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The p53 protein is a multifunctional transcription
factor: it regulates cell cycle progression and interacts
with several key proteins involved in DNA replication,
transcription, repair and apoptosis. Nearly 60% of all
human cancers of different origin are accompanied by
mutational events in the p53 gene [2, 10, 14]. Levels
and/or activity of p53 increase in response to DNA da-
maging agents, decreased oxygen, oncogenic stimuli,
cell adhesion, altered ribonucleotide pools and redox
stress [2, 9, 10, 14]. It is generally assumed that the
tumor suppressor properties of the p53 protein in cells
with multiple DNA damages are associated with apop-
tosis [15]. Deletions, insertions and base substitutions
in the p53 gene can alter its function and cells with
multiple DNA damages are not eliminated but accu-
mulate mutations, which contribute to the tumor de-
velopment. But is this sufficient to argue that mutations
in p53 are the key events in tumor formation, as it is
generally supposed?

It is well-known that mutations occur via several
different pathways: polymerase replication errors, DNA
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damages due to endogenous processes (e.g., deami-
nation of methylated cytosine at CpG sites) and DNA
damages due to exogenous mutagens. The fate of
those mutations may depend on several conditions:
1) cell origin (tissue specificity); 2) the stage (grade) of
tumor progression (for spectra obtained from tumor
cells); 3) the cell-to-cell interactions. Besides, muta-
tional spectra under consideration relate only to those
�admitted� mutational events, which are compatible with
cell surviving.

The influence of 1�3 mentioned above factors on the
mutational spectra of the p53 gene usually was not taken
into account [26], presumably due to the failure in achiev-
ment of statistical significance. The 10 000 mutations in
the IARC database (release 3, 1999) is a large number
only when considered as a whole; the number of muta-
tions observed within a single tumor subclassification is
usually quite small [12]. Earlier it was shown that muta-
tional spectra of the p53 gene varried in different types
of tumors. In skin and colon cancer the most frequently
observed mutations are GC -> AT transitions. While ma-
jority of the transitions found in skin cancer are at dipy-
rimidine sites (the primary sites for UV photo lesions)
the transitions observed in colon cancer are localized in
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Ïðîâåäåí ñðàâíèòåëüíûé àíàëèç ìóòàöèîííûõ ñïåêòðîâ ãåíà ð53 ó íîñèòåëåé ñèíäðîìà Ëè-Ôðàóìåíè (íàñëåä-
ñòâåííàÿ ïðåäðàñïîëîæåííîñòü ê ðàçâèòèþ îïóõîëåé â ðàçíûõ òêàíÿõ) è ñîìàòè÷åñêèõ ìóòàöèé â îïóõîëÿõ
ðàçëè÷íîãî ãèñòîãåíåçà, à òàêæå â ïîëó÷åííûõ èç íèõ êëåòî÷íûõ ëèíèÿõ. Â ìóòàöèîííûõ ñïåêòðàõ ñîëèäíûõ
îïóõîëåé ðàçëè÷íîãî ãèñòîãåíåçà îáíàðóæèâàþòñÿ “ãîðÿ÷èå” ñàéòû ìóòàöèé, ñîâïàäàþùèå ñ âûÿâëåííûìè ó
ëþäåé ñ ñèíäðîìîì Ëè-Ôðàóìåíè (CpG-ñàéòû), à òàêæå óíèêàëüíûå äëÿ îïóõîëåé îïðåäåëåííîãî ãèñòîãåíå-
çà, íîâûå “ãîðÿ÷èå” ñàéòû, îòñóòñòâóþùèå ó òàêèõ áîëüíûõ (CpG- è íå-CpG-ñàéòû). Ñðàâíèòåëüíî ìàëî
“ãîðÿ÷èõ” ñàéòîâ ìóòàöèé îáíàðóæèâàåòñÿ â ëèìôîìàõ è â êëåòî÷íûõ ëèíèÿõ, ïîëó÷åííûõ èç îïóõîëåé è
àäàïòèðîâàííûõ ê ðîñòó in vitro. Ïîëó÷åííûå äàííûå ïîçâîëÿþò ïðåäïîëîæèòü, ÷òî êîëè÷åñòâî è ðàñïðåäåëå-
íèå “ãîðÿ÷èõ” ñàéòîâ ìóòàöèé â ãåíå p53 ìîæåò çàâèñåòü îò ìåæêëåòî÷íûõ âçàèìîäåéñòâèé.
Êëþ÷åâûå ñëîâà: “ãîðÿ÷èå” ñàéòû ìóòàöèé, ãåí p53, êëàññèôèêàöèÿ ìóòàöèé, îïóõîëü, ñèíäðîì Ëè-Ôðàóìåíè.
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CpG sites [3; 11]. Transversions, such as GC -> TA,
which are predominant in lung cancer, are not found in
skin cancer [3]. It was shown that p53 mutation profile in
brain tumors closely resembles the set of germline mu-
tations identified in Li-Fraumeni cancer syndrome fam-
ilies. It was shown also that mutational spectra of the
p53 gene are related is some organs and in some other
do not [16]. However, the classification of frequencies of
different p53 mutations and the comparison of hotspots
distribution in releavance to the possible influence of
mentioned above factors in different tumors and in cell
lines have not been done yet.

