
Abstract. Cholangiocarcinoma development may be related to
cholangiocyte DNA damage from genotoxic compounds in bile.
We have previously shown that human biliary tissue is exposed
to genotoxic agents, as evidenced by the presence of DNA
adducts. Establishing the presence of a ‘mutational signature’ in
tumour suppressor genes from tumour tissue provides a means
of linking cause and effect in human cancer. Inactivation of
p53, known to have ‘hot-spots’ for particular chemical carcino-
gens, has previously been linked to human cholangiocarcinoma.
However, previous p53 studies have focused on exons 5-8,
potentially missing gene alterations at other sites. This study
examined the putative link between environmental carcinogens
and intrahepatic cholangiocarcinoma by analysing DNA from
31 patients for complete p53 mutational signatures, using
single strand conformational polymorphism and polymerase
chain reaction. All mutations found were compared to known
p53 mutations in cholangiocarcinoma and to mutations induced
by environmental mutagens, as described in p53 databases.
Five non-silent p53 mutations were found, including three
new frameshift mutations and two new intron mutations which
have not previously been reported in cholangiocarcinoma.
Two frameshifts were due to deletions and the third due to an
insertion in exon 5. There was no predominant mutational
spectrum amongst the set of cholangiocarcinoma samples

studied, or on combining these mutations with the dataset of
known p53 mutations in cholangiocarcinoma. Several reasons
may explain this, including lack of data outside exons 5-8,
bias in mutation reporting, the involvement of mutations in
non-coding regions or genes other than p53, or the possibility
that there is no carcinogenic specific agent and therefore no
signature. 

Introduction

Mortality from cholangiocarcinoma is increasing in the USA
and other industrialised countries (1). The cause is unknown.
We postulate that the rise in cholangiocarcinoma mortality
may represent, at least in part, an environmental change and
specifically, increased exposure to environmental carcinogens. 

The covalent binding of genotoxic carcinogens to DNA
and the resulting mutations are not random, but rather show
base and positional specificity, leading to high-frequency
mutations in specific short sequences of DNA in a target
gene. The characterisation of such sequence-specific DNA
lesions along a target gene in human cancer can be correlated
with known mutational spectra induced by environmental
carcinogens. Establishing the presence of the same signature
in oncogenes or tumour suppressor genes in tumour tissue
from individuals exposed to such carcinogens can provide a
powerful means of linking cause and effect in human cancer
(2,3).

Mutations of the tumour suppressor gene p53 have
previously been attributed as the link between chemical
carcinogens and certain human malignancies. For example,
hepatocellular carcinoma (HCC) in some areas of the world,
such as China and parts of sub-Saharan Africa, has been
strongly associated with dietary exposure to AFB1. In these
areas, one dominant mutational hot-spot is found in up to
50% of HCCs: a GC to TA transversion at the third position
of codon 249 of the p53 gene, which renders p53 inactive (4).
This mutation is induced by chemically reactive forms of
AFB1, and is uncommon (1%) in HCC samples from Japan
and Western countries, where aflatoxin exposure is low (4). 

p53 abnormality has been implicated in cholangiocarcinoma
by immunohistochemical (5,6) and molecular epidemiological
studies, including gene sequencing studies, mainly of exons
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5-8. Collectively, over 90 different p53 mutations have
been described in cholangiocarcinoma, including the IARC
specialised p53 database, which contains information on all
reported p53 mutations (7). Given the marked geographical
variation cholangiocarcinoma shows in its incidence and
mutation rates, a review concluded that the presence and type
of p53 mutation in cholangiocarcinoma is dependent on
environmental factors, including differences in the nature or
dose of exposure to environmental carcinogens, which vary
in different populations (8).

