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A naturally occurring p73 mutation in a p73-p53 
double-mutant lung cancer cell line encodes p73αααα 
protein with a dominant-negative function
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p73, a close homolog of p53 tumor suppressor, induces growth
arrest and apoptosis. However, its role in cancers is controversial
because of the rarity of p73 mutations, lack of tumors in p73-
knockout mice, and the presence of multiple isotypes, among
which ∆∆∆∆N isotypes inhibit the function of TA isotypes. We ana-
lyzed three naturally occurring p73 mutants found in lung cancer
cell lines, NCI-H1155, DMS 92 and A427. NCI-H1155 is a cell line
that has a p73 mutation [p73(G264W)] in the DNA-binding do-
main, as well as a p53 mutation [p53(R273H)], which is frequently
found in human cancers and has a “gain-of-function” characteris-
tic. p73αααα(G264W) not only lacks transactivation activity itself, but
also suppressed the transactivation activity of the wild-type p73αααα
in a dose-dependent manner, indicating that p73αααα(G264W) is a
dominant-negative mutant. p73αααα(G264W) failed to suppress col-
ony formation. We tested two other mutations, p73(Del418) in
DMS 92 and p73(Del603) in A427. Both mutants retained similar
levels of transactivation activity and suppression of colony forma-
tion to those of wild-type p73. The biological significance of
these two mutations is unclear. In NCI-H1155 cells the coexistence
of mutations that abrogate the normal functions of p73 and p53
may indicate that each mutation confers an additive growth ad-
vantage upon the cells. (Cancer Sci 2003; 94: 718–724) 

73 is a close relative of p53, a prototypic tumor suppressor.
Relatives of p53 were long considered improbable, but p73

was coincidentally cloned in an experiment to clone other
genes.1) Another relative, p63, was then cloned, based on the
homology with p73.2, 3) p73, p63, and p53 form the p53 gene
family, and from the results of the human genome project, they
are the only members.4) They share three functional domains,
i.e., the transactivation domain, the DNA-binding domain and
the oligomerization domain.1–3, 5) Within the family, p73 and
p63 are the most closely related.6) They are differentiated from
p53 by a higher level of amino-acid sequence homology, by
their more conserved genomic structures,2, 7) by the presence of
multiple splicing variants,1–3, 8, 9) and by the presence of transac-
tivation domain-deficient forms (∆N isotypes) that are tran-
scribed from independent promoters.2, 3, 10, 11)

p73 activates the same target protein as p53,1, 5) although it is
somewhat different in both potency and specificity.12) p73 coop-
erates with c-abl to induce apoptosis following DNA
damage,13–15) and is involved in the E2F-1 induced, p53-inde-
pendent apoptosis pathway.16–18) These observations support the
role of p73 as a tumor suppressor. However, its role is still con-
troversial because (i) mutation of p73 is rarely found in
cancers,19–22) (ii) p73-knockout mice are not prone to neo-
plasms,10) (iii) in several types of cancers, a higher level of ex-
pression of wild-type p73 protein is observed than in normal
tissue counterparts23–27) and (iv) isotypes that lack the transacti-
vation domain (∆N isotypes) act as dominant-negative proteins
that suppress transactivation activity of both p73 with the trans-
activation domain (TA isotypes) and p53.11, 28) It has recently

been reported that the pro-apoptotic function of p53 following
DNA damage is dependent on both p73 and p63 function,29)

suggesting a complicated interdependence among the p53 fam-
ily member proteins.

Accumulated knowledge about cancer has resulted in general
acceptance of the clonal expansion theory of carcinogenesis,
i.e., gene mutations or alterations in gene expression patterns
produce cells with a selective growth advantage. Repetitions of
this step ultimately yield a full-blown cancer with the ability to
expand autonomously. Mutated genes found in cancer cells may
thus be associated with a growth advantage of the cells, allow-
ing them to increase their relative proportion over successive
cell divisions. Investigation of the naturally occurring p73 mu-
tants may help to elucidate the role of p73 in cancers.