Here we, firstly, tried to reconstruct the most ho-
mogenous mutational spectra of the p53 gene and,
secondly, to classify there mutational events as hotspots
or cold spots. This approach helps to highlight the pos-
sible influence of any one of 1�3 factors on the hot-
posts� occurence in mutational spectra and the possi-
ble relationship between tumor initiation/progression
and mutational events in the p53 gene.

MATERIALS AND METHODS
Mutational samples were received from IARC Da-

tabase for p53 mutation [11] based on keywords (KWs).
Only those tumors were selected where the number of
mutations and independently investigated samples in
the IARC Database was sufficiently great (> 40 muta-
tions). This group includes tumors of lung, colon, blood,
bladder (mutational spectra denoted in tables: Lung,
Colon, Blood, Bladder). Two sources of possible dif-
ferences in the mutational spectra of the p53 gene were
introduced: 1) cell origin (KWs: colon, bladder, lung);
2) the source of the cells (KWs: cell line, surgery). These
mutational spectra could have simultaneously several
sources of possible differences, for example: mutational
spectra obtained in cell lines, derived from lung tumors,
and mutational spectra, obtained in surgically resected
lung tumors. The tumors were divided into two groups -
solid tumors (lung, colon and bladder cancers) and tu-
mor cell populations with the relatively weak intercel-
lular interactions - lymphomas and cell lines in vitro.

Sufficiently large mutational collections from cell lines
(> 40 mutations in the IARC p53 database) exist only
for Lung and Blood (mutational spectra denoted in ta-
bles Lung-cell and Bl-cell). The lymphomas only (tu-
mors, originated from B-cells) were investigated for
blood tumors to decrease the mutational spectra he-
terogeneity related with cell types. Thus two different
mutational spectra were investigated for lymphomas
and surgery/cell-line.

Germinal mutations in p53, revealed from germ-
lines of individuals from cancer-prone families (con-
forming to the criteria of Li-Fraumeni syndrome, a rare
heredity autosomal cancer syndrome characterized by
early-onset sarcomas, brain tumors, premenopausal
breast cancer, leukaemias and adrenocortical tumors
[23]) were also considered. These mutations were se-
lected from database [3], where 110 such entries are
presented. These germline mutations are termed �con-
stitutive� (Figure).

As the number of deletions, insertions and tandem
mutations in p53 presented in databases is much more
lower than the number of substitutions, for construc-
tion of mutational spectra only base substitutions were
considered. Investigated mutational spectra are de-
scribed in Table 1 (for detailed information see [3; 11]).
The mutational events were observed from position 1
to 1179 (cds, protein-coding region).

The analysis of mutational spectra in the p53 gene
was carried out using the CLUSTERM computer pro-
gram (URL: www.itba.mi.cnr.it/webmutation; [8]). The
program separates mutational spectra into statistically
homogeneous classes. It was shown that the distribu-
tion of mutational events may be approximated via a
mixture of binomial distributions with different param-
eters (probabilities and weights). A single distribution
corresponds to a single class of sites (positions with
observed mutations) with equal probabilities for muta-
tions to be observed. This model allows to operate with
relatively small sample size (approximately more than
30 mutational events). The class of hotspots is defined
as the class with the greatest binomial probability. How-
ever, this definition is not sufficient for mutational spectra
in the p53 gene and will be discussed below.

