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Abstract

The p53 gene initially was thought to be an oncogene, but
recent evidence suggests that wild-type p53 can function as a

tumor suppressor gene in lung, colon, and breast cancer as well
as less common malignancies. This study reports the first
identification of intronic point mutations as a mechanism for
inactivation of the p53 tumor suppressor gene. Abnormally
sized p53 mRNAsfound in a small cell and a non-small cell
lung cancer cell line were characterized by sequence analysis of
cDNA/PCR products, the RNase protection assay and im-
munoprecipitation. These mRNAswere found to represent
aberrant splicing leading to the production of abnormal or no

p53 protein. Sequence analysis of genomic DNArevealed that
a point mutation at the splice acceptor site in the third intron or

the splice donor site in the seventh intron accounts for the
abnormal mRNAsplicing. In one patient the same intronic
point mutation was found in the tumor cell line derived from a

bone marrow metastasis and in multiple liver metastases but
not in normal DNA, indicating that it occurred as a somatic
event before the development of these metastases. These find-
ings further support the role of inactivation of the p53 gene in
the pathogenesis of lung cancer and indicate the role of intronic
point mutation in this process. (J. Clin Invest. 1990. 86:363-
369). Key words: tumor suppressor gene * recessive oncogene -

abnormal splicing

Introduction

Recently, several lines of evidence have indicated that the
wild-type p53 gene is able to act as a tumor suppressor gene
and that a mutant p53 gene could promote transformation by
inactivating normal p53 function in a dominant negative fash-
ion (1, 2). The first evidence of p53 inactivation was observed
in Friend virus-induced mouse erythroleukemia in which in-
activation results from rearrangement of the murine p53 gene
(3). Frequent allele loss of chromosome region 17p1 3 (4-6), on

which the human p53 gene resides, led to the discovery of p53
abnormalities in various human tumors. DNArearrange-
ments have been reported in human tumors, such as osteosar-
coma, lung cancer and chronic myelocytic leukemia (7-9). In
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addition to gross DNAabnormalities, a number of different
point mutations in the highly conserved region of the open
reading frame has been observed in a variety of common
cancers, such as lung, colon, and breast cancer (5, 8, 10).

In previous studies, we observed abnormally sized p53
mRNAsin lung cancer without any gross p53 DNAalterations
(8). In an effort to understand the mechanism by which these
abnormal mRNAsare generated, we analyzed both their
cDNAs and genomic DNAs and found intronic point muta-
tions leading to aberrant mRNAsplicing. This resulted in pro-
duction of a truncated or no p53 protein, representing an al-
ternative mechanism for p53 inactivation.

Methods

Cell lines, tumor, and normal specimens. H526 is a small cell lung
cancer (SCLC)' cell line established from a bone marrow metastasis of
patient 526 at the time of diagnosis. H647 is an adenosquamous cell
lung cancer cell line. BL7 and BL1436 are normal B-lymphocyte cell
lines established from SCLCpatients and were used as normal controls
for sequencing analyses. H23 is a lung adenocarcinoma cell line which
has a point mutation at codon 246 and was used in immunoprecipita-
tions as a control for normally sized p53. Derivation and culture of
these cell lines have been reported (11, 12). DNAand RNAwere
prepared as described (13). DNAs were extracted also from normal
liver, normal kidney, and three different liver metastases of patient 526
at the time of autopsy.

AmpliJfication and sequencing of cDNA using polymerase chain re-
action (PCR). First strand cDNA synthesis using 5-10 tg of total
cellular RNAwith p53 specific oligonucleotide primers and subse-
quent PCRamplification were performed as previously described (8).
Primers were prepared using a 380B DNAsynthesizer (Applied Bio-
systems, Foster City, CA). All primers had extraneous nucleotides
comprising Eco RI sites at their 5' ends. Using the nucleotide numbers
of the sequence published by Lane and Crawford as reference points
(14), the sense primers used for cDNA/PCRwere: Sl, nt439 to 458; S2,
nt540 to 563; S4, ntl 137 to 1160; and S4, nt1344 to 1361. The anti-
sense primers for cDNA/PCRwere: AS1, ntl 170 to 1193; AS2, nt1740
to 1763; and AS3, nt2821 to 2844. PCRamplification was performed
for 30 cycles of 94°C (1 min), 55°C (1 min) and 72°C (3 min) followed
by a 10-min extension at the end. Amplification was followed by
digestion with Eco RI and agarose gel electrophoresis. Purified frag-
ments (Geneclean; Bio 101, La Jolla, CA) were cloned into the Eco RI
site of pcDNA I (Invitrogen). These fragments were sequenced with the
GemSeq K/RT system (Promega Biotec, Madison, WI). Direct se-

1. Abbreviations used in this paper: Full designation of the cell lines
includes the prefix "NC1-"; SCLC, small cell lung cancer, PCR, poly-
merase chain reaction; RFLP, restriction fragment length polymor-
phism.
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quencing of the cDNA/PCR products was also employed to confirm
the identified abnormalities using [35S]dATP and the Sequenase kit
(U.S. Biochemical Corp., Cleveland, OH).