We have previously reported three p73 mutants in lung can-
cer cell lines that have known p53 mutations. The cell lines and
corresponding mutations are as follows: NCI-H1155 has
G264W for p73 and R273H for p53, DMS 92 has Del 418 for
p73 and M237I for p53, and A427 has Del603 for p73 and p53
is wild-type.30) p63 is wild-type in all three cell lines.7) The
NCI-H1155 cell line was of particular interest because both its
p73 and p53 DNA-binding domains have point mutations. In
this study, we performed functional analysis of the p73 mutants
seen in these cell lines. Our results should lead to a better un-
derstanding of the role of p73 in carcinogenesis.

Materials and Methods

Cell culture. COS-7, a SV40-transformed monkey kidney fi-
broblast cell line, and SAOS-2, a human osteogenic sarcoma
cell line, were obtained from the Cell Resource Center for Bio-
medical Research, Tohoku University. NCI-H1155 and A427,
non-small cell lung cancer cell lines, were obtained from the
American Type Culture Collection (ATCC, Manassas, VA).
DMS 92, a small cell lung cancer cell line, was obtained from
the European Collection of Cell Cultures (ECACC, Wiltshire,
UK). Cells were cultured at 37°C in Dulbecco’s modified Ea-
gle’s medium (DMEM) (Sigma-Aldrich, St. Louis, MO) sup-
plemented with 10% fetal calf serum (FCS).

DNA sequencing. Genomic DNA (50 ng) isolated from cell
lines was amplified by PCR using Taq DNA polymerase
(TaKaRa Shuzo, Kyoto). The primers used were 5′-ACCTCT-
TAACCTGTGGCTTCTC-3′ and 5′-GGAGAGGAGCTGGTG-
TTGTTG-3′ for exon 8 of the p53 gene, and 5′-TTGGGGCTG-
CGTGCTGATGCTA-3′ and 5′-CCTGCAGGTCTCCATGA-
CAGCT-3′ for exon 6 of the p73 gene. The resultant PCR frag-
ments were sequenced by an automatic DNA sequencer (ABI
PRISM 3100 Genetic Analyzer, Applied Biosystems, Foster
City, CA).
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Plasmids. Expression plasmids pcDNA-p73α and pcDNA-
p73β that have hemagglutinin (HA)-tagged, wild-type p73α
and p73β cDNAs in pcDNA3 (Invitrogen, Carlsbad, CA) were
gifts from Dr. Gerry Melino (Department of Experimental Med-
icine and Biochemical Sciences, Rome, Italy).8) An MDM2 pro-
moter-luciferase construct, MDM2-Luc, was a gift from Dr.
Moshe Oren (The Weizmann Institute, Rehovot, Israel).31)

p21Waf1 promoter-luciferase and Bax promoter-luciferase con-
structs, p21Waf1-Luc and Bax-Luc, were gifts from Dr.
Shuntaro Ikawa (Institute of Development, Aging and
Cancer, Tohoku University, Sendai).11) A Renilla-luciferase ex-
pression plasmid, pRL-CMV, was purchased from Promega,
Madison, WI. Mutant p73 cDNAs corresponding to the mu-
tations in NCI-H1155 cells (G264W), in DMS 92 cells
(Del418), and in A427 cells (Del603) were made by introduc-
ing individual mutations into wild-type p73 cDNAs by the
megaprimer PCR method.32) The resultant constructs were
named pcDNA3-p73α(G264W), pcDNA3-p73β(G264W),
pcDNA3-p73α(Del418), pcDNA3-p73β(Del418), and
pcDNA3-p73α(Del603). These plasmids have the following
common structure: cytomegalovirus immediate-early gene
promoter (CMV), bacteriophage T7 RNA polymerase pro-
moter (T7), a cDNA, and the polyadenylation signal of the
bovine growth hormone gene (BGH pA).