RESULTS AND DISCUSSION
The number of 0-sites. In this work we have ana-

lyzed 10 mutational spectra in p53 gene (see Table 1).
Number of mutations varies significantly from 43 to 398
mutations. These mutations were observed at various
sites of p53 gene (see Table 1). For correct classifica-
tion by CLUSTERM it is important to define the num-

Table 1. The distribution of substitution numbers for tumors of different 
origin in databases for p53 mutations [3, 11] 

Spectrum identi-
fier 

Total number of 
substitutions 

Total number of 
different sites per 
tumor altered by 

substitutions 

Number of sites 
without substi-
tutions (0-sites) 

Germline 105 56 243 
Solid tumors 

Bladder 212 109 190 
Colon 238 82 217 
Lung 398 143 156 

Cell lines and blood tumors 
Lung-cell  78 44 250 
Blood 160 80 219 
Bl-cell 43 27 272 
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Figure. The hotspots� distribution in the spectrum of germline
mutation (constitutive), revealed from germlines of individuals from
cancer-prone families (conforming to the criteria of Li-Fraumeni
syndrome)
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ber of 0-sites (the sites where mutations could be ob-
served but were not revealed so far due to restricted
data volumes ([8]). Various approaches for estimation
of 0-sites number has been tested. Finally we used
the next one: on the first step we merged all 10 spectra
together. Only sites in which more than 1 mutation was
observed were taken into account. Detection of muta-
tions is not 100% accurate technique, and we tried to
minimize effect of errors in detection and annotation.
Number of sites with 2 or more mutations (S2 = 193) is
significantly smaller in comparison with total number of
sites with mutations (S1 = 301). Number of 0-sites was
calculated for each spectrum as S2 � M, where M is
the number of sites within this spectrum. Numbers of
0-sites are shown in Table 1. In this work we used an
intermediate numbers of 0-sites which have at least 2
mutations, and such definition of 0-sites is reasonable
from our point of view. However, we can not guarantee
that such definition is valid for all analyzed spectra.

Hotspot estimation. The majority of mutational
spectra in p53 gene has been divided by the CLUS-
TERM program into two classes with different binomial
probabilities (Table 2). Usually the first class includes
mutations with relatively low probability of occurrence:
«cold spots», the number of mutations 1�7 and 0-sites;
the second class includes mutations with higher proba-
bility of occurrence: hotspots, the number of mutations
8�21. In the germline sample the number of mutation in
the second class is 5�9.

If mutational spectrum is divided on the three or more
classes the simple criterion has been used. If the spec-
trum contains N sites with mutations, under the hy-
pothesis of �equal probability of occurrence� the ex-
pected probability of mutation in any site is p* = 1/N. If
(1) the probability pi of i-th class pi > p* and (2) this
class does not contain 0-sites, we suppose that i-th
class contains hotspots, otherwise do not. Three class-
es have been revealed for the Colon and Lung spectra
only. As was pointed out in Matherial and Methods,
usually we consider as hotspots sites from class with
maximal binomial probability of mutations occurrence.
For Colon spectrum two out of three classes show re-
latively high probability of mutations occurrence (p1 =
0.5 and p2 = 0.12 versus p3 = 0.002) and do not con-
tain 0-sites; N = 219 and p* = 0.04,  p1, p2 > p*, p3 < p*.
Thus we consider sites from both classes as hotspots.

For Lung spectrum two classes show relatively low
probability of mutations occurrence (p1 = 0.0008 and
p2 = 0.007) and both contain 0-sites; third class does
not contain 0-sites and has the probability p3 = 0.03;
N = 297 and p* = 0.003, p1 < p*, p2, p3 > p*. But class
2 can not be defined as a class with hotspots since
contains 0-sites. Thus we consider sites from the only
class 3 as hotspots, taking into account only those, for
which the probability of occurring there was greater than
0.95.  Thus for Colon and Lung spectra the sites with
6-29 and 10-20 mutations, respectively, were classi-
fied as hotspots.

