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Overexpression of mutant p53 is a common theme in tumors, suggesting a selective pressure for p53 mutation in
cancer development and progression. To determine how mutant pS3 expression may lead to survival advantage in
human cancer cells, we generated stable cell lines expressing p53 mutants p53-R175H, -R273H, and -D281G by use
of p53-null human H1299 (lung carcinoma) cells. Compared to vector-transfected cells, H1299 cells expressing
mutant p53 showed a survival advantage when treated with etoposide, a common chemotherapeutic agent;
however, cells expressing the transactivation-deficient triple mutant p53-D281G (L22Q/W23S) had signifi-
cantly lower resistance to etoposide. Gene expression profiling of cells expressing transcriptionally active
mutant p53 proteins revealed the striking pattern that all three p53 mutants induced expression of approxi-
mately 100 genes involved in cell growth, survival, and adhesion. The gene NF-kB2 is a prominent member of
this group, whose overexpression in H1299 cells also leads to chemoresistance. Treatment of H1299 cells
expressing p53-R175H with small interfering RNA specific for NF-kB2 made these cells more sensitive to
etoposide. We have also observed activation of the NF-kB2 pathway in mutant p53-expressing cells. Thus, one
possible pathway through which mutants of p53 may induce loss of drug sensitivity is via the NF-kB2 pathway.

Mutation in the p53 tumor suppressor gene is a common
event in human cancer (6, 36, 40, 43, 44, 65, 71, 72). Unlike
what is seen for other tumor suppressors, in the majority of
human carcinomas with p53 mutations, a protein with one
amino acid substitution is overexpressed, suggesting the exis-
tence of a selection pressure for maintaining expression of the
mutant protein (6, 36, 40, 43, 44, 65, 71, 72). This also is
perhaps indicative of an active role played by pS3 mutants in
oncogenesis and follows the gain-of-function hypothesis, which
predicts not only that mutations in the p53 gene destroy the
tumor suppressor function of the wild-type (WT) protein but
that the mutant proteins may also gain oncogenic functions.
The gain-of-function hypothesis also predicts that tumors with
mutant p53 proteins may be more aggressive or that patients
with tumors harboring mutant p53 have poorer prognoses than
patients with tumors lacking the p53 protein. This has been
found to be true for various types of cancers (10, 28, 29, 81, 82,
88).

WT p53 is a sequence-specific transactivator of promoters
containing p53-binding sites. Elevated levels of WT p53 in
response to cellular stress situations, such as DNA damage,
can lead to apoptosis or induce cell cycle arrest (26, 53, 60, 68,
84, 89, 91) by inducing expression of genes involved in various
aspects of cellular growth regulation (21, 26, 27, 49, 50, 53, 60,
63, 68, 84, 89, 91). A mutation in one allele of p53 generates a
stable mutant protein with compromised tumor suppressor
function. However, there is compelling evidence to suggest
that apart from loss of growth suppressor function, p53 mu-
tants can confer oncogenic properties even in the absence of
WT p53 (reviewed in references 12 and 71).
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Expression of mutant p53 in cells devoid of endogenous WT
p53 has been shown to induce various growth-promoting func-
tions that include tumorigenicity, metastasis, and colony-form-
ing ability (1, 7, 13, 24, 37, 46, 51, 55, 56, 64, 67, 86). For
example, p53-null 10(3) murine fibroblasts are normally non-
tumorigenic in nude mice; however, constitutive expression of
mutant p53 in these cells makes them tumorigenic, showing a
clear gain of function (24, 54).

We and others have shown that mutant p53 can transactivate
cellular promoters of growth-related genes, such as human
proliferating cell nuclear antigen (PCNA), multiple drug resis-
tance gene 1 (MDR-1), and c-myc, among others, in vivo in
p53-null cells, such as Saos-2 (derived from a human osteosar-
coma) (13, 19, 24, 31, 54, 61; reviewed in references 12 and 71).
Transactivation by tumor-derived p53 mutants does not re-
quire a WT p53 DNA-binding site on the promoter. Structure-
function analysis indicates that domain requirements for mutant
p53-mediated transactivation and WT p53-mediated transactiva-
tion are different, suggesting that the molecular mechanisms of
transcriptional activation by WT and mutant p53 are not identical
(18, 54, 58, 61).

In experiments with 10(3) fibroblasts, cells stably expressing
a double mutant of the tumor-derived p53-D281G mutated at
amino acids 22 and 23 (L22Q/W23S), eliminating the transac-
tivation capability of the protein, were nontumorigenic when
injected into nude mice, whereas cells expressing the transac-
tivation-capable p53-D281G were tumorigenic (58). In similar
experiments, we demonstrated that a deletion mutant of p53-
D281G that eliminated the oligomerization domain (p53-
D281G deletion 393 to 327) could not transactivate the
MDR-1 promoter (transactivated by full-length p53-D281G)
(54), and 10(3) cells expressing this mutant also failed to in-
duce tumor formation when injected into nude mice. These
experimental results, therefore, show that the transactivation
function of p53 mutants is required for oncogenicity.
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Tumor-derived p53 mutants have been shown to increase
resistance of cultured cells to apoptosis induced by DNA-
damaging agents, depending on the nature of the mutation and
the drug used (7), suggesting that gain of function can influ-
ence the outcome of cancer therapy. Although the MDR-1
pathway cannot explain resistance against all the agents tested
(14, 71), the transcriptional activation of genes involved in
chemoresistance or antiapoptotic activity is likely to be a con-
tributing factor (14). Using murine p53-null cells, it has also
been shown that mutant p53 expression inhibits p53-indepen-
dent apoptotic pathways; this activity is blocked, however, by
the inclusion of actinomycin D, a potent inhibitor of transcrip-
tion, suggesting further that mutant pS3-mediated transcrip-
tional activity may be involved in the antiapoptotic function
(56). Thus, it would be very important to identify genes tran-
scriptionally activated by tumor-derived p5S3 mutants to deci-
pher whether antiapoptotic genes are targeted. Identifying mu-
tant pS53 target genes could also unearth genes that are
involved in chemoresistance, eventually targeting those gene
products for chemotherapy.

The transcription factor NF-kB has been implicated in cell
survival and chemoresistance (3, 48, 77). NF-kB2 belongs to
the NF-kB/Rel gene family. It is synthesized as an approxi-
mately 100-kDa protein that is processed before it can bind
DNA either as a homodimer or as a heterodimer with other
members of the NF-kB/Rel family. The unprocessed form be-
haves as an IkB-like protein, negatively regulating the activa-
tion of NF-kB2 (57). Earlier, we have demonstrated that in
murine 10(3) cells, mutant p53 expression up-regulates NF-
kB2 (18).