DNA transfection. COS cells were seeded at 2×104/cm2 sur-
face area into 6-well plates (for western blotting) or into cham-
ber slides (for subcellular localization) 16 h before transfection.
SAOS-2 cells (6×104 cells/well) were seeded at 3×104/cm2

surface area into 24-well plates (for luciferase assays) or into 6-
well plates (for colony formation assays) 16 h before transfec-
tion. The transfection cocktail was made by mixing plasmids
(3.5 µg unless otherwise specified) and Lipofectamine2000 (In-
vitrogen: 5 µl) in 160 µl of DMEM for 20 min, and diluting the
mixture with 840 µl of DMEM containing 10% FCS to make a
total volume of 1 ml. The transfection was performed by re-
placing culture medium with transfection cocktail (300 µl /cm2

surface area). After 6 h, the transfection cocktail was replaced
with DMEM containing 10% FCS.

Western blotting. The cell extract was prepared 24 h after
transfection, subjected to SDS-polyacrylamide gel electro-
phoresis, and transferred to a polyvinylidene difluoride filter.
The filter was serially treated with a p73 monoclonal antibody
and horseradish peroxidase-conjugated anti-mouse antibody.
The p73-specific bands were visualized using an ECL kit (Am-
ersham Bioscience, Uppsala, Sweden). Antibodies used were
anti-p73α (Ab-1: Oncogene Science, Cambridge, MA), or anti-
p73β (Ab-3: Oncogene Science).

Subcellular localization. COS cells were grown on chamber
slides (Nunc, Naperville, IL) and transfected with the indicated
vectors. After 24 h, cells were fixed with 4% paraformaldehyde
(Sigma-Aldrich) at 4°C for 1 h, and permeabilized with 0.1%
Triton X-100 in phosphate-buffered saline (PBS) for 5 min. Af-
ter having been blocked with 1% bovine serum albumin (BSA)
in PBS, the slides were incubated with an anti-HA monoclonal
antibody (12CA5 diluted 1:200: Roche Diagnostic, Basel, Swit-
zerland) at 37°C for 1 h, then with rhodamine-conjugated goat
anti-mouse antibody (diluted 1:200: Santa Cruz Biotechnology,
Santa Cruz, CA) for 1 h. Specimens were examined under a
fluorescence microscope.

Luciferase assay. SAOS-2 cells were transfected with one of
the p73 expression vectors (1.6 µg/ml transfection cocktail),
one of the reporter vectors (p21Waf1-Luc, MDM2-Luc or Bax-
Luc) (1.6 µg/ml cocktail), and pRL-CMV (160 ng/ml cock-
tail). After 24 h the luciferase activity in the cell lysate was
measured using the dual luciferase reporter assay kit
(Promega). Relative luciferase activity (RLA) was calculated
by normalizing luciferase activity with respect to Renilla lu-
ciferase activity. To test the dominant-negative function, in-

creasing amounts of the pcDNA-p73α(G264W) or pcDNA-
p73β(G264W) (0–2.5 µg/ml transfection cocktail) and a con-
stant amount of pcDNA-p73α or pcDNA-p73β (320 ng/ml
cocktail), together with one of the reporter vectors (p21Waf1-
Luc, MDM2-Luc or Bax-Luc) (320 ng/ml cocktail) were
transfected. The total amount of transfected DNA was kept
constant (3.2 µg/ml cocktail) by adding empty pcDNA3 vector.

In vitro translation and electrophoretic mobility shift assay
(EMSA). In vitro translation was done using the TNT translation
system (Promega) according to the manufacturer’s protocol. In
EMSA, a 27-mer oligonucleotide corresponding to the p53
DNA-binding site in the GADD45 gene (5′-TACAGAACAT-
GTCTAAGCATGCTGGGG-3′)33) and its complementary oligo-
nucleotide were radiolabeled with [γ-32P]ATP (Amersham
Bioscience) using T4 polynucleotide kinase (Promega), and
then annealed to make a double-stranded DNA probe. In vitro
translation products were mixed with the probe in the binding

