells carry wt p53
gene (not shown). By contrast, a12-codon deletion in exon 4 corresponding to the
DNA-binding domain was detected in L-428 cells. D, immunohistochemical analysis
in HL tumors showed that p53 is expressed by a highly variable percentage of
primary neoplastic HRS cells ranging from 11% to 99% with variable staining
intensity indicating the potential of further p53 up-regulation in these cells. p53
immunoreactivity was predominantly nuclear. Black arrows, strongly p53-positive
HRS cells; gray arrows, weakly p53-positive HRS cells; white arrows, p53-negative
HRS cells.
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Expression and mutation status of p53 in HRS cells. To
investigate the expression levels and mutation status of the p53
gene in HL cell lines, Western blot and immunohistochemical
analysis were done in cultured HRS cells. As shown in Fig. 1A,
KM-H2 and MDA-V cells showed low levels of p53 expression
compared with those of L-428 that carry a mutant p53 gene
(Fig. 1A). Immunohistochemical analysis of p53 expression in
MDA-V, KM-H2, and L-428 cell blocks confirmed the Western
blot data (Fig. 1B). Direct sequencing of the entire open reading
frame of the p53 gene following cDNA amplification confirmed
the p53 gene status in all HL cell lines used in the study
(Fig. 1C; Supplementary Fig. S1).
Immunohistochemical analysis of p53 expression in 27
classic HL tumors showed that the neoplastic HRS cells express
p53 in all cases (Fig. 1D). However, the percentage of p53positive HRS cells was highly variable among the classic HL
tumors ranging from 11% to 99% (median, 48%). The
intensity of p53 staining reflecting the p53 protein expression
level also varied significantly from weak to strong in HRS cells
(Fig. 1D). These data are in accordance with previously
published results (26, 33) and indicate the potential of further
up-regulation of wt p53 by modulation of p53 stabilization
mechanisms in primary HRS cells.
Antitumor effect of nutlin-3A in HRS cells is dependent on the
p53 mutation status. To show that the antitumor effects of
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nutlin-3A are dependent on p53 gene status in HRS cells, p53mutated and p53 unmutated HL cell lines were treated with
increasing concentrations of the MDM2 antagonist nutlin-3A or
nutlin-3B. As shown in Fig. 2A, treatment with nutlin-3A

showed a dose-dependent antitumor activity against MDA-V
and KM-H2 cells but not in L-428 cells. 3-(4-5-Dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)2H-tetrazolium salt assay showed that, at 48 h after incubation
with 10 Amol/L nutlin-3A, the growth of viable MDA-V and
KM-H2 cells was inhibited by 40% and 26%, respectively. More
importantly, the total number of viable cells, as measured by
trypan blue exclusion assay, was dramatically decreased by 90%
and 73%, in MDA-V and KM-H2, respectively (Fig. 2B). By
contrast, treatment with the 150 times less active nutlin-3B had
no effect on HRS cell viability or growth irrespective of p53
mutation status (Fig. 2A and B).
Nutlin-3Q induces cell cycle arrest in HRS cells through
stabilization of p53 and up-regulation of p21. To investigate the
effects of p53 stabilization on cell cycle progression, we did cell
cycle analysis. Nutlin-3A treatment of HRS cells harboring wt
p53 showed dose-dependent reduction of S phase fraction (Fig.
3A). At 24 h after treatment with 10 Amol/L nutlin-3A, the
fraction of MDA-V and KM-H2 cells in S phase decreased
approximately by 60% and 35%, respectively, associated with a
concentration-dependent increase of the G1 phase fraction
(MDA-V) or G1 and G2-M (KM-H2), indicating cell cycle arrest
at G1-S checkpoint or both G1-S and G2-M checkpoints. In
contrast, no effect on cell cycle progression was observed in
L-428 cells with mt p53. Treatment with nutlin-3B had no effect
in all cell lines tested, suggesting that the effects on cell cycle are
largely attributed to inhibition of p53-MDM2 interaction by the
active nutlin-3A (Fig. 3A). This was further supported by
Western blot analysis, which showed stabilization of p53
protein levels associated with a parallel increase in MDM2
levels in HRS cells with wt p53 gene. Cell cycle changes were
associated with a dose-dependent increase in the expression
levels of the cyclin-dependent kinase inhibitor p21, a known
transcriptional target of p53, indicating that stabilized p53 is
functional and capable of inducing p21 expression in our
in vitro system (Fig. 3B). Increased p53 protein levels after
treatment with nutlin-3A in HRS cells with wt p53 were also
shown using immunofluorescence and confocal microscopy
(Fig. 3C).