We hypothesise that intrahepatic cholangiocarcinoma is
caused by exposure to an environmental mutagen, and that
this may be reflected in a consistent mutational spectrum of
the p53 gene. Previous p53 mutation studies have focused on
exons 5-8 only, potentially missing mutations that could be
relevant in terms of a functional role and/or a mutational
signature. Our aim was to examine the putative link between
environmental carcinogens and human cholangiocarcinoma,
by analysing DNA from human cholangiocarcinoma samples
for complete p53 mutational signatures by analysis of the
entire cDNA gene sequence (all 11 exons), and comparing any
mutations found to known p53 mutational spectra induced by
environmental mutagens, which have been described in the
IARC p53 database. 

Materials and methods

DNA samples from 31 cholangiocarcinoma patients were
examined for p53 mutations. The entire p53 cDNA from
each sample was initially screened by SSCP, and those exons
exhibiting aberrant SSCP bands were fully sequenced by
PCR. Each sequenced sample was amplified by PCR twice:
the first time was using fluorescently labelled primers, and
the PCR products were analysed by SSCP. Any abnormal
SSCP traces were amplified from the original template in a
second independent reaction using non-labelled primers and
sequenced to look for the mutation that caused the SSCP result.

Patients, sample collection and DNA extraction. Tumour
tissue samples were collected at surgery from 31 intrahepatic
cholangiocarcinoma patients (12 male, age range 36-70 years,
mean age 56 years) by hepatobiliary surgeons at Hammersmith
Hospital, Imperial College London. All patients were resident
in the UK. Three out of the 31 patients were of South Asian
origin and the remainder were Caucasian. All samples were
verified as primary intrahepatic cholangiocarcinomas by histo-
logy and radiology, and stored at -70˚C until DNA extraction.
DNA was extracted from tissue samples by a standard phenol
method (9).
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Table I. A, Primers used for p53 exons.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
P53 exon 1 for TGTAAAACGACGGCCAGTTCCCATGTGCTCAAGACTGG
P53 exon 1 rev CAGGAAACAGCTATGACCGCCCGTGACTCAGAGAGGAC
P53 exon 2 for TGTAAAACGACGGCCAGTTGGAAGTGTCTCATGCTGGATC
P53 exon 2 rev CAGGAAACAGCTATGACCAATTTTCGCTTCCCACAGGTC
P53 exon 3 for TGTAAAACGACGGCCAGTAATTCATGGGACTGACTTTCTGC
P53 exon 3 rev CAGGAAACAGCTATGACCTGGGTCTTCAGTGAACCATTGTT
P53 exon 4 for TGTAAAACGACGGCCAGTCCTGGTCCTCTGACTGCTCTTTT
P53 exon 4 rev CAGGAAACAGCTATGACCGAAGTCTCATGGAAGCCAGCC
P53 exon 5 for TGTAAAACGACGGCCAGTTCACTTGTGCCCTGACTTTCAA
P53 exon 5 rev CAGGAAACAGCTATGACCCAGTGAGGAATCAGAGGCCTG
P53 exon 6 for TGTAAAACGACGGCCAGTGGTCCCCAGGCCTCTGATT
P53 exon 6 rev CAGGAAACAGCTATGACCGACAACCACCCTTAACCCCTC
P53 exon 7 for TGTAAAACGACGGCCAGTTTGCCACAGGTCTCCCCA
P53 exon 7 rev CAGGAAACAGCTATGACCGGGCACAGCAGGCCAG
P53 exon 8 for TGTAAAACGACGGCCAGTGATTTCCTTACTGCCTCTTGCTTCT
P53 exon 8 rev CAGGAAACAGCTATGACCAGTGAATCTGAGGCATAACTGCAC
P53 exon 9 for TGTAAAACGACGGCCAGTTGCAGTTATGCCTCAGATTCACTT
P53 exon 9 rev CAGGAAACAGCTATGACCTGAGTGTTAGACTGGAAACTTTCCA
P53 exon 10 for TGTAAAACGACGGCCAGTAACTTGAACCATCTTTTAACTCAGG
P53 exon 10 rev CAGGAAACAGCTATGACCCCAACCTAGGAAGGCAGGG
P53 exon 11 for TGTAAAACGACGGCCAGTGCCCTTCAAAGCATTGGTC
P53 exon 11 rev CAGGAAACAGCTATGACCAAATGGAAGTCCTGGGTGC