To test the hypothesis that mutations in p53 not only disable
the growth suppressor function of p53 but also turn it into a
transcriptional activator of genes that aid in aggressive growth
of cancer cells under adverse conditions, we generated stable
cell lines expressing p53 mutants p53-R175H, -R273H,
and -D281G using human p53-null H1299 lung carcinoma and
21PT breast carcinoma cells. In contrast to what is seen for
vector-transfected cells, the presence of mutant p53 induces
chemoresistance. In order to define the molecular pathway by
which mutant p53 achieves these effects, microarray analyses
were conducted using Affymetrix U95Av2 arrays, which survey
approximately 12,000 genes. When statistical significance anal-
ysis and clustering was used, a striking pattern emerged, re-
vealing that all three p53 mutants induced expression of ap-
proximately 100 genes, including those involved in cell growth,
survival, adhesion, and angiogenesis (e.g., E2F-5, NF-kB2, an-
giopoietin 1, integrin a6), which are inhibited or unaffected by
WT p53. Quantitative real-time PCR (QPCR) analysis of rep-
resentative genes verified the microarray data. Our evidence
reveals that mutations in p53 not only disable the growth sup-
pressor function of p53 but also evoke a pattern of transcrip-
tional regulation that is the inverse of that for the WT protein,
thus turning it into a transcriptional activator of potentially
oncogenic genes. We demonstrate that NF-kB2 overexpression
could substitute for mutant p53 overexpression in inducing a
decreased sensitivity to etoposide in H1299 cells. Transfection
of H1299 cells expressing p53-R175H with small interfering
RNA (siRNA) specific for NF-kB2 made these cells more
sensitive to etoposide. We also show that mutant pS3-express-
ing cells have an activated NF-kB2 pathway. Thus, transacti-
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vation of NF-kB2 may be a step used by tumor-derived mutant
p53 in inducing etoposide resistance in cancer cells.

MATERIALS AND METHODS

Generation of stable cell lines. Stable cell lines were generated after transfec-
tion of p53-null H1299 and 21PT cells with mutant p53 expression plasmids (or
expression vector alone) containing a neomycin resistance gene as described
previously (54). The following p53 mutant cell lines were generated using G418
(400 pg/ml for H1299 cells and 500 pg/ml for 21PT cells) selection: p53-R175H,
p53-R273H, and p53-D281G (clone numbers are indicated at the end of the cell
line). The p53-D281G (L22Q/W23S) clones were generated only in H1299 cells.
H1299 cells were also transfected with pIRES-puro3 vector alone or with pIRES-
puro3 containing NF-«kB2, p53-R175H, p53-R273H, p53-D281G, or p53-D281G
(L22Q/W23S) cDNA. These are designated H-IRES. Cells were selected with
2.5 wg/ml of puromycin for 2 weeks. The resulting colonies were then pooled and
used for further assays. 10(3) cell clones were generated earlier with 200 p.g/ml
G418 (54). Hip53, a wild-type p53-inducible cell line, was generated earlier (30).
None of the cells lines used in our assays, i.e., Saos-2, H1299, 21PT, or 10(3),
express detectable p53 (4, 7, 24, 58). 21PT expresses an N-terminally truncated
and functionally inactive p53 (16).

Recombinant adenoviruses, adenoviral infection, and RNA preparation. Re-
combinant adenoviruses expressing WT p53 and -galactosidase were generated
by the laboratory of Kristoffer Valerie, Massey Cancer Center (Richmond, Va.),
and by the lab of Atsushi Miyanohara, UCSD Gene Therapy Program. In a
10-cm dish, 3 X 10° cells were infected with the recombinant adenoviruses
expressing either WT p53 or B-galactosidase at a multiplicity of infection of 10
adenoviruses per cell. At 20 h, RNA was extracted for microarray analysis. Total
RNA was isolated using Trizol (Invitrogen) reagent following the manufacturer’s
recommendations and checked by 1.2% agarose Tris-borate-EDTA gel electro-
phoresis.

Drug sensitivity assays. H1299 (or 21PT) cells stably expressing p53-
R175H, -R175H (L22Q/W23S), -R273H, -D281G, and -D281G (L22Q/W23S) or
transfected with vector alone (as indicated in the figures) were plated at equal
densities and treated with final concentrations of 3 to 6 wM etoposide (Sigma)
for 48 h as specified in the text. Chemosensitivities of the cells were then
measured in two different ways: (i) by determining colony formation after 2 to 3
weeks and (ii) by determining the level of bromodeoxyuridine (BrdU) incorpo-
ration. For the colony formation assay, cells were plated at a density of 5 X 10*
cells per 10-cm dish and exposed to a final concentration of 6 M etoposide for
48 h. After treatment, plates were washed and the medium was replaced. The
surviving cells were allowed to form colonies for 2 to 4 weeks with periodic
changes of medium. Colonies were fixed with methanol, stained with methylene
blue, and counted as described earlier (18). Control plates were plated at a
density of 5 X 10° cells per 10-cm plate and treated with an equal amount of
dimethyl sulfoxide (DMSO). Control plates were assessed for plating efficiency
and DMSO effects on cell growth. For the BrdU incorporation assay, cells were
plated at a density of 1 X 10° per 10-cm dish in the presence of etoposide (6 .M
final concentration) or DMSO as the control for 48 to 72 h. Cells were incubated
in the presence of 10 pM BrdU for 40 min. After washing with Dulbecco’s
phosphate buffer solution (DPBS), cells were trypsinized, counted, and fixed by
vigorous vortexing, and dropwise addition of cold absolute ethanol was per-
formed. Cells were then stored at 4°C for at least 18 h. Samples were washed with
DPBS plus 0.5% bovine serum albumin to remove ethanol. Fixed cells were
treated with 400 wl of 2N HCI for 20 min, which was followed by incubation in
0.1 M sodium borate, pH 8.5, for 2 min. Samples were washed and resuspended
in DPBS plus 0.5% bovine serum albumin and 0.5% Tween 20, which was
followed by incubation with anti-BrdU antibody coupled with fluorescein iso-
thiocyanate for 1 h in the dark with tilting. After being washed to remove excess
antibody, cells were resuspended in propidium iodide staining solution for at
least 1 h prior to florescence-activated cell sorting analysis (11, 32). Samples were
gated for sub-G; DNA-containing cells.

siRNA transfection. Mutant p53-R175H-expressing H1299 cells (or cells of the
control cell line HC-5) were plated at equal densities in 12-well plates (3 X 10°).
Cells were transfected 0 and 24 h after plating using siRNA against NF-kB2 (or
a nonspecific control). Sequences used were as follows: for the control, siControl,
5'-CAU GUC AUG UGU CAC AUC ACT T-3’ and 5'-GAG AUG UGA CAC
AUG ACA UGT T-3'; for NF-kB2, siNFkB2 #1, 5'-GAC AAG GAA GAG
GUG CAG CTT-3' and 5'-GCU GCA CCU CUU CCU UGU CTT-3'; and
siNFkB2 #2, 5'-GCC CUG AGU GCC UGA AUC U-3’' and 5'-AGA UCC
AGG CAC UCA GGG CTT-3'. Twenty-four hours after the second transfec-
tion, cells were trypsinized, counted, and plated in 10-cm plates at a density of 5
X 10* cells per plate (control plates were plated at a density of 5 X 10? cells per
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plate). Cells were then treated with 6 pM etoposide (final concentration) or an
equivalent vehicle control (DMSO). Cells were allowed to form colonies for 2 to
4 weeks. Colonies were then fixed with methanol, stained with methylene blue,
and counted as described earlier (18).