Fig. 1. Materials used in this study. (A) An example of nucleotide se-
quencing of p53 and p73 genes in the cell lines. NCI-H1155 has muta-
tions in both the p73 and the p53 genes. (B) Nucleotide sequences of
p73 and p53 around the mutations in NCI-H1155 cells. Amino-acid se-
quences are highly conserved. (C) Schematic presentation of the p73
variants (α and β) and the positions of mutations seen in the cell lines
(arrows). The N-terminal transactivation domain (TA; residues 1–54),
the site-specific DNA-binding domain (DB; residues 131–310), the oli-
gomerization domain (OD; residues 345–380) and the SAM domain
(SAM; residues 484–549)55, 56) are indicated by different gray boxes. (D)
Expression of p73 proteins and their mutants. Upper panels: COS cells
were transiently transfected with the individual plasmids. The specific
bands in the whole-cell lysate were detected by anti-p73α or p73β
monoclonal antibodies. WT, wild-type; kDa, kilodaltons. Lower panels:
synthesis of p73 proteins and their mutants by in vitro translation. The
protein products were detected by western blotting.
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buffer (20% glycerol, 5 mM MgCl2, 2.5 mM EDTA, 250 mM
NaCl, 0.25 mg/ml poly dI-dC (deoxyinosinic acid-deoxycyti-
dylic acid), 50 mM Tris-HCl (pH 7.5), 2.5 mM dithiothreitol
(DTT)), and run on a 6% DNA retardation gel (Invitrogen) in
0.5×  TBE (Tris-borate EDTA) buffer at room temperature. The
gel was dried and the bands were visualized with the BAS 2000
system (Fuji Film, Tokyo).

Colony formation assay. SAOS-2 cells (2×105 cells/well) were
transfected in 6-well plates with 4 µg per well of one of the p73
expression plasmids, the mutant constructs or the empty vector
control (for a total of 8 constructs), using Lipofectamine2000.
Drug-resistant colonies were selected in DMEM containing 600
µg/ml of G418 for 2 weeks. The G418-resistant colonies were
stained with Giemsa’s solution and the numbers of the colonies
were counted. To investigate the dominant-negative effect of
pcDNA-p73α(G264W) in colony formation assay, pcDNA-
p73α and pcDNA-p73α(G264W) were transfected (0 µg and 0
µg for a negative control, 0.25 µg and 0 µg for the effect of
pcDNA-p73α, 0.25 µg and 1.5 µg for the effect of pcDNA-
p73α plus pcDNA-p73α(G264W), and 0 µg and 1.5 µg for the
effect of pcDNA-p73α(G264W)), together with 0.5 µg of
pcDNA3. The total amount of transfected DNA was adjusted to
2 µg for each transfection by adding pBluescript (Stratagene,
La Jolla, CA) as a carrier DNA.

Data analysis. The significance of differences in mean values
was tested using Student’s unpaired, two-tailed t test.

Results

Construction of the expression plasmids for the mutant p73s.
First, the previously reported mutations in the cell lines30) were
confirmed (Fig. 1A). NCI-H1155 has p73 and p53 mutations,
both of which are located in the DNA-binding domains (Fig
1B). We then constructed expression plasmids encoding HA
epitope-tagged p73 mutants corresponding to those seen in the
cell lines (Fig. 1C). After transfection into COS cells or in in

vitro translation experiments, the plasmids produced proteins
with the expected sizes (Fig. 1D).

Subcellular localization of the mutant p73 proteins. The p73 ex-
pression plasmids (pcDNA-p73α, pcDNA-p73β, and their mu-
tants) or empty plasmid (pcDNA3) were transiently transfected
into COS cells and the subcellular localization of the mutant
proteins was investigated. Mutant p73 proteins were detected
only in the nucleus (Fig. 2), indicating that the subcellular lo-
calization is not altered by the mutations G264W, Del418 or
Del603.