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
B, M13 primers.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
M13for-FAM TGTAAAACGACGGCCAGT

M13rev-FAM CAGGAAACAGCTATGACC
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Polymerase chain reaction. Primers for p53 were redesigned
for all eleven exons with M13 tails using Genbank accession
number U94788 as a reference sequence and Primer Design
software (Applied Biosystems). Primers were ordered from
Interactiva (Ulm, Germany). All primers are detailed in Table I.
The primers were designed to enable analysis of exon/intron
junctional regions. 

SSCP analysis. PCR product (1 μl) was mixed with Hi-Di
Formamide (10 μl) and 0.5 μl Genescan ROX-500 size standard
(Applied Biosystems, Foster City, USA). The sample was then
heat denatured for 2 min at 95˚C and snap cooled on ice
before loading onto an ABI3100 genetic analyser. Electro-
phoresis was performed using 5% native genescan polymer
with 10% glycerol and 1X TBE injected into a 50 μm
diameter capillary with length to detector of 36 cm. Consecutive
runs were performed at 18, 22 and 35˚C respectively, with
sample injection times of 15 sec at 15 kV followed by electro-
phoresis at 15 kV for 30 min, prior to data collection.

Sequencing. Samples exhibiting band shifts under at least one
of the SSCP conditions were subjected to sequence analysis
on the ABI3100 using a Big-Dye Terminator Ready Reaction
kit (Applied Biosystems). PCRs were initially performed,
as detailed above, just using gene specific primers and the
sequencing was performed using unlabeled M13 primers.
DNA variations were identified in both forward and reverse
strands.

Data analysis. Samples were analysed using sequence analysis
software and aligned against a known wild-type in the sequence
navigator (Applied Biosystems). Traces of both the wild-type
and potential mutant were then viewed and mutations identified.
Mutations found in the samples were compared to all known
p53 mutations in cholangiocarcinoma, as well as to all p53
mutations known to be induced by environmental carcinogens,
as contained in the IARC p53 database. The IARC database
holds data on all reported p53 mutations arising from various
known carcinogens, including aflatoxins, aromatic amines,
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Table II. The 12 different p53 gene alterations found amongst 24 out of the 31 study samples.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Location Gene alteration Number of patients Effect on mRNA
- in/ex/n/ca or mutation (as % of total)
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
1) in2/n11827 G>C 13 (42) Nil. Known polymorphism

of unknown prevalence

2) in3/n11992b C>A 5 (16) Nil

3) in3/n11951 16 bp insertion 6 (19) Nil. Known polymorphism
of unknown prevalence

4) ex4/n12139/c72 CGC>CCC 11 (35) ARG>PRO
Known polymorphism with
wide-ranging prevalence

5) ex4/n12032/c36 CCG>CCA 1   (3) PRO>PRO Silent.
Known polymorphism
with 4% prevalence

6) ex4/n12243/c107b Deletion T 1   (3) Frameshift:
termination at c180

7) ex5/n13117/c146 TGG>TGA 2   (6) TRP>STOP

8) ex5/n13129-13130/c151b Insertion C 1   (3) Frameshift:
termination at c180

9) ex5/n13203/c175 CGC>CAC 2   (6) ARG>HIS

10) ex6/n13399/c213 CGA>CGG 3 (10) ARG>ARG Silent.
Known polymorphism with
upto 11% prevalence

11) ex6/n13332-13333/c191b Deletion CT 2   (6) Frameshift:
termination at c207

12) in7/n13964b G>C 1   (3) Nil
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––a

ain/ex/n/c, intron or exon/nucleotide/codon (if applicable); bpreviously unreported mutations.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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arsenic, asbestos, betel quid, coal, cyclophosphamide, heavy
metals, mustard gas, pesticides, petrochemicals, phenacetin,
chemotherapeutic agents, solvents, radon, radiation, thorotrast,
vinyl chloride, psolaren and UV radiation (7).