DNA microarray hybridization, data management, and analysis. Expression
profiles of mutant p53-expressing cells were compared with H1299 (or 21PT)
cells stably transfected with vector alone. Cells infected with recombinant ade-
novirus expressing WT p53 were compared to cells infected with adenovirus
expressing [-galactosidase as a control. All microarray hybridization analyses
were performed in duplicate with Affymetrix U95Av2 chips by either the
GeneChip Core lab at UCSD or Virginia Commonwealth University’s Institu-
tional Nucleic Acid Research facility. The U95Av2 array represents ~12,000
human gene sequences that have been previously characterized. The general
procedures for microarray hybridization and analysis are described elsewhere
(78). Data analysis was done using Affymetrix Microarray Analysis Suite 5.
Changes in gene expression were detected in terms of the statistical significance
(S-score) of the change in expression for a given gene between two compared
microarrays. S-score analysis takes into account signals detected by 16 multiple
probe pairs for individual genes, as well as intensity-dependent and -independent
noise (52). Briefly, the files generated by Affymetrix software (Microarray Anal-
ysis Suite 5) were filtered to eliminate genes with average intensity values of less
than 50 in at least one of the samples, resulting in 2,417 genes for further study.
The filtered data were then analyzed with the S-score program. S-scores are
derived to have a mean value of zero (representing no change) with a standard
deviation of 1. The S-scores generated were then analyzed for significance across
replicate experiments by using a permutation method performed with a signifi-
cance analysis of microarray program from Stanford University (80). The settings
for this analysis were as follows: unlogged data, 300 permutations, a k nearest
neighbor imputer of 10, and random number seed 123,456,789. Once the pro-
gram reported the list of ranked genes, the “delta” value was adjusted to a
stringent false discovery rate of 0.3%, resulting in the identification of 149 genes
upregulated by all three p53 mutants in both cell lines. Clustering analysis was
done using the Cluster and TreeView programs (http://rana.lbl.gov/) to provide
a graphical display of the expression patterns (34). Genes reported by signifi-
cance analysis of microarray were analyzed by hierarchical clustering with aver-
age linkage grouping. For our analysis, the arrays were not clustered. Functional
grouping of the identified genes was done by manual editing of gene ontology
categories obtained through the DAVID annotation tool (http://david.niaid.nih
.gov/david/ease.htm) (45).

QPCR. QPCR was conducted using a LightCycler system (Roche) as described
previously (73). cDNA was synthesized using a Thermoscript reverse transcrip-
tion-PCR system (Invitrogen). Primers were designed using OLIGO 5 software
(Molecular Biology Insights) and synthesized by Sigma Genosys. Reactions were
performed in triplicate utilizing SYBR green dye, which exhibits a higher fluo-
rescence upon binding of double-stranded DNA. The QPCR primers used were
as follows: for NF-kB2, 5'-GGG GCA TCA AAC CTG AAG ATT TCT-3’ and
5'-TCC GGA ACA CAA TGG CAT ACT GT-3'; for NF-kB1, 5'-CAC TTA
GCA ATC ATC CAC CTT-3' and 5'-AGC CCT CAG CAA ATC CT-3'; for
estrogen receptor-binding protein site-associated antigen 9 (EBAGY), 5'-TGC
CTT TTA TTC ATC AGT CTT C-3' and 5'-CGG CTG CTC TCT TTT CTC
T-3'; for integrin a6 (ITGA6), 5'-GTC CAG AGC CAA GGT CCA G-3' and
5'-CTC AAT CGC CCA TCA CAA AA-3'; for minichromosome maintenance
protein 6 (MCMG6), 5'-ATC CCT CTT GCC AAG GAT TT-3' and 5'-GAA
AAG TTC CGC TCA CAA GC-3'; for transcription factor E2F-5, 5'-CCC CCA
CCT GAT GAC CTC AC-3" and 5'-CTG CCG GGG TAG GAG AAA GC-3;
and for proto-oncogene c-Syn, 5'-TGA ACA GCT CGG AAG GA-3' and
5'-CCC AAT CAC GGA TAG AAA GT-3'.

NF-kB2 promoter PCR. NF-kB2 promoter PCR was performed using the
conditions described by Lombardi et al. (59), with cDNA prepared from H1299
cells expressing mutant p53 (or with the control cell line HC-5). The promoter-
specific primer pairs used were as follows: for presumptive promoter 1 (P1),
5'-AGA GCA GCA GCT GCA CAC AG-3’ (forward) and 5'-GCT CTG TCT
AGT GGC TCC-3' (reverse); and for P2, 5'-AAC TCC GGA TCT CGC TCT
CC-3’ (forward) and 5'-GCT CTG TCT AGT GGC TCC-3’ (reverse). Note that
the reverse primers for the P1 and P2 promoters are the same, while the forward
primers are different, thus generating two distinct PCR products of 153 bp (P1)
and 116 bp (P2).

Cloning of presumptive promoter. The P2 sequence of NF-kB2 was cloned in
the pGL3 basic vector upstream of the luciferase gene by use of the available
genomic sequences in the NCBI database and genomic PCR using a commercial
kit (Invitrogen). The primers used were as follows: 5'-CGC TAG CAA CTC
GCG CCT GGT GTC CGT-3' and 5'-CCA AGC TTG CGG CAT GAC TCA
CTG GGT TGT AG-3'. These primers formed Nhel and BgllI sites, respec-
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FIG. 1. Expression of mutant p53 in H1299 and 21PT cells imparts
decreased sensitivity to etoposide. (A to C) Cells were plated at 50,000
cells/plate and treated with 6 uM etoposide (final concentration) for 48 h.
After treatment, cells were washed with Hanks balanced salt solution, and the
surviving cells were allowed to recuperate for 3 weeks with periodic changes
of medium. Colonies formed were fixed with methanol, stained with meth-
ylene blue, and counted. The data shown are representative of three inde-
pendent experiments run simultaneously; colony numbers were adjusted to
account for plating differences based on control plates. Control plates were
plated at 1/10 the density and treated with DMSO for 48 h. Clones of H1299
cells expressing mutant p53-R175H, -R273H, -D281G, p53-D281G (L22Q/
W23S), or vector alone (panel A), pools of H1299 cells expressing p53-
R175H, -R175H (L22Q/W23S), -R273H, -D281G, or vector alone (panel B),
and clones of 21PT cells expressing mutant p53-R175H, -R273H, -D281G, or
vector alone (panel C) were used. (D) H1299 cells expressing mutant p53-
R175H, -R273H, -D281G, the transactivation-deficient p53-D281G (L22Q/
'W23S), or vector alone were exposed to 6 uM etoposide (final concentration)
for 48 h. After treatment, cells were allowed to incorporate BrdU for 40 min,
washed, and fixed. Prior to florescence-activated cell sorting analysis, cells
were stained with a fluorescein isothiocyanate-coupled anti-BrdU antibody
and propidium iodide as described previously (32).
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FIG. 2. Microarray clustering of H1299 and 21PT cells expressing mutant p53. Stable cell lines were generated from H1299 and 21PT to express
mutant p53-R175H, -R273H, -D281G, or vector alone. RNA from selected stable clones was extracted and analyzed for gene expression using an
Affymetrix U95Av2 array chip. Expression data were analyzed as described in Materials and Methods. The false discovery rate was 0.3%. Clustering
of the identified genes reveals a common set of genes up-regulated by all three pS3 mutants in both cell lines, suggesting the existence of a common
pathway through which mutant p53 aids in oncogenesis. Genes and gene products listed in the figure are also listed in Table 1.

tively, at the ends. These restriction enzymes indicate the locations of the inserts
in the multiple cloning sites of the pGL3 reporter vector. The P2 promoter was
cloned using Saos-2 cells and contains a single mismatch (A to G). We found the
same mismatch in multiple analyzed clones and did not investigate any further.
However, it should be noted that an analysis with the program TFSEARCH
(http://www.cbrc.jp/research/db/TFSEARCH.html) indicates that the sequence
does not fall on any known transcription factor-binding site (data not shown).