Nutlin-3A induces apoptotic cell death in HRS cells through
activation of the p53 apoptotic pathway. Treatment with nutlin3A resulted in a dose-dependent decrease in cell viability of
HRS harboring wt p53 but not in cells with mt p53 gene.
Nutlin-3A – induced cell death was substantially higher the
2nd day of treatment. Forty-eight hours after incubation with

Fig. 3. Nutlin-3A induces cell cycle arrest in HRS cells through activation of the
p53 pathway. A, at 24 h after treatment with 10 Amol/L nutlin-3A, the fraction of
cells in S phase in MDA-V and KM-H2 decreased dramatically by 60% and 35%,
respectively, with a concomitant concentration-dependent increase in G1 phase
(MDA-V) or G1and G2-M phase (KM-H2), indicating G1-S or G1-S and G2-M phase
cell cycle arrest. No effect on the cell cycle was observed in the p53-mutated HL cell
line L-428 or after control treatment with nutlin-3B. B, Western blot analysis
showed a dose-dependent increase in the level of the cell cycle inhibitor p21, parallel
with the increase in p53 and MDM2 levels, in KM-H2 and MDA-V at 24 and
48 h after treatment with nutlin-3A. No change in p53, MDM2, or p21protein level
was seen in L-428 cells treated with nutlin-3A or in any cell line used after treatment
with nutlin-3B. C, increased levels of p53 protein at 24 h following treatment with
nutlin-3A in MDA-V and KM-H2 cells also was found using immunofluorescence
and confocal microscopy. Results with MDA-V cells are shown. p53 localization
was predominantly nuclear (top). No change in the expression level of p53 was
seen in HRS cells treated with nutlin-3B (bottom). ToPro3 (blue) was used for
counterstain of the nuclei.
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10 Amol/L nutlin-3A, the viability of MDA-V and KM-H2 cells
decreased from f95% (untreated) to 36% and 48%, respectively (Fig. 4A). After 72 h, the viability of KM-H2 cells was
further decreased to 30%, whereas no additional cell death was
observed in MDA-V cells (data not shown). By contrast, nutlin3A – treated L-428 cells showed no change in cell viability. In
addition, treatment with nutlin-3B had no effect in cell
viability.
To investigate whether apoptotic mechanisms were involved
in nutlin-3A – induced cell death, Annexin V staining and flow
cytometry studies were done. As shown in Fig. 4B, there was a
concentration-dependent increase in Annexin V binding in
MDA-V and KM-H2 but not in L-428 cells. At 48 h following
treatment with 10 Amol/L nutlin-3A, Annexin V binding was
increased from f6% (untreated) to 39% in both MDA-V and
KM-H2 cells (Fig. 4B). Apoptotic cells were morphologically
evident with 4¶,6-diamidino-2-phenylindole staining and immunofluorescence, showing the presence of nuclear condensation and fragmentation in nutlin-3A – treated cells (Fig. 4C).
Furthermore, selective inhibition of caspase-3 or caspase-9
using specific inhibitors rescued a significant proportion of
nutlin-3A – treated MDA-V and KM-H2 cells, suggesting that
apoptosis is mediated, in part, through activation of the
intrinsic (mitochondrial) pathway (Fig. 4D) Again, no increase
in Annexin V binding was observed in nutlin-3A – treated L-428
cells or after treatment with equivalent concentrations of
nutlin-3B, indicating that induction of p53-dependent apoptosis is due to disruption of p53-MDM2 interaction and
subsequent p53 stabilization.
To examine the possible mechanisms underlying p53mediated cell death, Western blot analysis was performed. As
shown in Fig. 4E, a slight increase of the proapoptotic Bax and a
concentration-dependent increase of Puma, a known transcriptional target of p53, was observed 48 h after nutlin-3A
treatment, at the time point when significant cell death was
seen in MDA-V, whereas the levels of the antiapoptotic protein
Bcl-2 remained constant (Fig. 4E). In contrast, in KM-H2 cells,

only slight differences in the levels of Bax and Puma were
found. However, a significant down-regulation of Bcl-2 was
observed. Therefore, more than one mechanism may be
involved in nutlin-3A – induced apoptosis in HRS cells.