Results

Mutations found. Of 31 cholangiocarcinoma DNA samples
studied, 24 had evidence of p53 gene alteration, compared to

KHAN et al:  p53 MUTATIONS IN HUMAN INTRAHEPATIC CHOLANGIOCARCINOMA1272

B

A

Figure 1. Non-polymorphism p53 mutations found, with their sequencing traces (wild-type given with each figure for comparison). A, Frameshift: exon
5/nucleotide 13129-13130/insertion C. Found in 1 patient (3%). B, Trp>STOP: TGG>TGA, codon 146, exon 5. Found in 2 patients (6%). C, Arg>His:
CGC>CAC, codon 175, exon 5. Found in 2 patients (6%).

C
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the control wild-type DNA. Together, these 24 samples had
48 gene alterations, of which there were 12 different types, as
summarised in Table II. However, the five most commonly
occurring of these 12 gene modifications were known p53
polymorphisms. Four changes were found in introns. Two of
these intron mutations have not previously been described in
cholangiocarcinoma (intron 3, nucleotide 11992, C>A; and
intron 7, nucleotide 13964, G>C). Of the eight mutations
occurring in exons, three were previously documented poly-
morphisms, of which two were silent and one was a missense
mutation (arginine to proline at codon 72 of exon 4). This left
five p53 mutations, which were not known polymorphisms,
and were not silent. Three would lead to frameshifts (exon 4,
nucleotide 12243, codon 107, deletion T; exon 5, nucleotide
13129_13130, codon 151, insertion C; and exon 6, nucleotide
13332_13333, codon 191, deletion CT). The remaining two
mutations were G>A transitions. One was a nonsense mutation
[codon 146 of exon 5 (tryptophan to STOP); and the second
was a missense mutation at a CpG site (codon 175 of exon 5:
arginine to histidine)]. Examples of the sequence traces
obtained for these mutations are shown in Fig. 1. In all but
four cases (two intron 2 polymorphisms and two exon 4 poly-
morphisms), mutations were heterozygous.

To summarise, out of 31 cholangiocarcinoma patient
DNA samples, there were five p53 mutations that were not
silent or known polymorphisms. This mutation rate of 16% is
comparable to other European studies (8,10,11). The mutations
did not relate to any particular ethnic origin in our patient
population. The missense mutation at a CpG site (codon 175)
found in this study has also been previously reported in studies
from Europe and Asia (8,10-12). In contrast, the nonsense
mutation has only been previously reported in Europe (8).
The three frameshift mutations, in exons 4, 5 and 6, do not
appear to have been previously reported in human cholangio-
carcinoma. Two of these frameshifts were due to deletions,
and deletions have been previously reported in cholangio-
carcinoma from 2 studies. The third was due to an insertion
in an exon. Such insertions have not previously been described
in human cholangiocarcinoma. Overall, there was no pre-
dominant mutational spectrum amongst the set of cholangio-
carcinoma tumours samples studied, or on combining these
mutations with the dataset of known cholangiocarcinoma p53
mutations (7).