Transient transcriptional assays. Promoters were tested by transient tran-
scriptional assays using p53-null Saos-2 (human osteosarcoma) cells. Transfec-
tions and luciferase assays were carried out as described previously (18). Saos-2
cells were plated at equal densities in 24-well plates and transfected with 200 ng
of the promoter luciferase construct, 200 ng of Renilla luciferase control (TK.
Renilla.luc, used for normalization of transfection), and 500 ng of the corre-
sponding p53 expression plasmid 24 h after plating. H1299 cells stably expressing
mutant p53 were plated at a density of 3 X 10° cells/well in 6-well plates and
transfected with 500 ng of a reporter plasmid containing NF-«B sites upstream
of the luciferase gene (kind gift from Valentine Andela of the University of
Rochester) (2). Transfections were carried out using Lipofectamine 2000 reagent
(Invitrogen) following the manufacturer’s recommendations. Cell lysates were
prepared 48 h after transfection using reporter lysis buffer (Promega). Luciferase
activity was detected using a luminometer from Turner Designs. Transcriptional
assays were repeated at least three times.

Electrophoretic mobility shift assay. Nuclear extracts were prepared in the
following manner. Cells grown to confluence were washed twice in phosphate-
buffered saline and lysed in 700 pl of Dignam buffer (23) (10 mM HEPES, pH
7.9, 1.5 mM MgCl,, 10 mM KCl, 0.5 mM dithiothreitol, 1% Nonidet P-40,
0.5 mM phenylmethylsulfonyl fluoride plus protease inhibitor [cocktail III from
Calbiochem]) by adding the buffer directly onto the plate and incubating on ice
for 20 min. Cells were then scraped and transferred into a prechilled Eppendorf
tube and further incubated on ice for 20 min. Nuclei were then pelleted at 4,000

rpm at 4°C for 10 min, and the supernatant (cytoplasmic extract) was stored at
—80°C. The nuclei were resuspended in 100 pl of nuclear extraction buffer
(20 mM HEPES, pH 7.9, 25% glycerol, 1.5 mM MgCl,, 0.5 mM dithiothreitol,
0.1 mM EDTA, 1% Nonidet P-40 plus protease inhibitors) and incubated on ice
for 1 h. The samples were pelleted at 10,000 rpm at 4°C for 10 min, and the
supernatant (nuclear extract) was stored at —80°C. Protein concentrations were
determined using Bio-Rad’s protein assay reagent, and equal amounts of protein
were used in each binding reaction. Electrophoretic mobility shift assays were
performed as described previously (5) using 15 pg of nuclear extract protein per
binding reaction. Reactions were preincubated at 25°C for 20 min prior to the
addition of the oligonucleotide probe. After preincubation, approximately 20,000
counts of labeled probe were added to each reaction tube and incubated at 25°C
for an additional 20 min. For the supershift experiments, antibodies (1 ug) were
added after incubation with the probe and incubated for an additional 15 min.
Samples were then loaded and complexes separated on a 6% 0.5X Tris-borate-
EDTA gel run at 200 V for approximately 1.5 to 2 h. The gel was then fixed,
dried, and exposed to film. Probes were annealed and [**P]dCTP labeled using
Klenow fragment as described previously (69). The oligonucleotide sequences
used were as follows: for the WT probe, 5'-GAT CCG AGG GCT GGG GAT
TCC CAT CTC CCA CGT TTC ACT TCA-3' and 5'-AGC TTG AAG TGA
AAC GTG GGA GAT GGG AAT CCC CAG CCC TCG-3'; and for the mutant
probe, 5'-GAT CCG AGG GCT TTT TAT GAA AAT CTC CCA CGT TTC
ACT TCA-3' and 5'-AGC TTG AAG TGA AAC GTG GGA GAT TTT CAT
AAA AAG CCC TCG-3'. For competition studies, an unlabeled WT probe was
used as the specific competitor and the mutant probe was used as the nonspecific
competitor at both 20X and 40X molar excess. Hip53 cells were induced with
10 uM ponasterone A. NF-kB1 (p30)-, NF-kB2 (p52)-, and p53-specific antibod-
ies were used for the supershift experiment (sc-114X from Santa Cruz, product
number 4185 from the Rockland catalog, and Ab-6 from Oncogene, respec-
tively).
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TABLE 1. Microarray hybridization analysis of RNA from H1299 and 21PT cells expressing p53-R175H, -R273H and, -D281G
in comparison to RNA from vector-transfected cells

Function(s) Gene or gene product® /;Y:Crgrg; GenBank no. Effect of WT p53

Amino acid and protein Glutaminyl-tRNA synthetase 1.677 X54326 Not affected
synthesis Spermidine synthase 1.766 Mo64231 Repressed
General metabolism Human poly(ADP-ribose) synthetase 1.277 J03473 Repressed
Ku (p70/p80) subunit 1.081 M30938 Repressed
Cell cycle HsMcm6 1.960 D84557 Repressed
Cyclin B2 2.790 AL080146 Repressed
Oncogenesis, transformation, Cell adhesion molecule (CD44) 1.841 M59040 Repressed
invasion, metastasis Developmentally regulated GTP-binding protein 1 1.877 AJ005940 Repressed
Human cdc25A 1.838 MS81933 Repressed
c-Syn proto-oncogene 1.240 M14333 Repressed
EBAGY 1.435 AB007619 Repressed
B-myb 1.304 X13293 Repressed
Integrin alpha 6 2.747 X53586 Repressed
DNA replication DNA polymerase alpha 1.971 124559 Repressed
HsMcm6 1.960 D84557 Repressed
HsMcm3 1.315 D38073 Repressed
NAP (nucleosome assembly protein) 1.205 M86667 Repressed

Signal transduction MAP kinase-activated protein (3pK) 1.692 U09578 Not affected

MAP kinase-activated protein kinase 2 1.312 U12779 Not affected
Survival, apoptosis NF-«B, p52 1.964 S76638 Repressed
EBAGY 1.435 AB007619 Repressed
Transcription NF-kB, p52 1.964 S$76638 Repressed
Transcription factor E2F-5 1.262 D82348 Repressed
RNA polymerase II, polypeptide E 2.012 D38251 Repressed

¢ Only up-regulated genes and gene products are listed. Functional classification of genes was performed by manual editing of the output file obtained using the
DAVID (http//:david.niaid.nih.gov/david/ease.htm) annotation tool (45). Bold lettering indicates up-regulation has been confirmed by QPCR (in this publication or
previously [70]). A complete list of identified genes can be found at http://www.people.vcu.edu/~sdeb. MAP, mitogen-activated protein.