Amplification and sequencing of genomic DNAusing PCR. PCR
amplification was performed using 1-2 ug of genomic DNAand the
same cycles as those for cDNA/PCR after denaturation at 940C for 5
min. Three sets of primers were used for genomic DNA/PCR: intron 2
and intron 3 including exon 3, nt606 to 629 and nt633 to 646; intron 4,
nt906 to 929 and nt942 to 965; and intron 7, ntl299 to 1322 and
ntl353 to 1370. All primers had extraneous nucleotides comprising
Eco RI sites at their 5' ends. The PCRproducts were cloned into
pGEM4(Promega Biotec) as described above. Direct sequencing of
genomic DNA/PCRwas also used to confirm the identified mutations
as described above.

RNase protection assay. An anti-sense RNAprobe (p53XP) was
synthesized using [32P]UTP and hybridized to 10 Atg of total cellular
RNAat 58°C followed by digestion with RNase A (40 ug/ml) at 30°C
for 30 min. The protected fragments were analyzed by denaturing
polyacrylamide gel electrophoresis as described (8). After appropriate
exposure of the films, densitometric analysis was performed using a
scanning densitometer (model GS300; Hoefer).

Immunoprecipitation. All cell lines were labeled with [35S]methio-
nine for I h and cell extracts were prepared as described (15). Aliquots
containing equal amounts of TCA-insoluble radioactivity were first
precleared, incubated with anti-P53 monoclonal antibodies or a con-
trol MAb, MOPC21, and then immunoprecipitated using protein A-
Sepharose, which was followed by SDS-polyacrylamide gel electropho-
resis on a 10% gel essentially as described (15). Anti-p53 monoclonal
antibodies used were PAb 1801 (Oncogene Science, Manhasset, NY)
(16) and PAb421 (17) (kindly provided by M. Oren, The Weizmann
Institute of Science, Rehovot, Israel). Amino acid residues containing
the epitopes recognized by PAbl 801 and PAb421 are 32 to 79 and 370
to 386, respectively (16, 18).

Results

Structural analysis of p53 mRNAfrom H526 by cDNA/PCR.
Analysis by agarose gel electrophoresis of the cDNA/PCR
products of the p53 gene expressed in the H526 cell line using a
panel of oligonucleotide primers showed an anomalous frag-
ment with either S1 and ASl or S2 and ASl migrating at a
smaller molecular size in addition to the presumably normally
sized fragment. Primers S2 and AS2 were used to clone the
entire coding region of the p53 gene. Sequence analysis re-
vealed two different species of cDNA clones, both of which
were found to be mutant (Fig. 1 B). Form A has a 19-bp
deletion within exon 4, although this form was recovered from
the cDNA/PCR products as an apparently normally sized
fragment. This deletion shifts the reading frame and results in
a TGA termination codon 13 bases downstream. The pre-
dicted truncated protein would contain only 36 amino acids
(which is - 9% of normal p53). Form B is missing the entire
exon 4. This deletion eliminates 93 amino acids but does not
alter the reading frame. No normal p53 cDNA clone was
identified. These results were confirmed by the separate, direct
sequencing of the two fragments shown in Fig. 1 A.

Structural analysis of genomic DNAfrom H526. Since
these cDNA mutants were highly suggestive of an abnormal

mRNAsplicing event, we searched the genomic DNAfor a
mutation to explain the aberrant mRNAs. Weamplified and
sequenced intron 3 and intron 4 in addition to the surrounding
genomic regions of the p53 gene in H526. A point mutation in
the splice acceptor site at the 5' end of exon 4 was found (Fig. 1
C). This intronic point mutation converts a splice acceptor
sequence, 5'-CTACAG-3', into the sequence 5'-CTACAC-3'
(Fig. 1 C). The point mutation appears to abolish normal
splicing at this site which results in complex abnormal splicing.
Instead, in form A a cryptic splice acceptor site (5'-CCCAAG-
3'), which is located the most 5' among those in exon 4, is
utilized to generate form A mRNA. In form B the normal
splice acceptor site at the 5' end of exon 5 is used resulting in
the fusion of exon 3 directly to exon 5.