Comparison with known p53 mutations induced by chemical
carcinogens. The commonest type of p53 mutation induced
by chemical carcinogens according to the IARC database is a
G:C>A:T (or T:A) transition (7). Often these are induced
at CpG sites, for example by arsenic, asbestos, betel quid,
phenacetin, chemotherapeutic agents, radiation, radiotherapy,
vinyl chloride and UV radiation. Although such mutations are
also the predominant type (up to 30% of all p53 mutations)
found in cholangiocarcinoma, the codon distribution of these
mutations is variable. Table III summarises and compares
the predominant p53 mutation pattern and affected codons
found in cholangiocarcinoma, with p53 changes induced
by individual chemical carcinogens, based on information
contained in the IARC p53 database (7). As well as in
cholangiocarcinoma, G:C>A:T transitions are also specifically
the commonest mutation pattern induced by aromatic amines,

betel quid, cyclophosphamide, mustard gas, psoralen and
UVA, radiation and solvents. However, the codon distribution
of these mutations in cholangiocarcinoma and the codon
distributions of mutations induced by these chemical carcino-
gens, did not match. In cholangiocarcinoma, the p53 codons
most commonly containing mutations (that is, containing at
least 5% of the total number of single base substitutions) are
175, 245, 248, 273 and 282. None of the chemical carcinogens
reviewed exhibited the same codon distribution with respect
to p53 mutations, although several of these codons, amongst
others, were targeted by certain chemicals. In particular, betel
quid (codons 175, 248, 273), coal (175, 245, 273) and vinyl
chloride (245, 248, 273) targeted three out of the five codons
commonly mutated in cholangiocarcinoma. Overall however,
a comparison of the p53 mutations found in this study, as well
as of all known p53 mutations, with those reported mutations
arising from various carcinogens, did not reveal a consistent
pattern or distribution of mutations which could be defined as
a mutational fingerprint for cholangiocarcinoma.

Discussion

There are only five published studies of p53 sequencing in
cholangiocarcinoma from Western countries, including three
from Europe (8,10,11,13,14). To date, studies have been mostly
been done on small groups (patient numbers ranged from 7 to
51), and have focused on exons 5-8 (only two studies have
sequenced exon 9). No study has investigated mutations
along all exons of p53, potentially missing mutations that
could be important in terms of a functional role and/or a
mutational signature. As a result, up to 80% of reported
missense mutations are in exons 5-8, which code for the
sequence-specific DNA binding domain. However, there
are several reasons why a search for a mutational signature
should also involve the remaining exons, as they also contain
important functional signals. The N-terminus of the p53 protein,
important in the transcriptional function of p53, is encoded
by exons 2-4. The C-terminus, involved in oligomerisation
and nuclear localisation of p53, as well as in the recognition
of DNA repair and induction of apoptosis (15), is encoded by
exons 9-11. Insertions and deletions, which have been seen in
human cholangiocarcinoma, but which are less common than
single point mutations would be more efficient mutagenic
mechanisms than point mutations in disrupting these N- and
C-terminal functional domains. In human cancer studies,
when compared to missense mutations, such insertions and
deletions in p53 occur more frequently in exons 2-4 and 9-11
than exons 5-8 (15,16). Exon 9 of p53 has only been sequenced
in two studies, and exons 2-4 and 10-11 have not previously
been investigated in human cholangiocarcinoma, despite the
fact that several mutations have been reported in each of
these exons at several other tumour sites (7). Furthermore,
even silent mutations, or those of no functional consequence,
including such mutations outside exons 5-8, may reflect
the fingerprint of genetic insult caused by a carcinogenic
agent(s) (17). Mutations in introns may also be functionally
relevant. For example, an important promoter is located in the
10,738 base-pair first intron at the 5'-end of the p53 gene (16).

This study is the first to examine the whole p53 gene
(cDNA) for full mutational spectra in the context of cholangio-
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Table III. Comparison of p53 mutations in cholangio-
carcinoma with p53 mutations induced by chemical carcino-
gens (summarised from the ©IARC TP53 Mutation Database,
R7 Version).
–––––––––––––––––––––––––––––––––––––––––––––––––
Carcinogen Predominant Codon % of single 
and tumour mutation distributionc base sub-
spectruma patternb stitutions
–––––––––––––––––––––––––––––––––––––––––––––––––
Cholangio- G:C>A:T 175 7
carcinomad (at CpG) 245 5