Fig. 4. Nutlin-3A induces apoptotic cell death in HL cells through activation of the
p53 pathway. A, 48 h after incubation with 10 Amol/L nutlin-3A, the viability of
MDA-V and KM-H2 cells decreased from above 95% of untreated cells to 36% and
48%, respectively (top). No change in cell viability was observed in L-428 cells or in
any HL cell line tested after treatment with nutlin-3B. Annexin V binding in MDA-V
and KM-H2 cells increased up to 39%, in a concentration-dependent manner at
48 h after treatment with different concentrations of nutlin-3A (bottom). Again,
no change in AnnexinV binding was observed in L-428 cells or after treatment with
nutlin-3B. B, microscopic examination of the 4¶,6-diamidino-2-phenylindole ^
stained cell preparations at 48 h after treatment with 10 Amol/L nutlin-3A
showed morphologic evidence of apoptosis, including nuclear condensation and
fragmentation in cultured HRS cells harboring wt p53. By contrast, control
treatment with nutlin-3B using the same concentration showed no morphologic
evidence of apoptosis. C, incubation of HRS cells with caspase-9 or caspase-3
inhibitors rescued, in part, nutlin-3A ^ induced apoptotic cell death in HRS cells.
The percentage of AnnexinV ^ positive cells is substantially decreased in MDA-V or
KM-H2 cells treated with nutlin-3A in the presence of DEVD-CHD (caspase-3
inhibitor) or Z-LEHD-FMK (specific caspase-9 inhibitor), suggesting that apoptosis
is partly mediated through activation of caspse-9 (intrinsic apoptotic pathway).
D, Western blot analysis showed a slight increase of the proapoptotic protein Bax
and Puma, after treatment of MDA-V or KM-H2 with nutlin-3A. Both Bax and Puma
are known transcriptional targets of p53. A significant decrease of Bcl-2 levels
was found observed after nutlin-3A treatment in KM-H2 but not in MDA-V cells,
indicating that more than one mechanism might be involved in nutlin-3A ^ induced
apoptosis of HRS cells. Lysates were prepared at 48 h following nutlin-3A
treatment, a time point when significant nutlin-3A ^ induced cell death was found in
MDA-V and KM-H2 cells.Western blot analysis also showed cleavage of caspases,
predominantly caspase-9 and caspase-3.
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Western blot analysis showed that the total level of p53 of the
combined treatment was almost equal to that observed in the
two separate treatments. However, analysis of p53 phosphorylation status showed that nutlin-3A induced p53 phosphorylation at Ser15 (Ser15p-p53) at a low level compared with high
levels of Ser15p-p53 after treatment with doxorubicin alone,
further supporting the nongenotoxic mode of p53 activation by
nutlin-3A (Fig. 5C).
Nutlin-3A – induced stabilization of p53 is posttranslational
due to decreased degradation of the protein. We next investigated whether nutlin-3A – induced p53 stabilization is actually
due to decreased MDM-2 – mediated protein degradation in our
in vitro system by inhibiting nuclear export and proteasome
function, both of which are essential for p53 degradation. As
shown in Fig. 6A, treatment of MDA-V cells with leptomycin B,
an inhibitor of nuclear export, stabilized p53 with an expression
level comparable with that of nutlin-3A treatment. Combined
treatment of HRS cells with nutlin-3A and leptomycin B resulted
in a slight additional increase of total p53 level due to significant
inhibition of p53 degradation (Fig. 6A).
Similarly, treatment of MDA-V cells with MG132, a specific
26S proteasome inhibitor, resulted in a substantial increase of
total p53 at a level comparable with that of nutlin-3A treatment
(Fig. 6B), suggesting that p53 stabilization is due to decreased
degradation through the ubiquitin-proteasome system in HL
cells. Furthermore, treatment of MDA-V cells with nutlin-3A in
the presence of the proteasome inhibitor resulted in no
additional increase of total p53 (Fig. 6B), again most likely
due to significant inhibition of p53 degradation by nutlin-3A.
Taken together, these results show that nutlin-3A – induced
stabilization of p53 in HRS cells is attributable to decreased
degradation of the protein.
Fig. 5. Nutlin-3A enhances the antitumor activity of chemotherapeutic agents
against HRS cells. A, combined treatment of MDA-V cells with a relatively low
concentration (2 Amol/L) of nutlin-3A, compared with the high dose of 10 Amol/L,
and 0.1 Amol/L doxorubicin (Dox) showed a substantial decrease of cell growth by
55% and an even higher decrease in cell viability by 70%, 48 h after treatment.