Wealso note that an A instead of a G was found 4 bp
upstream from the 5' end of exon 5, differing from the pub-
lished sequence by Buchman et al (19). Of interest, since an A
was observed in three independent individuals (two normal
DNAs and one lung cancer DNA), the G in the RP kidney
cancer cell line described by Buchman et al. may represent
either a restriction fragment length polymorphism (RFLP) or
an intronic point mutation.

RNase protection assay. Since the cDNA/PCR procedure
is not quantitative, we wished to know the ratio of form A to B
mRNA.Using the anti-sense pS3XP probe, the RNase protec-
tion assay revealed that form A is the major species of abnor-
mally sized mRNAsexpressed (Fig. 2). Form A is expressed in
amounts at least 10 times higher than form B as determined by
densitometric tracing which was adjusted for the number of U
residues in the protected fragments.

Analysis of constitutional and tumor DNAfrom patient
526. Wenext wished to know if this intronic point mutation
occurred in the patient and if this was a germline or a somatic
mutation. DNAsextracted from normal liver, normal kidney
and three different liver metastases harvested at the time of
necropsy were subjected to genomic DNA/PCR and direct
sequencing analyses (Fig. 3). The mutant splice acceptor site
sequence but no example of normal p53 sequence was de-
tected in all three tumor deposit DNAsand the H526 cell line
DNA, whereas no mutations were found in DNAs from nor-
mal cells. Thus, this mutation appears to have occurred in the
patient as a somatic event and seems to be hemi- or homozy-
gous in the genome of the tumors.

Structural analysis of mRNAand genomic DNAfrom
H647 by PCR. Fig. 4 A shows agarose gel electrophoresis of the
cDNA/PCR products of the lung adenocarcinoma cell line,
H647, and the normal B-lymphocyte line, BL7. The cDNA/
PCRproducts of H647 generated by primers S3 and AS2
yielded a fragment of larger molecular size than that of BL7.
cDNA containing the entire p53 coding region was cloned
using primers S2 and AS2 and sequenced. A 344-bp insertion
in the coding sequence was identified between exon 7 and
exon 8. This incorporation of an extraneous sequence resulted
in the addition of 20 amino acids to the 3' end of exon 7
followed by a TGAtermination codon. Therefore, this termi-

Figure 1. Structural analysis of mRNAand genomic DNAof the p53 gene in the H526 cell line. (A) cDNA/PCRproducts using a panel of oli-
gonucleotides were analyzed by agarose gel electrophoresis. Molecular marker is Hae III digested PhiX 174 DNA. Schematic diagram of p53 in-
cluding location of oligonucleotides is shown below. The cDNA/PCRproducts primed with either SI and ASI or S2 and ASI show an anoma-
lous fragment of a smaller size in addition to the presumably normally sized fragment. (B) Sequence analysis of cDNA/PCRproducts yields
two different species of abnormally spliced mRNAforms. (C) Sequence analysis of genomic DNA/PCRreveals intronic point mutation at the
splice acceptor site at 5' end of exon 4.
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Figure 2. RNase protec-
tion assay of H526 cell
line mRNA. (A) Using
the anti-sense p53XP
RNAprobe, the RNase
protection assay shows
that form A, which uti-
lizes a cryptic splice ac-
ceptor site in exon 4, is
the major species of ab-
normally spliced
mRNAs. Upper arrow
indicates 317-bp frag-
ment protected by A;
middle arrow, 229-bp
fragment protected by
both forms A and B;
lower arrow, 57-bp frag-

s ment protected by B.
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nation signal eliminates exons 8 through 11 in the coding
region of H647 and translation of this message would result in
a truncated product of 281 amino acids.

An intronic point mutation responsible for this abnormal-
ity was identified by genomic DNA/PCRof intron 7 and its
surrounding region (Fig. 4 B). A splice donor sequence, 5'-
GTCAGG-3', was mutated into the sequence, Y'-TYCAGG-3'
(Fig. 4 C), resulting in retention of the entire intron 7 sequence
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in the mRNAof H647. No normal allele was recovered indi-
cating that this mutation is hemi- or homozygous in the ge-
nome of H647. These results were confirmed by direct se-
quencing of the cDNA/PCR and the genomic DNA/PCR
products.