The analysis of hotspots in Bl-cell and Blrd-a spec-
tra revealed one class of sites (each mutational spec-
trum was approximated by one binomial distribution),
although this result was not statistically significant (ob-
served and predicted distributions were statistically dif-
ferent). To test the reasons of such differences, the site
with maximal number of mutations (for example, posi-
tion 839 with 6 mutation in the Blrd_a spectrum) was
removed from analysis. Such approach is similar to
cutting of sites [24]. Removal of positions with maximal
number of mutations was repeated until no significant
differences between observed and predicted distribu-
tions were obtained. Although such approach is heu-
ristic, it can be suggested that that the removed posi-
tions are mutational hotspots. But thus obtained re-
sults for Bl_cell (4 hotspots, two are new, i.e. never
observed in Blood surgery spectrum) seems not be
reliable and presumably are biased because of small
ratio of sites with mutations (the smallest one, 43 sites)
and 0-sites (the largest one, 272).

Pairwise comparison of mutational spectra. To
compare two mutational spectra, the vectors of �signal�
sites (including the hotspots observed at least in one
spectrum) were composed. The hypergeometric test [1,
5] was carried out and probabilities of spectra similarity
were calculated (Table 3). For the half of all investigated
spectra statistically significant differences were observed
(after Bonferroni correction for multiple comparisons the
value of P < 0.001 suggests that two spectra are signifi-
cantly different). Since statistically significant differenc-
es were observed for all spectra from the solid tumors it
could be supposed that the factor of cell origin has real
influence on the hotspots occurrence, especially for the
solid tumors. The hotspot distribution in lymphomas and
cell lines was similar to that in the solid tumors. The high-
est probability of similarity was observed for Germline
and Colon spectra (see Table 3).

Hotspots overlapping in different tumors. The
data obtained suggest that the hotspots in the spec-
trum of germline mutation (constitutive) represent tran-

Table 2. Mutational hotspots in p53 gene from tumors of different origin  

Hotspot type* Identifier Hotspot  
position Constitutive New 

Germline 524, 733, 742, 743, 
817, 818, 844 

  

Bladder  524, 659, 722, 742, 743, 
818, 839, 844, 853  

524, 742, 743, 818, 
844 

659, 722, 839, 853 

Colon  524, 586, 733, 734, 742, 
743, 817, 818, 844 

524, 733, 742, 743, 
817, 818, 844 

586, 734 

Lung 469, 473, 734, 746, 
747, 817, 818, 844 

734, 817, 818, 844  469, 473, 746, 747 

Lung-cell 469, 743, 818, 743, 818 469 
Blood 524, 743, 818 524, 743, 818 � 
Bl-cell 743, 817, 818, 844 743, 817, 818, 844 � 
* Constitutive hotspots are presented in the germline spectrum (mutations 
in p53 gene observed in families with Li-Fraumeni syndrom); new hot-
spots are unique for each type of tumor. 

Table 3. The probability of spectra homogeneity, calculated by hyper-
geometric test (pairwise comparisons)  

Identifier Bladder Colon Lung Lung-cell Blood Blood-cell 
Germline 0.00 0.43 0.00 0.003 0.06 0.2 
Bladder   0.00 0.00 0.07 0.004 0.09 
Colon    0.00 0.006 0.16 0.20 
Lung     0.02 0.00 0.004 
Lung-Cell     0.01 0.26 
Blood      0.05 
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sitions in CpG sites (7 hotspots; see Figure). It is gene-
rally assumed that this is the most frequent type of mu-
tation in p53 which damaged suppressor function [20].
The hotspots in tumors of different histogenesis over-
lap (i.e. are simultaneously observed in several spec-
tra) only at sites where hotspots of germline mutation
are usially observed (see Figure, Table 2). New hotspots
that are not observed in the germline spectrum are spe-
cific for the tumor origin. They are observed at CpG
sites as well as non-CpG sites (see Table 4). Thus we
can generalize that distribution of hotspots in each tu-
mor is formed from (1) a common set of CpG hotspots
specific for the germline spectrum and (2) a set of new
CpG and non-CpG hotspot sites unique for different
tumors (see Table 2). For example, spectra of colon
and bladder tumors share 5 common hotspots that are
also observed in the germline spectrum. Besides, the
new hotspots, which independently occurred in 4 po-
sitions in the spectrum of bladder tumor mutations, are
absent in the spectrum of colon tumors mutations as
well as in all other spectra, and this is true also for the
new hotspots occurred in 2 positions of colon tumors
mutations. Thus our analysis suggest that the distribu-
tion of the hotspots in p53 gene is tumor-specific at
the �non-constitutive� sites. It is in agreement with the
results of other investigators. In general the specificity
of spectra is explained in terms of the fingerprints of
DNA damages caused by specific mutagens [20]; our
data suggest that specificity of spectra reflects also the
cell-to-cell interactions.