By contrast, treatment with 0.1 Amol/L doxorubicin alone resulted in <13% decrease
of cell growth and <24% decrease in cell viability. Similarly, treatment with 2 Amol/L
nutlin-3A alone resulted in 29% and 28% decrease in cell growth and viability,
respectively. Therefore, the effects of combined treatment (45% < 71%  87% =
61.7% and 30% < 72%  76% = 54.7%, respectively) indicated an at least additive
effect of nutlin-3A with chemotherapeutic agents. B, to investigate the effects of
nutlin-3A on p53 phosphorylation, the levels of Ser15p-p53 were assessed
by Western blot analysis. Immunoblots showed that nutlin-3A induced p53
phosphorylation (Ser15p-p53) at a very low level. By contrast, treatment with
doxorubicin was associated with high expression levels of Ser15p-p53, indicating the
nongenotoxic mode of p53 activation by nutlin-3A.

Nutlin-3Q enhances the activity of chemotherapeutic agents
against HRS cells. To investigate whether stabilization and
activation of p53 by nutlin-3a can enhance the antineoplastic
activity of chemotherapeutic agents commonly used against
HRS cells, combined treatment of MDA-V with a relatively low
concentration of nutlin-3A and doxorubicin was used. After
48-h exposure to a concentration of 2 Amol/L nutlin-3A and
0.1 Amol/L doxorubicin, MDA-V cells showed decreased cell
growth by 55% and cell viability by 70%. This decrease in cell
growth and viability was more than the additive effect of each
reagent separately (cell growth 45% < 71%  87% = 61.7%
and cell viability 30% < 72%  76% = 54.7%, respectively),
indicating an at least additive effect of nutlin-3A with
chemotherapeutic agents (Fig. 5A and B).

www.aacrjournals.org

Fig. 6. Nutlin-3A ^ induced stabilization of p53 is due to decreased degradation of
the protein in Hodgkin’s lymphoma. A, to investigate whether nutlin-3A ^ induced
p53 stabilization results from decreased MDM2-mediated degradation, nuclear
export was inhibited with 10 nmol/L leptomycin B for 24 h. Leptomycin B treatment
stabilized p53 at expression level comparable with that of nutlin-3A treatment in
MDA-V cells. Combined treatment with nutlin-3A and leptomycin B resulted only in
a very slight additional increase of total p53 level due to significant inhibition of p53
degradation. B, similarly, treatment of MDA-V cells with MG132, a specific 26S
proteasome inhibitor, resulted in p53 stabilization at an expression level comparable
with that of nutlin-3A treatment, suggesting that p53 stabilization is due to
decreased degradation through the ubiquitin-proteasome system. Treatment
of MDA-V cells with nutlin-3A in the presence of the proteasome inhibitor
(pretreatment for16 h) resulted in no additional increase of total p53, indicating that
p53 degradation already was significantly inhibited by nutlin-3A.
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Discussion
Although classic HL is considered to be a curable disease,
approximately one third of patients fail standard therapy and
late complications of long-term survivors represent a serious
problem (18, 19 – 22). The mainstay therapeutic approach to
HL is still based on the accumulative empirical knowledge of
combined chemotherapy and radiotherapy despite the expanding understanding of the biology of HL (34, 35). There is need
to apply new knowledge to the investigation of novel
strategies targeting key molecules that control survival of
HRS cells in HL.
Several previous studies, including single-cell analysis of HRS
cells, have shown that the p53 tumor suppressor gene is not
mutated in most HL tumors; therefore, p53 dysfunction does
not seem to be an initiating event in oncogenesis of HL (23, 24,
28, 29). However, most of the studies indicate that p53, along
with its physiologic inhibitor MDM2, is overexpressed in
neoplastic HRS cells, implying that the p53 pathway is
somehow blocked (25, 26, 36, 37). It has also been shown,
in a subset of cases, that MDM2 gene amplification might be a
mechanism for inhibition of the p53 pathway (28). Therefore,
HL seems to be an ideal candidate for inhibition of p53-MDM2
interaction and subsequent stabilization and activation of wt
p53. In this study, using the MDM2-specific antagonist nutlin3A, we show that p53 is functional in HRS cells harboring wt
p53. Thus, disruption of the interaction between MDM2 and
p53 by nutlin-3A, through stabilization of p53 protein levels
and activation of its transcriptional activity, resulted in
substantial cell cycle arrest at G1-S checkpoint, which was
mediated largely by up-regulation of p21, a transcriptional
target of p53.
Our data provide evidence that nutlin-3A – induced stabilization of p53 in HRS cells is largely attributable to decreased
degradation of the protein. Interestingly, total p53 protein
expression in HRS cells after nutlin-3A treatment seams to reach
saturated levels comparable with those resulting from posttranscriptional stabilization of p53, due to significant inhibition of nuclear export or the ubiquitin-proteasome degradation
system.