29% 248 6
273 7
282 6

Aflatoxin G:C>T:A 249 64
liver 80% 227 10

250 5

Aromatic G:C>A:T 273 11
amines

bladder 63% 117 5
181 5
214 5
231 5

Arsenic G:C>C:G 175 17
skin 28% 273 17

149 5
174 5
253 5
284 5

Asbestos G:C>T:A 159 7
lung, 28% 173 7
bladder 181 7

Betel quid G:C>A:T (at CpG) 248 8
oral 21% and 135 7

G:C>T:A 21% 175 5
273 5

Coal G:C>T:A 154 12
lung 65% 249 12

273 12
280 12
158 8
175 8
245 8

Cyclo- G:C>A:T 135 13
phosphamide

bladder 56% 188 13
199 13
230 13
241 13
279 13

Heavy metals G:C>T:A 245 68
lung 100% 249 32

Table III. Continued.
–––––––––––––––––––––––––––––––––––––––––––––––––
Carcinogen Predominant Codon % of single 
and tumour mutation distributionc base sub-
spectruma patternb stitutions
–––––––––––––––––––––––––––––––––––––––––––––––––
Mustard gas G:C>A:T 244 17

lung 50% 250 17
254 17
262 17
274 17

Petrochemicals G:C>T:A 117 20
skin 50% 145 20

158 20
258 20

Phenacetin Deletion 193 10
renal 22% 248 10

249 10

Psoralen and UVA G:C>A:T 88 10
skin 56%

Radiation G:C>A:T 159 25
(atomic bomb) 50% 179 25

lung 191 25
193 25

Radiation G:C>A:T 245 5
(radiotherapy) 39%

soft tissue, bone,
rectum, lung

Radon G:C>T:A 249 47
lung 58% 148 5

179 5
273 5

Solvents A:T>G:C 50% 45 50
skin G:C>A:T 50% 116 50

UV radiation CC tandem 54 33
skin 43% 175 33

202 33

Vinyl chloride A:T>T:A 179 24
liver 36% 130 8

193 8
226 8
245 8
248 8
255 8
273 8
282 8

–––––––––––––––––––––––––––––––––––––––––––––––––
aCarcinogens and their main associated tumour site(s). bThe most
common type of p53 mutation associated with the carcinogen, with
the frequency of its occurrence. cCodons most commonly the site of
mutations. Only those codons containing at least 5% of the total of
single base substitutions are listed. dThe commonest mutation
pattern and codons affected in cholangiocarcinoma are shown for
comparison. This mutation pattern and these codons are italicised
and shown in bold wherever they are a listed sequelae of specific
chemical carcinogens.
–––––––––––––––––––––––––––––––––––––––––––––––––
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carcinoma. No specific characteristic pattern of mutations
that could be ascribed to a mutational signature was found in
the majority of patients. However, two deletions and one
insertion were found in 31 patients, none of which have been
previously described. These three mutations would all lead to
premature termination at the mRNA level. They could not be
correlated with any specific aspect of the relevant patients'
available medical histories. It is therefore not possible to
say how these types of mutation, which are uncommon in
cholangiocarcinoma, arose, or whether they are related to
carcinogen exposure.