It should be noted that the set of the p53 hotspots
obtained using CLUSTERM program coincide with the
hotspots of highest statistical significance, described in
[26]. It could be supposed that less significant hotspots
revealed by [26] originate from the mingling of all p53
mutations that occurred in tumors of different origin in
the single spectrum. As one can see from our data, this
approach can result in a confusion. For example, it is

pointed out [26] that positions 469, 473, 746, 747 are
p53 hotspots of highest statistical significance, but that
this is true only for lung tumors (see Table 2).

The almost complete coincidence of the hotspots,
observed in the spectra of colon tumor mutations and
the hotspots in the spectrum of germline mutations is
in agreement with previously obtained data [13] which
suggested that at least these hotspots are not related
directly to the tissue-specific processes of tumor de-
velopment. As it was mentioned above, in families with
germline mutations in p53 early-onset sarcomas, brain
tumors, premenopausal breast cancer, leukaemias and
adrenocortical tumors, but not colon tumors, are mainly
observed. Hence, the direct relation between the
hotspots in p53 gene and tumor initiation should be
excluded at least for the hotspots, specific for the ger-
mline spectrum. These constitutive mutations permit
the reproduction of whole organisms (the members of
cancer-prone families) and do not disturb the processes
of organ development and normal tissue differentia-
tion. Could it be supposed then that germline constitu-
tive mutations represent just the spontaneous p53
mutational spectrum should be determined.

Thus the occurrence of mutations at these sites not
necessary leads to tumorigenesis. In other words, the
tumor-supressor function of p53 may not be altered by
occurrence of mutations at these sites.

The role of constitutive hotspots. The clarifica-
tion of this opinion can be obtained from analysis of
types of amino acids residues in the hotspots (Table 4).
The obtained data suggest that all of them are mis-
sense mutations and do not lead to occurrence of ter-
mination codons. The structure of p53 can be divided
into three main domains: an N-terminal activation do-
main, a central domain and a C-terminal domain. All
observed hotspots were found within the central do-
main of p53 (residues 102�292). Seven constitutive
hotspots are located in arginine-coding codons (see

Table 4. Types of amino acids substitution in hotspots of tumors of different origin 

Number of mutations in hotspots Position 
Codon 

Hotspot context1 

substitution type Germline Bladder Colon Lung Lung-cell Blood Blood-cell 
CONSTITUTIVE 

524/175 G CgC T, R-> H 82) 6 29 7 1 7 2 
733/245 C gGC A, G-S,C,R 6 1 16 8 3 4 0 
742/248 C cGG A, R-W,G 9 6 18 6 0 2 0 
743/248 C CgG A, R->Q 8 17 29 8 7 18 6 
817/273 G cGT G, R-G,C,S 7 2 9 10 1 4 3 
818/273 G CgT G, R-Q,L,P 5 6 17 20 6 11 3 
844/282 C cGG C, R->W 6 10 9 11 2 4 3 