Transactivation activity of the mutant p73 proteins. The effects
of individual p73 mutations on transactivation activity were in-
vestigated by means of luciferase assay. Here, pcDNA-p73α,
pcDNA-p73β or their mutants were co-transfected with a p53-
responsive reporter construct (p21Waf1-Luc, MDM2-Luc or
Bax-Luc) into SAOS-2 cells (a p53-deficient human osteogenic
sarcoma cell line), and the luciferase activity was measured.
Both pcDNA-p73α and pcDNA-p73β transactivate all promot-
ers (Fig. 3). The G264W mutation abolishes the activity, except
for the combination of pcDNA-p73β(G264W) and MDM2-Luc,
which retains partial activity. The G264W mutation did not af-
fect the nuclear accumulation of p73 (Fig. 2), indicating that the
change in the transactivation activity is due to a change in their
action in the nucleus. The two other mutations, Del418 and
Del603, did not affect the activity.

DNA-binding activity of the p73 mutants. The DNA-binding ac-
tivity of p73 proteins was studied by means of EMSA. A radio-
labeled probe with a p53-binding sequence was incubated with
each of the in vitro-translated p73s, and the protein-DNA com-
plexes were resolved on a gel. Wild-type p73α and p73β bind
to the p53-binding sequence (Fig. 4), as do mutants Del418 and
Del603. However, the G246W mutation abolishes the DNA-
binding activity of p73, thereby abolishing the transactivation
activity.

Effect of G246W mutants on wild-type p73 function. Some p53
mutants have been shown to be dominant-negative mutants,

p73α p73α (G264W) p73α (Del418) p73α (Del603)

p73β p73β (G264W) p73β (Del418) pcDNA3

Fig. 2. Subcellular localization of p73 proteins. COS cells were transfected with one of the p73 expression plasmids. After 24 h exogenous proteins
were detected with anti-HA monoclonal antibody and with rhodamine-conjugated secondary antibody, and observed under a fluorescence micro-
scope.
720 Huqun et al.
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i.e., they suppress the function of the wild-type p53 protein. To
test whether G246W is a dominant-negative mutant, increasing

amounts of mutant p73 plasmids (pcDNA-p73α(G264W) or
pcDNA-p73β(G264W)) were co-transfected with constant
amounts of wild-type plasmids (pcDNA-p73α or pcDNA-
p73β), and the changes in transactivation activity were mea-
sured by means of the luciferase activity. As shown in Fig. 5,
pcDNA-p73α(G264W) suppresses pcDNA-p73α in a dose-de-
pendent manner, indicating that p73α(G264W) is a dominant-
negative mutant. pcDNA-p73β(G264W) enhances the lu-
ciferase activity at ratios of 1:1 and/or 1:3, but suppressed it as
the ratio increases, showing that pcDNA-p73β(G264W) has a
dominant-negative effect when transfected at a large molar ra-
tio. The reason for increased activity at ratios of 1:1 or 1:3
should be investigated.

Colony formation assay. The effect of the p73 mutations on
cell growth was examined by colony formation assay. Individ-
ual p73 expression plasmids or pcDNA3 (negative control)
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Fig. 3. Transactivation activity of wild-type and mutant p73s. SAOS-2
cells were transiently transfected with one of the p73 expression plas-
mids (pcDNA-p73α, pcDNA-p73β, and their mutants) or an empty plas-
mid (pcDNA3) together with one of the reporter plasmids (p21Waf1-
Luc, MDM2-Luc or Bax-Luc). Luciferase activity is shown in an arbitrary
unit. The means+the standard deviations from triplicate experiments
are shown. Significant differences compared with the values in the
wild-type are marked by asterisks (∗∗ P<0.01).
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triplicate experiments are shown.
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were transfected into SAOS-2 cells. Then, G418-resistant colo-
nies were selected and their numbers were counted. The trans-
fection of the wild-type p73 plasmids (pcDNA-p73α or
pcDNA-p73β) markedly suppressed colony formation (Fig. 6,
A and B). p73α(Del418), p73α(Del603) and p73β(Del418)
were as effective as wild-type p73s in reducing the numbers of
colonies. In contrast, a G264W mutant pcDNA-p73α(G264W)
abolished this effect and produced numbers of colonies similar
to those of pcDNA3, showing that co-existence of
p73α(G264W) abrogated the colony-suppressive function of
p73α (Fig. 6C). This demonstrates a dominant-negative effect
of p73α(G264W) in the assay.