Western blotting. NF-kB2 and Sp1 levels were detected using antibodies from
Santa Cruz Biotechnologies (sc-7386 and sc-59, respectively). Actin levels were
detected using an antibody from Sigma (AC-15). NF-kB1 (p105/p50), RelA, and
c-Rel were detected using an antibody kit from Calbiochem (catalog number
ASK20). p53 was detected using the p53 antibody PAb 1801. Western blots were
developed by the ECL method (Amersham). In Western blotting for the siRNA
and in the colony-forming assay with the H-IRES NF-kB2 (p100/p52) cell line,
NF-«B2 protein was detected using an antibody from Upstate Biosciences (cat-
alog number 05-361).

RESULTS

H1299 cells expressing p53-R175H, p53-R273H, and p53-
D281G withstand etoposide better than those stably trans-
fected with vector alone. Earlier work has shown that expression
of mutant p53 in cells results in a lessened sensitivity to chemo-
therapeutic drugs (7). To determine the mechanism by which
mutant p53 induces this decreased chemosensitivity and to test
whether this is dependent on mutant p53-mediated transactiva-
tion, H1299 lung cancer and 21PT breast cancer cells stably ex-
pressing p53-R175H, -R273H, or -D281G (or transfected with
vector alone) were generated. The mutant pS3-expressing H1299
cells were then tested for sensitivity to etoposide by use of a
colony formation assay as described in Materials and Methods.
Data shown in Fig. 1A indicate that cells expressing p53 mutants
p53-R175H, -R273H, and -D281G are less sensitive to etoposide
than the cells stably transfected with vector alone. This is in

accord with results published by others using H1299 and other cell
lines (7). Expression of a transactivation-deficient mutant p53
(L22Q/W23S) in H1299 cells did not decrease the sensitivity of
the cells to etoposide. These results are recapitulated with H1299
pooled cell lines expressing the same pS3 mutants (Fig. 1B) and
with 21PT (p53 /") breast cancer cells (Fig. 1C). Furthermore, a
BrdU incorporation assay using the H1299 stable transfectants
shows increased DNA replication in cells expressing mutant p53
(but not the L.22Q/W23S transactivation-deficient protein) after
drug exposure (Fig. 1D). As shown, cell lines expressing the trans-
activation-deficient mutant have a disadvantage in etoposide-in-
duced cell death, suggesting a correlation between mutant p53-
mediated transactivation and the loss of chemosensitivity
observed in cancer cells expressing p5S3 mutants.

H1299 and 21PT cells expressing p53-R175H, -R273H,
and -D281G overexpress a common set of about 150 genes,
including NF-kB2. Since data described earlier suggest that
mutant pS53-mediated transactivation is necessary for its
growth-promoting functions, we planned to identify genes that
are transactivated by common p53 mutants in an effort to
decipher the pathway used by the mutants to perturb drug
sensitivity, which may impact chemotherapy. Microarray hy-
bridization analysis of three H1299-derived and three 21PT-
derived cell clones expressing p53 mutants, i.e., p53-R175H,
-R273H, and -D281G, was performed. The gene expression
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FIG. 3. Expression of mutant p53 up-regulates genes in H1299 cells. (A) mRNA was extracted from exponentially growing plates of the
indicated cell lines, and cDNA was prepared. The cDNA was analyzed by QPCR using gene-specific primers for various genes identified by
microarray analysis. The degree of expression was quantitated using a relative standard curve and normalized to an internal control (brome
mosaic virus) corresponding to the cDNA batch as described previously (69, 73). The normalized mRNA levels in the HC-5 control cell line
were arbitrarily set to 1, and the relative differences (n-fold) were calculated. Additional mutations at amino acids 22 and 23 decrease
up-regulation by the mutant p53 protein. Expression levels of NF-kB2, estrogen receptor binding site-associated antigen 9 (EBAGY), integrin
a6 (ITGAG), the transcription factor E2F-5, minichromosome maintenance protein 6 (MCMG6), and the proto-oncogene c¢-Syn have been
tested. (B) On the left, results from an analysis of cDNA from mutant p53-expressing H1299 cells by QPCR using gene-specific primers for
NF-kB1 and NF-«kB2 expression are shown. NF-kB2 but not NF-«kB1 is up-regulated by mutant p53. Shown at the right is a Western blot
demonstrating up-regulation of NF-kB2 in mutant p53-expressing H1299 cell lines and in a murine cell line [10(3)] stably transfected to
express vector alone (V4) or mutant p53-D281G. Cell extracts were prepared using reporter lysis buffer (Promega). NF-kB2 was detected

using a specific antibody as specified in Materials and Methods.

profiles of vector-transfected H1299 and 21PT cells were used
as controls. Affymetrix U95Av2 arrays (HG-U95Av2) repre-
senting ~12,000 sequences were used. Changes in gene expres-
sion were detected in terms of the statistical significance (S-
score) of the change in expression for a given gene between
two compared microarrays. S-score analysis takes into account
signals detected by 16 multiple probe pairs for individual
genes, as well as intensity-dependent and -independent noise
(52). A common set of approximately 150 genes was found to
be significantly upregulated by all three p53 mutants in both
the cell lines.

We have also performed microarray analysis after infection
of H1299 cells with recombinant adenoviruses expressing WT
pS3 or B-galactosidase as described in Materials and Methods
with the RNA harvested 20 h postinfection. In order to further
focus on the genes implicated in oncogenesis, the common set
of 150 genes identified above was compared to the transcrip-
tional profile of WT p53 (Fig. 2). Approximately 100 of those

genes were found to be inhibited or unaffected by WT p53 but
up-regulated in the presence of mutant p53 (Table 1 shows a
partial list). This common set of genes includes genes involved
in cell growth, survival, and adhesion (e.g., E2F-5, NF-kB2,
and integrin a6, etc.), which are often implicated in cancer.
The up-regulation of gene expression observed in microarray
analysis was verified by QPCR for a representative group of
gene targets (Fig. 3A). As expected from earlier transient tran-
scriptional analysis, expression of the triple mutant p53-D281G
(L22Q/W23S) in H1299 cells did not result in up-regulation of
the same genes (58). Combined data presented in Fig. 1 and 3
indicate that transactivation by tumor-derived p53 mutants is
related to the mutant protein’s ability to decrease sensitivity
toward chemotherapeutic drugs.

Interestingly, the group of up-regulated genes includes a
member of the NF-kB family, NF-kB2 (p100/p52), which we
have shown earlier to be up-regulated in murine 10(3) cells
constitutively expressing tumor-derived p53-D281G (18).
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FIG. 4. Mutant p53 up-regulates NF-kB2 using the P2 promoter in
H1299 cells. Using promoter-specific primers, PCR was conducted
using the conditions described by Lombardi et al. (59) with cDNA
prepared from clones of H1299 cells expressing mutant p53-R175H (or
the vector control cell line HC-5). PCR primers are designed to detect
mRNA products resulting from the two NF-kB2 promoters. PCRs
were performed in duplicate. The data shown demonstrate that in
H1299 cells, mutant p53 up-regulates NF-kB2 using the P2 promoter,
whereas the P1 promoter remains unaffected.