NEW 
469/157 C gTC C, V->F,L 0 3 2 10 4 0 0 
473/158 C CgC G, R->L,P 0 3 2 17 2 0 0 
527/176 C TgC C, C->F,Y 0 2 2 4 1 2 2 
586/196 T CcG A, R->X 0 2 6 0 1 2 1 
659/220 C TaT G, Y->C 1 6 2 4 1 3 0 
722/241 T TcC T, S->C,F 1 7 0 1 0 0 0 
734/245 C GgC A, G->D,V 2 1 8 10 1 2 1 
746/249 G AgG C, R->M 0 0 0 12 0 1 0 
747/249 G AgG C, R->S 0 2 4 14 0 0 0 
808/270 G CtT T, F->I,V  0 1 2 3 0 0 0 
826/276 G TgC C, A->S 0 1 0 4 0 1 0 
839/280 G AgA G, R->T,K 0 8 3 4 1 2 0 
853/285 A gAG G, E->K 0 8 1 1 3 0 1 
869/290 C CgC A, R->L,H 0 0 0 0 0 0 0 
1 CpG sites are underlined; hotspot position is shown in lower-case letters. 
2) Bold font marks hotpots. 
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Table 4). Arginine is a charged polar (basic) amino acid
and thus can be important for the DNA binding activity.
It was shown that transcriptional activation/repression
domain lies within residues 1�42, [6; 17] and proline-
rich region - between residues 60 and 90 - was found
to be necessary for efficient growth supression and
apoptosis [25, 28]. C-terminal domain was found to be
necessary for tetramerization (residues 334�356), non-
specific DNA binding and for regulation the sequence-
specific DNA binding activity [14]. Central domain binds
DNA in the sequence-specific manner. Missense mu-
tations within this domain involve either (1) DNA con-
tact residues, or (2) residues important for conforma-
tional structure. It was shown that DNA contact mu-
tants can be carried into specific DNA interaction when
co-expressed with wild type protein and most of the
structural mutants retained DNA-binding capacity [21].
Thus, according to these data, substitutions in the
hotspots analyzed here do not lead to breakage of the
major functions (transcriptional activation/repression,
cell cycle arrest and apoptosis) of the p53 gene.

The influence of cell growth conditions. It is well
known that any tumor is the community of genetically
heterogeneous cell clones. The tumor progression in
this context may be termed as the appearance of new
types of cell clones and the selection of the most ag-
gressive ones under tissue-specific constraints [18; 22].
To reveal the influence of this clonal selection on the
distribution of mutations it is reasonable to compare:
(1) mutational spectra, typical for the tumors of differ-
ent histogenesis observed in vivo and (2) mutational
spectra in the cell lines originated from these tumors.

The analysis of the available samples of mutational
spectra in cell lines originated from lung and blood tu-
mors reveals that the distribution of the observed
hotspots is partially preserved when cells are main-
tained in vitro (table 4). The statistically significant dif-
ferences between two cell lines spectra were not re-
vealed, as well as between them, Blood and some solid
tumors (see Table 3). In general, in cell lines and sus-
pensional tumor spectra much less hotspots were ob-
served, in comparison with solid tumors (see Table 2,
3). Thus, regarding the frequency of hotspots lympho-
mas are more similar to the cell lines. Those facts to-

gether with observed statistically significant differenc-
es between spectra of solid tumors of different origin
allow to hypothetize that the hotspots are the finger-
prints of cell growth conditions (particularly, cell-to-cell
interactions) in different tumors and are not related to
tumor initiations. This hypothesis is in good correspon-
dence with data [19] where it was revealed that tumor
cells can be propagated from the primary tumor before
mutations of the p53 gene occur and that these muta-
tions are not essential for early dissemination of can-
cer cells [19]. There is evidence for the participation of
p53 protein in the control of cell proliferation via regu-
lation of cell interactions with extracellular matrix [27];
the peculiarities of these interactions might strongly in-
fluence the observed �permitted� mutational spectra in
p53.

However, specificity of mutagenesis also can signi-
ficantly affect the hotspot distribution. For example,
higher frequency of mutations in CpG sites is typical
for Germline, both Colon and Bl_cell spectra (Table 5).
Frequency of different types of substitutions also var-
ies significantly. For example, a high proportion of G-
>T mutations was observed in all Lung spectra (see
Table 5).

In summary, our investigation of the p53 gene
hotspot distribution demonstrated that: (1) the sets of
overlapping hotspots are observed that are present in
both the germline spectrum and spectra from tumors
of different origin (CpG sites); (2) some of the germinal
hotspots are absent in different tumors; (3) some new
hotspots absent in the germline spectrum are observed
for some solid tumors (CpG and non-CpG sites); (4)
hotspots are nearly absent in the mutational spectra
from lymphomas and cell lines in vitro. Presumably tu-
mor-supressor function of p53 is not affected by mu-
tations in sites, which were revealed as hotspots for
patients with Li-Fraumeni syndrome. The obtained data
suggest that the peculiarities of cell growth conditions
in solid tumors of different origin may influence the dis-
tribution of hotspots in the p53 gene. Thus the tumor-
specificity of p53 mutational spectra presumably de-
pends on the cell-to-cell interactions as well as on
specificity of mutagenesis.
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