We also show that in HL cell lines with wt p53, inhibition of
p53-MDM2 interaction by nutlin-3A resulted in significant
apoptotic cell death, which was associated with up-regulation
of two well-established transcriptional targets of p53, the
proapoptotic proteins Bax and Puma. Interestingly, downregulation of the antiapoptotic protein Bcl-2 was found after
treatment with nutlin-3A only in KM-H2 cells. In agreement
with previous studies using nutlin-3A in other tumor types,
whereas the effect on cell cycle arrest is immediate and evident
in the first 24 h of treatment, apoptosis induction is more
pronounced after 48 h (10, 11). Of note, no effects of nutlin-3A
on cell cycle progression or apoptosis were found in HRS cells
with mt p53, indicating the specificity of nutlin-3A in activation
of the p53 pathway. This is the first preclinical study to show
antitumor activity of a potent MDM2 antagonist in HL cells
with wt p53. However, our findings agree with recent studies in
other hematologic malignancies, including multiple myeloma,
B-cell chronic lymphocytic leukemia, and acute myeloid
leukemia showing that nutlin-3a – induced cell cycle arrest
and apoptosis is limited to neoplastic cells harboring wt p53
(10 – 16).
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It is known that the antineoplastic effect of genotoxic
chemotherapeutic agents, many of which are used in the
treatment of classic HL, is mediated largely through apoptosis
induction, due in part to genotoxic activation of the p53
pathway (38, 39). Indeed, treatment of HL cells harboring wt
p53 with 0.1 Amol/L doxorubicin, a dose comparable with
that used clinically, resulted in stabilization of total p53
protein at levels almost equivalent to those induced by
treatment with low doses of nutlin-3a. However, doxorubicin-induced cell death was much lower compared with cell
death induced by nutlin-3A. In addition, we show that
chemotherapy-induced p53 is, in large part, Ser15 phosphorylated (Ser15p-p53), most likely due to the genotoxic effect (4).
In contrast, treatment of HRS cells with nutlin-3A alone
stabilizes p53, which is largely unphosphorylated. These
results are in accordance with previously published data
showing that nongenotoxic activation of the p53 pathway by
nutlin-3A is adequate for p53-induced cell death of neoplastic
cells (16, 40). Because the genotoxicity of the chemotherapeutic agents is a source not only of immediate side effects but
also serious late complications, the nongenotoxic mode of
action of nutlin-3A might be an important advantage for the
treatment of HL patients.
Combined treatment of HL cells harboring wt p53 with
doxorubicin and nutlin-3A revealed enhanced antitumor
activity, a finding that has been reproduced in studies of
other hematologic malignancies, indicating that nutlin-3a
could be used not only as monotherapy but also as part of
combined regimens for the treatment of HL, including cases
with chemorefractory phenotype (12 – 16). Notably, recent
studies suggest that the effect of nutlin-3A in normal cells
differs from that in neoplastic cells (10, 41). Although both
neoplastic and normal cells respond with cell cycle arrest after
treatment with nutlin-3A, normal cells seem to be much more
resistant to nutlin-3a – induced apoptosis compared with
neoplastic cells (10, 41). In addition, the good tolerance of
nutlin-3A in xenograft animal models and the almost normal
phenotype of transgenic mice with overactive p53 and no
alteration in the p53 isoforms are encouraging for the
potential use of nutlin-3A or similar MDM2 antagonists in
clinical trials (8, 10, 11).
Besides the cell autonomous function of p53 in the
regulation of the cell cycle, apoptosis, DNA damage repair,
senescence, and metabolism, recent findings expand its role to
non-cell autonomous functions, including the regulation of
angiogenesis (1, 42). Studies using animal carcinoma cells have
shown that intact p53 function in the nonneoplastic supportive
tissue could have an inhibitive effect on cancer growth (43).
Although the effect of nutlin-3A on non-cell autonomous
functions of p53 in animal models has not been studied yet,
such a mechanism could be an important variable especially for
classic HL, where the nonneoplastic cell population plays a role
in the disease (35). The effects, if any, of nutlin-3A on the
reactive cells of HL were not assessed in this study.
In conclusion, our data suggest that inhibition of p53-MDM2
interaction by a potent MDM2 antagonist, such as nutlin-3A,
can lead to nongenotoxic activation of the p53 pathway
resulting in G1-S cell cycle arrest and apoptosis in cultured
HRS cells carrying wt p53. Targeting MDM2 function to upregulate fully functional p53 might represent a novel therapeutic strategy for patients with HL.
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