Figure 3B (left panel) shows QPCR analysis demonstrating
up-regulation of expression of NF-kB2 (p100/p52) in different
mutant pS3-expressing cell clones. This up-regulation was also
confirmed by Western blot analysis using a specific antibody
against NF-kB2 (p52) in the H1299 mutant p53-expressing cell
lines (Fig. 3B, right panel) (18). Expression levels of NF-«B1
(p105/p50) were also determined by QPCR and found to be
unaffected (Fig. 3B). NF-kB2 has been implicated in survival
and antiapoptosis functions of cells (3, 48, 77). It is therefore
possible that a pathway used by mutant pS3 to reduce drug
sensitivity utilizes the NF-«kB2 route.

Specific NF-kB2 promoters are upregulated by mutant p53
in H1299. NF-kB2 has been shown to have two different pro-
moters (P1 and P2), both of which can be active in a cell (59).
Using promoter-specific primers, we have performed PCR us-
ing the conditions described by Lombardi et al. (59) with
cDNA prepared from H1299 cells expressing p53-R175H or
vector control (HC-5). The data shown in Fig. 4 demonstrate
that in H1299 cells, mutant p53 up-regulates NF-xB2 (p100/
p52) expression using the P2 promoter, whereas the P1 pro-
moter remains unaffected.

Mutants of p53 transactivate the NF-kB2 P2 promoter in
vivo in transient transcriptional analysis. After ascertaining
that mutant p53 up-regulates the P2 promoter of NF-kB2
(p100/p52), we tested whether the promoter is transactivated
by p53 mutants in transient transcriptional analysis. We cloned
the promoter sequences upstream of the luciferase gene in
pGL3 vector as described in Materials and Methods using
published sequence information (59). Transient transcriptional
assays were carried out in p5S3-null Saos-2 cells as described in
Materials and Methods. Transcriptional results shown in
Fig. 5A demonstrate that tumor-derived p53 mutants p53-
R175H, -R273H, and -D281G transactivate the NF-xkB2 P2
promoter, while WT p53 represses, in agreement with our in

MUTANT p53-MEDIATED TRANSACTIVATION 10103

vivo expression data. Furthermore, transfection of cells with
mutant p53-D281G (L22Q/W23S) did not show up-regulation
of the NF-kB2 P2 promoter (Fig. 5A).

NF-kB pathway is activated in cells expressing mutant p53.
To determine whether expression of mutant p53 results in
activation of the NF-kB pathway, we assayed NF-kB-specific
transcription with a synthetic construct containing five NF-«kB
binding sites upstream of a TATA box cloned upstream of a
luciferase reporter gene (2). If the NF-«kB pathway is active,
more NF-kB2 should result in a higher level of promoter
activity in cells expressing the p53 mutants. As expected, cells
expressing mutant p53-R175H, -R273H, and -D281G had lev-
els of promoter activity higher than that of the HC-5 cell line
(stably transfected with vector alone) (Fig. 5B). This demon-
strates that the NF-kB pathway is more active in cells express-
ing mutant p53 and that this activation is dependent on trans-
activation by tumor-derived p53 mutants. Western blot analysis
showed similar levels of expression of p53 in these cells
(Fig. 5B, right inset). Interestingly, at least one of the mutant
pS3 target genes, c-myc, has also been found to be a target of
NF-kB, suggesting the possibility that mutant p53 may be
transactivating c-myc through NF-kB (25). However, it is also
possible that both mutant p53 and NF-«kB independently up-
regulate c-myc expression.

Since QPCR data showed that mutant pS3 up-regulates NF-
kB2 but not NF-kB1, we have also looked at protein expression
levels of RelA and c-Rel, two other members of the NF-«xB
protein family. Western blot analyses using extracts from vec-
tor control H1299 cells (HC-5) and H1299 cells expressing
mutant p53 show no appreciable difference at the protein level
for either of these proteins (Fig. 6). The experimental results
so far show that p53 mutants specifically up-regulate NF-ckB2
gene expression.

H1299 cells expressing mutant p53 show increased NF-«B
DNA binding. We performed a DNA-binding assay to deter-
mine whether NF-kB binding activity in cells expressing
mutant p53 was different from that in the control cells.
Nuclear extracts from HC-5 control and mutant p53-
R175H-expressing H1299 cells were prepared, and binding
reactions were performed as described previously (5, 23, 69,
83) using double-stranded DNA oligonucleotide probe con-
taining the NF-kB DNA-binding site. The experimental data
suggest that there is an increase in DNA-binding activity in
cells expressing the mutant p53-R175H (Fig. 7). Antibody
supershift using specific antibodies against p50 or p52 sug-
gests that the complexes formed contain p50 or p52 (Fig. 7).
This supershift is not observed in the presence of antibody
alone (lanes 17 to 19). Thus, data shown so far indicate that
mutant pS3 expression leads to an activation of the NF-kB
pathway. In parallel, using a WT p53 ecdysone (ponasterone
A)-inducible cell line (30), similar DNA-binding reactions
were carried out. Induction of WT p53 resulted in increased
DNA binding. Unlike in the case of mutant p53-expressing
cells, these complexes contained p50, in agreement with the
results reported by Bohuslav et al. (8), but did not contain
p52 (compare lanes 12 to 15 with lanes 24 to 27). Spl and
p53 were detected to determine equal loading of protein and
proper WT p53 induction using specific antibodies as indi-
cated (Fig. 7B).



10104  SCIAN ET AL.
A 111 RS
S0
z
=
Z 600 .
% 400 X :
&
3
-

v

S

g

H-R175H-72 H-R273H-14 H-D281G-162

200 st s e . ----- i
o) Ml wie | |
i %
= =
= z
]
(=7

Relative Luciferase Activity (%)
—_— o
s B =B

H-D281G
(L22Q/W23S)- (L22Q/W23S)-
13 19

MoL. CELL. BIOL.

p53-D281G
p53-D281G
L22Q/W23S

H-D281G-L22Q/W23S-13
H-D281G-L22Q/W235-19

H-RI75H-72
H-R273H-14
H-D281G-162

e
@]
=

(W= ==~

‘- _--‘ ‘--‘Acﬁu

H-D281G

FIG. 5. Mutant p53 up-regulates NF-kB2 P2 promoter. (A) Saos-2 cells were transfected with 200 ng of pGL3 vector containing the
NF-kB2 P2 promoter upstream of the luciferase reporter gene, 200 ng of TK.Renilla.luc control plasmid, and 600 ng of the indicated p53
expression plasmid. Cells lysates were prepared 48 h after transfection, and luciferase activity was detected using a dual luciferase reporter
assay system (Promega). Reporter luciferase readings were normalized based on TK.Renilla.luc control plasmid readings. Inductions (n-fold)
for p53-R175H, -273H, and-D281G are shown in bold. (B) H1299 cells expressing mutant p53-R175H, -R273H, -D281G, -D281G (L22Q/
W238S), or vector alone were transfected with 500 ng of a reporter plasmid containing five NF-«B sites. Cells were harvested 48 h after
transfection, lysates were prepared, and luciferase activity was detected. Cell extracts were normalized based on total protein concentration;
the vector reading was arbitrarily set to 100. At the right, an inset shows Western blot analysis demonstrating similar levels of p53 expression
in the cell lines. Protein amounts were normalized based on total protein concentration.