Discussion

Epidemiological analysis has shown that, although the number
is small, mutations in the p73 gene are found in cancers.30, 34–38)

In hematological malignancies hypermethylation of the p73
promoter is found.39, 40) Biochemically, p73 is involved in the
E2F-1 induced, p53-independent apoptosis pathway,16–18) and
the pro-apoptotic function of p53 after DNA damage has been
reported to depend on p73 and p63 function.29) So, although
p73 is not a typical tumor suppressor gene fitting the classical
Knudson’s two-hit model,41) abnormalities in p73 function may
have some role in cancer development.

In NCI-H1155 cells, the p73 and p53 mutations are located in
the respective DNA-binding domains (Fig. 1B). Mutations in
the p53 gene are observed in about 50% of human cancers and

the positions of mutations are clustered in the DNA-binding do-
main.42) p73 codon 264 corresponds to p53 codon 244, for
which dominant-negative mutations (G244D and G244S) in hu-
man cancers have been described.43) In this study, we found that
p73 codon 264 (G264W) is also a dominant-negative mutation.
Codon 273 of p53 is one of the hot spots, and the Arg to His
amino-acid change (R273H) comprises about 50% of the codon
273 mutations (474 out of 1016 occurrences reported in the
IARC TP53 Mutation Database R6 release44)). R273H is a gain-
of-function mutation45) that enhances tumorigenicity in nude
mice,46) enhances the plating efficiency of the cells in soft
agar,46) up-regulates the expression of epidermal growth factor
receptor (EGFR),47) proliferating cell nuclear antigen (PCNA)48)

and c-myc,49) and confers cisplatin resistance upon the cells.50)

Therefore, normal functioning of both p73 and p53 is defective
in NCI-1155.

Mutually exclusive mutation patterns are observed in two
molecules that are located in tandem in the same cancer-related
signaling pathway, e.g., p16 and RB,51) and TGF-β type II re-
ceptor and Smad4.52) Instead, mutations in two genes coexist
and cells with both mutations are positively selected when each
mutation has an additive effect on cancer development.53) The
coexistence of p73 and p53 genes in NCI-H1155 may have an
additive effect, and thus may result in a cell line with p73-p53
double mutations.

We did not find functional aberrations in either the Del418 or
Del603 mutant. These mutations delete one and three amino ac-
ids, respectively, from the COOH-terminal side of the oligo-
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Fig. 6. Colony formation assay. (A) SAOS-2 cells were transfected with one of the p73 expression plasmids (pcDNA-p73α, pcDNA-p73β or their mu-
tants) to study the effect of each p73 cDNA on colony formation. After 2 weeks of G418 selection, stable transformants were stained with Giemsa’s
solution and photographed. (B) The numbers of drug-resistant colonies are shown in a bar graph. The means+standard deviations from triplicate
experiments are shown. Significant differences compared with the values of the wild-type are marked by asterisks (∗∗ P<0.01). (C) A dominant-neg-
ative effect of p73α(G264W) on colony formation. An empty plasmid (pcDNA3), a wild-type plasmid (WT: pcDNA-p73α), a G264W mutant plasmid
(pcDNA-p73α(G264W)), and mixture of pcDNA-p73α and pcDNA-p73α(G264W) at a ratio of 1 to 6 were transfected. The numbers of colonies are
graphed as in (B). Significant differences compared with the values of wild-types are marked by asterisks (∗∗ P<0.01).
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merization domain. Takada et al. found that two mutations in
that region (P405R and P425L) impair the transactivation activ-
ity of the COOH-terminal domain.54) We found no effect of
Del418 or Del603 on the transactivation activity. Whether
Del418 or Del603 has biological significance needs to be ex-
amined.

In this study, we performed functional analyses of three p73
mutants observed in lung cancer cell lines, and found one to be
a dominant-negative mutation. Studying the role of p73 in can-
cers is difficult because of the presence of multiple isotypes,
and because of the complicated interactions of other p53 family

member proteins. The results we report here provide valuable
information and should encourage further study in this field.
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