Absence of a mutational signature. There are several possible
reasons for lack of mutational signature so far in cholangio-
carcinoma. First, this may reflect differences in aetiology in
study populations, reflecting geographic, environmental,
cultural and socio-economic differences. Larger studies from
different regions and cholangiocarcinoma cluster areas are
therefore required. Second, a mutational spectrum can
potentially involve p53 exons outside 5-8, or even introns; or
possibly even a multi-gene mutational fingerprint across several
genes. No published studies to date have analysed the full-
length cDNA. Genetic abnormalities other than p53 have
been demonstrated in cholangiocarcinoma. Several studies
have also found mutations in multiple genes within the same
cholangiocarcinoma patients (18,19). Kang and colleagues
examined 40 cases and found 15% had an abnormality in at
least two genes from p53, APC, K-ras (18). These findings
suggest that carcinogenesis in cholangiocarcinoma may be a
multi-step process, involving the activation of various onco-
genes and inactivation of tumour suppressor genes. Hence,
several different carcinogens may be involved. Therefore,
cholangiocarcinoma may depend on an accumulation of
mutations of critical regulatory genes in a multi-stage manner,
similar to colonic carcinoma. Thus, p53 mutation may be a
relatively late genetic event in the carcinogenic cascade, and
not the primary target of the carcinogen. Clonal selection
and expansion of certain mutations in p53, and/or other
genes, along the line of various mutations may occur because
they confer an oncogenic potential or growth advantage.
Therefore, further investigations on cholangiocarcinoma at
developmental stages of the disease, for example, biliary
dysplasia, tumour invasion and metastasis are needed. Further-
more, p53 mutations can arise endogenously, in addition to
arising from exogenous mutagenic agents, for example from
errors in DNA replication, RNA splicing and DNA repair (15).

Mutations in non-coding regions. The search for mutations as
the cause of human genetic disease is mainly confined to the
promoter region, coding sequences and intron-exon boundaries
of the gene under scrutiny. The four commonest gene
alterations found in this study were in introns. Two of these
were known polymorphisms and the remaining two have
not previously been described in cholangiocarcinoma. Two
further known polymorphisms were found in exons, one
being a missense mutation and the other a silent mutation.
There is increasing evidence, although not yet involving p53
or cholangiocarcinoma, that mutations in non-coding regions,
and even silent mutations, can be important from a gene
function point of view. Examples of this phenomenon include

mutations at branchpoints that affect mRNA splicing. Even
translationally silent mutations can, theoretically, inactivate
genes by influencing splicing accuracy or efficiency (20).

Branchpoint mutations have been associated with human
disease, for example congenital contractual arachnodactyly
and extrapyramidal movement disorder with branchpoint
mutations occurring in genes for lecithin:cholesterol acyl-
transferase, low density lipoprotein-receptor and the fibrillin-2-
gene (21-24).

In addition to three previously undescribed frameshift
mutations, this study also found two novel intron mutations
in cholangiocarcinoma, in introns 3 and 7. The latter mutation
in particular (G>C at nucleotide 13964), could possibly be a
branchpoint disruptor as it is at a potential branch site region.
Branch site mutations affecting mRNA splicing have not yet
been reported in p53 and their exact location is unclear. This
is probably because they have not previously been looked for
specifically. This is a potential problem in all p53 mutational
analysis, not just with respect to cholangiocarcinoma. Early
studies of p53 mutations were based on sequencing cloned
full-length cDNA. Since these initial reports showed that
mutations seem to cluster around exons 5-8, subsequent
studies have limited their analysis to these exons. Potential
mutations in exons 2-4 and 9-11 are underrepresented, as are
introns. This is an important source of data bias, as the type of
p53 mutation is known to differ between central and
peripheral coding regions, with a higher proportion of
nonsense mutations, deletions and insertions occurring in
peripheral regions.

Sources of bias affect the description of p53 mutations in
databases. Focused p53 analysis on selected areas of the
genome is one of several causes of bias that must be ac-
knowledged when interpreting p53 mutations and comparing
them with specialist databases such as the IARC database
used in this study. Other causes of bias and error which affect
p53 mutation reporting include small study sizes, mistakes in
reporting codon and base sequences, the use of retrospective
samples with a lack of corresponding epidemiological data,
and differences in DNA retrieval and pre-screening methods
(25). Immunohistochemistry is often used to select cholangio-
carcinoma tissues for further mutational analysis by sequencing,
as many missense mutations induce stabilisation of p53 leading
to its intracellular accumulation. This is another source of
bias however, as positive immunohistochemistry does not
always correlate with p53 mutational status. In particular,
mutations resulting in a p53 protein-null phenotype (nonsense
mutations, insertions and deletions) represent up to 20% of
all p53 mutations (25).