Overexpression of NF-kB2 in H1299 cells leads to loss of
sensitivity to etoposide. Since the transcription factor NF-xB
has been implicated in cell survival and antiapoptotic activity
induced by chemotherapeutic drugs (3, 48, 77), we tested
whether NF-kB2 overexpression in H1299 cells can substitute
for mutant p53 and lead to a relative loss of sensitivity to
chemotherapeutic drugs.

We cloned the human NF-kB2 (p100/p52) gene (42) in
pIRESpuro3 (Clontech), a bicistronic expression vector under
the cytomegalovirus immediate-early promoter, in which the
NF-kB2 gene shares the same promoter with the puromycin
resistance gene. Because of the bicistronic nature of this clon-
ing vector, most of the puromycin-resistant colonies express
the gene of interest. Using this NF-kB2 expression plasmid and
the empty expression vector, we generated pools of H1299 cells
expressing NF-kB2 (or stably transfected with vector alone)
(Fig. 8, right panel). Cells were exposed to 6 nM etoposide
(final concentration) for 48 h. Overexpression of NF-kB2 in
these cells led to an increase in the number of surviving cells
over that for the vector control cell line (Fig. 8, left panel). The

H-R175H-72
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H-D281G-162
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|
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FIG. 6. Mutant p53 does not up-regulate other members of the
NF-«kB family. H1299 cells expressing the various p53 mutants were
grown to confluence and harvested using reporter lysis buffer (Pro-
mega) following the manufacturer’s recommendations. RelA and
c-Rel were detected in these cell lines to determine expression levels
and found to remain unchanged. Actin was used as a loading control.
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data presented demonstrate that NF-kB2 overexpression in
H1299 cells imparts a lack of sensitivity to etoposide. That
mutant p53 expression in H1299 cells leads to induction of
NF-kB2 expression as well as a lack of sensitivity to etoposide
suggests that mutant pS3 desensitizes the cells to etoposide via
the NF-«kB2 signal transduction pathway.

NF-kB2-specific siRNA reduces the level of NF-kB2 in
H1299 cells expressing p53 and inhibits mutant p53-induced
lack of sensitivity towards etoposide. Observations reported in
Fig. 1, 3, 5, and 7 suggest that mutant p53 may increase che-
moresistance of cells by inducing overexpression of NF-kB2.
We tested this notion by using siRNA capable of reducing
expression of NF-kB2 specifically and determined whether this
would lead to increased etoposide sensitivity in H1299 cells
expressing mutant p53 (-R175H). We reasoned that a decrease
in NF-kB2 protein levels during the incubation period with
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FIG. 7. H1299 cells expressing mutant p53-R175H show increased
binding to the NF-«B site. (A) Nuclear extracts of HC-5 and H-R175H
were incubated as described in Materials and Methods with a *2P-
labeled probe containing the sequence of the NF-kB DNA-binding
site. Competition studies were done using a specific competitor (lanes
4 to 7) and a nonspecific competitor (lanes 8 to 11) at both 20X (lanes
4,5,8,and 9) and 40X (lanes 6, 7, 10, and 11) molar excess. The single
arrows indicate the DNA complexes containing NF-kB complexes.
Increased NF-kB activity is observed in the presence of mutant p53
(lanes 2, 3, and 8 to 11). The double arrow indicates the supershifted
complex in the presence of antibodies specific for NF-kB1 (p50),
NF-kB2 (p52), and p53 (lanes 12 to 15, 20 to 21, and 24 to 29,
respectively). Equal amounts of protein were added to each lane.
(B) In a parallel experiment, nuclear fractions prepared for the DNA-
binding experiment were analyzed by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis. Spl and p53 were detected by Western
blotting to evaluate the equal loading of protein and the presence of
p53 during the shift assay experiment.

etoposide would increase the sensitivity of the cells to the drug.
Two different siRNAs against NF-kB2 were used. After trans-
fection of siRNA specific for NF-kB2, the level of NF-kB2
protein is significantly reduced (Fig. 9B). The parallel nonspe-
cific siRNA had little or no influence (data not shown). A
reduction in the NF-kB2 level led to a reduction in the number
of surviving cells (colonies formed) after etoposide treatment,
regardless of the p53 status in the cells. The average number of
colonies formed is depicted in the figure. In parallel, cells
transfected with the same siRNAs were plated and treated with
vehicle (DMSO) as indicated in Materials and Methods. Plat-
ing efficiencies differed by less than 10% (data not shown). The
siRNA experimental data corroborate our idea that at least
one pathway through which mutant p53 induces chemoresis-
tance in cancer cells is by the up-regulation of the expression of
genes such as NF-kB2.
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FIG. 8. Expression of NF-kB2 confers H1299 cells with a decreased sensitivity to etoposide. H1299 cells stably expressing NF-kB2 were
treated with 6 WM etoposide (final concentration) for 48 h. After treatment, the surviving cells were washed and allowed to form colonies
for 3 weeks with periodic changes of medium. Colonies were then fixed in methanol, stained, and counted. The data shown are representative
of three independent experiments; colony numbers were adjusted to account for plating differences based on control plates. Control plates
were plated at 1/10 the density and treated with DMSO. Expression of NF-kB2 protein was checked by Western blotting (right). Actin was

used as a loading control.

DISCUSSION

The microarray analysis (Table 1) revealed a common set of
genes modulated by p53 mutants p53-R175H, -R273H (two of
the most common p53 mutants found in human cancer), and
-D281G in H1299 and 21PT cells (6, 36, 40, 43, 44, 65, 71, 72).
Our finding that all three p53 mutants transactivate a common
set of genes in the absence of WT p53 provides highly signif-
icant information toward understanding the contribution of
mutant p53 in the progression of cancer and suggests the
existence of a common pathway utilized by p5S3 mutants.

A look at the sample of common genes up-regulated by the
three mutants shown in Table 1 reveals that different groups of
genes are activated; perhaps the most important and interest-
ing ones, from the point of view of cancer research, are those
involved in cell cycle control, oncogenesis, invasion, metastasis,
DNA replication, cell survival, and transcription. The gene
expression profile hints at which genes may be responsible for
the aggressive phenotypes observed for human cancers exhib-
iting p5S3 mutations.

We confirm and extend the finding that the expression of
mutant p53 in lung (Fig. 1A and B) and breast (Fig. 1C) cancer
cells makes them less sensitive to the chemotherapeutic drug
etoposide (7) and that this property of mutant p53 depends on
its transactivation function (Fig. 1 to 3). We have identified
NF-kB2 as a target gene up-regulated in mutant p53-express-
ing cells (Table 1). H1299 cells overexpressing NF-kB2 are less
sensitive to etoposide (Fig. 8), indicating that NF-kB2 is in-
volved in etoposide sensitivity. This is further corroborated by
the observation that siRNAs directed against NF-kB2 in-
creased etoposide sensitivity (Fig. 9A).