Analysis of the p53 product by immunoprecipitation. In
order to analyze the p53 gene product of aberrant mRNAsthat
we had detected, H526, H647, and H23 cells were labeled
metabolically with [35S]methionine and lysates were prepared
and subjected to immunoprecipitation (Fig. 5). H23 which had
been shown to contain a point mutation at codon 246 served
as a normally sized p53 control for both PAbl 801 and PAb421
MAbs. As expected from the sequence analysis of H526
cDNAs, the p53 gene product of H526 lacks the PAbl8O1
antigenic determinant(s) encoded by exon 4 sequences. How-
ever, PAb421 recognizes the truncated product (molecular
weight 40 kD), which is the size predicted from the form B
abnormally spliced mRNA. In contrast to H526, no detectable
product of the p53 gene was immunoprecipitated from cell
lysates of H647 with either of the MAbs, although the pre-
dicted product of H647 contains the PAbl801 epitope but
lacks the PAb421 epitope. Absence of the p53 gene product in
H647 was confirmed also by immunocytochemistry using
these same MAbs (data not shown).

Discussion

There is now good evidence that p53 mutations are involved in
the pathogenesis of human cancers (5, 7-10). The p53 muta-
tions reported so far include gross DNAchanges, such as ho-
mozygous deletions (8) and rearrangements (7-9), and point
mutations which result in amino acid substitutions (5, 8, 10).
The present work extends our understanding of the mecha-
nism leading to p53 abnormalities. Here, we show for the first
time that intronic point mutations can serve as an alternative
mechanism for p53 inactivation.

In SCLCcell line H526, an intronic point mutation at the
splice acceptor site leads to two abnormally spliced mRNAs.
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31 Figure 3. Analysis of constitutional and tumor DNAs
from patient 526. Only the mutant splice acceptor
site sequence is detected in tumor DNA, whereas no

mutations are found in DNAfrom normal cells.
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H23 cancer cell line (26) and 1 SCLCcell line (27). In addition to
the two mutations reported in detail here, we have found three

- + other splicing mutations among 36 completely characterized
p53 mutations in lung cancer (5/36, 14%) all of which change
the amino acid sequence. These findings further support the
premise that inactivation of p53 may play a role in the patho-
genesis of lung cancer.

Since a mutant p53 gene can cooperate with an activated
2.,'t <p53 ras gene to transform primary rat embryo fibroblasts, it has

been hypothesized that mutant p53 could act in a "dominant
negative" fashion (1, 2). In fact, transgenic mice overexpress-
ing mutant p53 have been shown to develop lung cancer (28).
However, both H526 and H647 retain only a mutant allele in
their genomes, consistent with the observations of frequent
17p allele loss (4, 6). These observations suggest that a consid-
erable fraction of p53 mutants may be entirely recessive and
that complete loss of p53 function, which occurs by losing the
remaining normal allele, is required to confer a selective
growth advantage.

- + 1All p53 mutations so far examined appear to be the result
of a somatic event (5, 8, 10) (this study). However, the possibil-
ity exists that a fraction of lung cancer patients may be predis-
posed by inheriting or acquiring germ line mutations in the
p53, Rb or other as yet unidentified tumor supressor genes (for
review, see ref. 29). This study clearly indicates that we need to

m-..p53 examine not only the exonic regions but also intronic se-
quences in searching for such a genetic predisposition.

Figure 5. Analysis of p53 products by immunoprecipitation. H526,
H647, and H23 cells were labeled metabolically with [35S]methionine
and subjected to immunoprecipitation analyses using PAbl801 (A)
and PAb421 (B) monoclonal antibodies. (A) PAb1801 immunopreci-
pitates p53 in H23, but not in H526 or in H647. (B) PAb421 im-
munoprecipitates a smaller protein (p40) in H526 and normally
sized protein in H23, whereas no p53 product was detected in H647.

In form A, a 19-bp deletion within exon 4 shifts the reading
frame and results in premature termination eliminating 91%
of the amino acids from the p53 gene product. Form B is
missing the entire exon 4 resulting in the truncated p53 protein
(p40) which has lost a part of a region highly conserved from
Xenopus to man. Non-SCLC cell line H647 has an intronic
point mutation at the splice donor site which results in the
incorporation of the entire intron 7 sequence into mRNA.
This mutation leads to an undetectable amount of the p53
gene product, which could be due to rapid degradation of the
truncated protein in H647, a phenomenon seen in other sys-
tems (20-22).

Defective products resulting from splicing mutations,
which lead to a disease state, have been reported for the (l-glo-
bin gene in f3-thalassemia (20) and the hypoxanthine phos-
phoribosyl transferase gene in Lesch-Nyhan syndrome (23).
Recently, intronic point mutations of the Rb gene have been
found in five cases of retinoblastoma (24, 25), one bladder
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