Other factors that need to be considered in the search
for human cancer gene fingerprints include the high genetic
instability of cancer cells that may increase the frequency of
mutations in certain cancer genes regardless of exposure
factors, and the importance of DNA repair mechanisms and
of the corresponding degree of population variation (26). It
is also important to consider the possibility of epigenetic
alterations of p53 expression, for example by methylation
of its promoter region. Such a mechanism has been proposed
to link the development of oesophageal squamous cell
carcinoma to exposure to chemical carcinogens such as
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nitrosamines (27). Furthermore, DNA damage may be multi-
factorial and possibly complicated by random events, for
example DNA adduct formation and damage secondary to
chronic inflammation, oxidative stress etc. Finally, given
the above possibilities, there simply may not be a specific
carcinogenic agent and therefore no specific mutational
signature.

Future studies. Several improvements can be made in the
way future p53 mutational investigations are carried out to
increase the possibility of detecting a mutational signature
and thus isolating a causative agent for cholangiocarcinoma.
Larger studies, from different regions and cluster areas, are
required as cholangiocarcinoma has a relatively low frequency
of p53 mutations and larger numbers of samples need to be
analysed to find mutations. It is also relevant to analyse non-
tumour DNA to confidently exclude a germ line origin for
any alterations. Studies should clearly identify histological
type, site (intra- or extrahepatic), grade and stage of all samples,
as well as documenting sex, age, ethnicity and individual risk
factors, such as smoking, diet, medical and drug history,
infection, urban or rural dwelling, and occupational history.
The majority of patients providing cholangiocarcinoma tissue
for this investigation had died prior to the start of the study,
and not all the aforementioned information was available
from clinical notes. Future prospective data sets should ideally
include this information.

In future studies, full mutational spectra, including non-
coding regions and intron-exon boundaries, should be sought.
Complete descriptions of all mutations found should be
given, including codon, nucleotide, exact base change and
consequence (amino acid substitution, insertion, deletion
etc). Some mutations described in published studies may
result from laboratory errors such as contamination and
polymerase errors. These can be minimised by encouraging
repeat analysis of all positive tumours to confirm the presence
of mutation, ideally in a second, independent laboratory. This
would be particularly important with respect to rare and unusual
mutations, but is unlikely to happen without scientific journals
encouraging this practice with their editorial policies. The
IARC database claim a policy of contacting authors of reports
containing unclear data for clarification, but the response rate
is poor (25). Finally, the effects of point mutations, including
intronic mutations, should ideally be analysed at the mRNA
level before drawing conclusions about the importance of the
affected amino acid, as their correct classification in terms of
the actual mechanism of gene inactivation is essential for
understanding structural and functional interrelationships
in the corresponding protein (20,25). Hence future studies
should investigate whether identified p53 mutations disrupt
p53 function, or lead to its aberrant expression. Ideally, p53
mutations should be analysed at different stages of cholangio-
carcinogenesis to ascertain their role along the carcinogenic
pathway. However, given the relatively low occurrence of
cholangiocarcinoma, its typically late clinical presentation
and the absence of well-defined precursor lesions, such
studies would be difficult to carry out.

Although this study reports three previously unknown
mutations of p53 in cholangiocarcinoma, we were unable to
reveal a characteristic mutational signature. Nevertheless, it

is worthwhile pursuing the further molecular characterization
of cholangiocarcinoma, a fatal, increasing disease with a very
poor prognosis and a lack of effective treaments. Increasing
our understanding of the relationship between structure
and function of mutations and the corresponding proteins, is
potentially important not just for enlightening on aetiology,
but also because this may lead to earlier diagnosis, better
prognostic markers and more effective therapies.
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