NF-kB2 is induced by p53-R175H, -R273H, and -D281G
and repressed by WT p53 (Table 1). As mentioned earlier,

NF-«kB2 is also up-regulated by p53-D281G in murine 10(3)
cells (18). 10(3) cells do not express p53 and are not tumori-
genic when injected subcutaneously in nude mice; however, on
constitutive expression of tumor-derived p53 mutants, these
cells become tumorigenic (24). In general, NF-«B is a family of
sequence-specific DNA-binding transcription factors (22). Al-
though initially discovered to control gene expression of the
immune system, its importance in regulating cell growth, de-
velopment, apoptosis, and oncogenesis has become apparent.
NF-kB acts as an antiapoptotic factor (39, 66). In agreement
with this, it has been observed that inhibition of NF-kB leads
to an increase of chemotherapeutic drug sensitivity. NF-kB2
belongs to this group of transcription factors, has been impli-
cated in malignancies, and is involved in cell survival in the
context of chemotherapeutic drugs (3, 17, 48, 57, 77, 85).

Dejardin et al. (20) studied the expression of NF-kB2 (p100/
p52) in human breast cancer cell lines as well as in primary
breast tumors and reported that p100 was overexpressed in
tumor cells relative to its expression in human mammary epi-
thelial cells. By use of coimmunoprecipitation, they showed
that p100 interacts with p5S0 (NF-kB1)/p65 (RelA) in the cy-
toplasm and suggested that NF-kB2 could be involved in car-
cinogenesis by sequestering other NF-kB family member pro-
teins. Thus, transactivation of NF-kB2 gene expression could
be one crucial step by which mutant p53 induces oncogenic
progression along with the observed chemoresistance reported
here.

Although the exact molecular mechanism behind mutant p53
gain of function is yet to be completely clarified, transactivation of
antiapoptotic genes remains a strong possibility. Tumor-derived
p53 mutants p53-R175H, -R273H, and -D281G confer chemore-
sistance in the absence of WT p53. Since the mutant p53-D281G
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(L22Q/W23S) is defective in up-regulation of endogenous
genes (Fig. 3A) and fails to decrease sensitivity to the chemo-
therapeutic drug etoposide (Fig. 1), the overall conclusion
from our work is a direct relationship between chemoresis-
tance induced by mutant p53 and its transactivation ability.
This implies that p53 mutants decrease sensitivity towards
drugs by transactivating expression of genes such as NF-kB2.
Our work also demonstrates that expression of mutant p53
activates the NF-kB pathway (Fig. 5B and 7). The excess NF-
kB2 produced may enter the nucleus and act on its target
genes. This transcription factor has been shown to protect
against a variety of cellular stress conditions (reviewed in ref-
erence 41). The exact mechanism by which NF-kB may help in
generating resistance against chemotherapeutic drugs is not
known. Furthermore, the mechanism by which NF-kB2 is ac-
tivated in cells overexpressing mutant p53 is not clear at the
moment. However, our work suggests that significant amounts
of pl00 become processed into p52 that may result in up-
regulation of NF-kB-responsive genes. One implication of our
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FIG. 9. siRNA against NF-kB2 increases the sensitivity of cells to
etoposide. H1299 cells expressing mutant p53-R175H (or the control
cell line HCS) were plated at equal densities in 12-well plates. Cells
were transfected 24 and 48 h after plating by use of siRNAs against
NF-kB2 (or a nonspecific control) and plated, as described in Mate-
rials and Methods, 24 h after the second transfection. Cells were then
exposed to 6 uM etoposide (final concentration) or vehicle control
(DMSO) for 48 h. Cells were allowed to grow and form colonies.
Colonies were then fixed with methanol, stained with methylene blue,
and counted. (A) Graphical representation of the results. The average
numbers of colonies formed are depicted in the figure. Plating effi-
ciencies differed by less than 10% (data not shown). (B) Western blot
analysis of cells from a parallel experiment transfected with siRNAs to
evaluate the effectiveness of the RNA interference constructs. Actin
was used as a loading control.

work is that NF-kB2 may play an important role in the mutant
p53-mediated oncogenic pathway in general.

The lack of sensitivity of cells expressing mutant pS3 towards
chemotherapeutic drugs has been explained by the neutraliza-
tion of p73 and p63 (which are induced upon drug treatment)
by tumor-derived p53 mutants (33, 47, 62, 74-76). Strong sup-
porting evidence has been presented in this regard. Our data
do not contradict these results but suggest an additional path-
way. It is also possible that mutant p53, through its ability to
hetero-oligomerize with p73 and p63, may somehow use them
to transactivate genes such as NF-kB2. It is interesting to note
that p53-R273H also induces chemoresistance in our hands,
although this mutant apparently does not have an altered con-
formation of its DNA-binding domain (15) and therefore, ac-
cording to some reports, does not bind to p73 or p63 efficiently
(33, 47, 74, 75). The fact that the NF-kB2 pathway is activated
in mutant p53-expressing cells (Fig. 5B) suggests that mutant
pS3 may be using this pathway also to decrease sensitivity of
the cells to etoposide.
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The mechanism of transactivation by pS3 mutants is not yet
clear. Studies done by others and us show that mutant p53-
mediated transactivation does not require WT p53 DNA-bind-
ing sites, demonstrating that the mechanism of mutant p53
transactivation is distinct from that of the WT protein (18, 31,
54, 58, 61, 90). We envision at least three molecular explana-
tions for the up-regulation of genes in the presence of mutant
p53. (i) It is possible that mutant p53-mediated induction of
mRNA, as judged by microarray or QPCR analysis, is the
result of stabilization of RNA by a posttranscriptional mech-
anism. (ii) It may be that p53 mutants differ in their abilities to
recognize and bind DNA-responsive elements on promoters,
although there is no strong evidence so far for any mutant p53
response elements in the literature (71). In this case, mutant
p53 proteins may possess a DNA-binding ability altogether
distinct from that of WT. (iii) Alternatively, mutant p53 may
become associated with other transcription factors, such as Sp1
or ATF/CREB, to activate promoters. Interestingly, WT p53
already has been shown to interact with these factors (9, 35, 38,
79). As such, differences in levels of transcription can be ac-
counted for by the identity of the transcription factors involved
and/or by the relative affinity of the mutant for the transcrip-
tion factor. Recently, at least two groups have demonstrated
localization of mutant p53 on the upstream sequences of genes
modulated by mutant p53, suggesting the possibility that mu-
tant p53 modulates gene transcription directly by being nucle-
ated on the upstream regulatory sequences (69, 87). However,
it is still not clear whether it binds DNA directly or not.

The identification of targets of transcriptional activation
common to multiple p53 mutants is indicative of the existence
of common or perhaps overlapping pathways to mutant p53-
mediated tumorigenesis. Definition of this pathway and the
molecular mechanisms dictating it will provide strong candi-
dates for therapy development.
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