
 The Open Environmental & Biological Monitoring Journal, 2008, 1, 43-47 43 

 

 1875-0400/08 2008 Bentham Open 

Open Access 

Genetic Reconstruction of One Hereditary Nonpolyposis Colorectal  
Cancer History with Multiple Initiations of the Disease 

Olga A. Vostrukhina
1,2,*, Tatyana A. Shtam

1
, Alexey V. Gulyaev

3
, Kazimir M. Pozharisski

4
 and 

Vladislav A. Lanzov
1,2

 

1
Division of Molecular and Radiation Biophysics, B.P. Konstantinov Petersburg Nuclear Physics Institute (PNPI), Russian 

Academy of Sciences, Gatchina/St. Petersburg, 188300, Russia; 
2
Research-Education Center Biophysics, St. Petersburg 

State Polytechnic University and PNPI, St. Petersburg 194021, Russia; 
3
Division of Gastrointestinal Tumors, Prof. N.N. 

Petrov Research Institute of Oncology, Ministry of Health, St. Petersburg, 197758, Russia and 
4
Laboratory of Immuno-

histochemistry, Central Research Institute of Roentgenoradiology, Ministry of Health, St. Petersburg, 197758, Russia 

Abstract: The scheme of accumulation of genetic alterations in a long-term case of hereditary nonpolyposis colorectal 

cancer (HNPCC) was reconstructed by the retrospective analysis of postoperative tissue materials. This unique case re-

sulted from a primary lesion in MLH1 gene and revealed two genetic pathways of carcinogenesis in tumors separated by 

lifetime and localization. 

INTRODUCTION  

 Hereditary nonpolyposis colorectal cancer (HNPCC), 
also known as the Lynch syndrome, is the most common 
form of hereditary colorectal cancer [1]. A hallmark of tu-
mors in HNPCC is microsatellite instability (MSI) [2-6] or, 
in other words, contraction or elongation of microsatellites 
due to the misalignment of their repetitive nucleotides during 
DNA replication. Such abnormalities are corrected by human 
mismatch repair (MMR) system [7]. Since an interconnec-
tion between HNPCC, MSI and MMR have been found, it 
became clear that the MMR deficiency appears to be a spe-
cific molecular mechanism responsible for HNPCC.  

 A germ-line mutation is a primary lesion in HNPCC. 
Two genes of the MMR system, MLH1 or MSH2, account 
for about 90% of all such mutations [1]. Gene MLH1 is an 
important constituent of MMR system [8,9]. Its product 
forms two heterodimers with other MutL-like paralogs 
(MLH1+PMS2 and MLH1+PMS1). All other genes contain-
ing repetitive sequences within their coding regions can be 
considered as equal targets for secondary lesions owing to 
the mutator phenotype acquired by somatic cells. However, 
variations in the frequency of these secondary mutations do 
occur. Among different target genes studied to date, about 20 
have been described as those, which accumulate mutations in 
HNPCC [10-13]. 14 critical genes were used in this study. 
These include two classes of cancer genes: tumor-suppre- 
ssors and so called “stability genes”. The former class con-
tains genes operating at physiological level including such 
genes as: IGFIIR (dG8), TGF RII (dA10), BAX (dG8) [14], 
E2F4 (dCAG13) [15,16], TCF4 (dA9), Caspase-5 (dA10), 
MED1 (dA10) and RIZ (dA9) [10] (numbers in parentheses 
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show a microsatellite sequence within the gene). They code, 
respectively, IGFIIR protein – the insuline-like growth factor 
II receptor, TGF RII – transforming growth factor beta type 
II receptor, BAX – proapoptotic protein (BCL-2 associated 
X protein), E2F4 and TCF4 – transcription factors, Caspase-
5 – apoptosis-related cysteine protease, MED1 – metyl-CpG-
binding endonuclease minimizing mutation at methyl-CpG, 
RIZ – a retinoblastoma protein-interacting zinc finger pro-
tein. The class of stability genes is comprised of two genes 
from MMR system, – MSH6 (dC8) and MSH3 (dA8) [16], 
and four genes responsible for recombination repair and 
chromosome segregation – BLM (dA9) [17], MRE11 (dT11), 
RAD50 (dA9) and ATR (dA10) [11,18,19], which code, re-
spectively, MSH6 and MSH3 proteins – two of five MutS 
homologs forming the MSH2+MSH6 and MSH2+MSH3 
heterodimers that operate in the MMR system, BLM –  
member of the RecQ family of helicases, MRE11 and 
RAD50 proteins involved in recombination repair of double-
strand DNA breaks, and ATR (ataxia-telangiectasia and 
RAD3-related) – a member of the phosphatidylinositol 
kinase-related kinase family.  

 One of the basic questions of HNPCC tumorigenesis is 
those initial target gene mutations, which promote the pro- 
cess in each special case. In addition to approaches described 
earlier [12-15], the comparison of genetic profiles of multi-
ple metachronous cancers growing in the colorectal area of 
individuals seems to be reasonable. Here, we report a genetic 
reconstruction of a case of HNPCC with multiple cancers 
carrying a germinal mutation in MLH1 gene. This approach 
allows us to reveal the genetic pathways of initiation and 
progression of an individual case of HNPCC tumorigenesis.  

MATERIALS AND METHODS 

Family Pedigree Information and HNPCC History 

 This information was obtained from the proband. Ac-
cording to the history, the proband brother and her two sis-
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ters had colorectal cancers and died at 30, 52 and 70 years of 
age, respectively. Her daughter died at age 17 from colorec-
tal carcinoma too. Starting from 38 years of age and during 
the last 30 years of her life, the proband had eight surgical 
operations. First operation was on account of adenocarci-
noma (AdCa) of the sigmoid colon [tumor 1 (T1)]; three 
years later – carcinoma of the uterine cervix (T2); eight years 
after T2 – tubulovillous carcinoma of the transverse colon 
(T3); eighteen years later – AdCa of the transverse colon 
(T4); six months later – the same as T4 but with invasion in 
stomach and duodenum (T5); five months later – the same as 
T4 but with invasion in stomach and small intestine (T6); 
and four months later – AdCa of the gall-bladder (T7) with 
metastases in lymph nodes (T8) and liver (T9). Fig. (1) de-
picts four tumors from those seven, which were used for 
genetic analysis. After the fourth tumor resection, the malig-
nancy was diagnosed as the metachronous multiple primary 
cancer. However, Amsterdam criteria I for HNPCC was met 
by the proband family, whereas the association of colorectal 
cancer with extracolonic cancer gave evidence for more de-
tailed diagnosis of Lynch syndrome II [1]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (1). Photomicrographs of some tumor samples used in the 

retrospective genetic analysis.  

Poorly differentiated AdCa (T1) of the sigmoid colon [A; Hema-

toxylin and Eosin (H&E), magnification x100]. Moderately differ-

entiated AdCa (T5) of the transverse colon (B; H&E, x200). Mod-

erately differentiated AdCa (T6) forming an extensive conglomer-

ate in the region of ileotransverse anastomosis (C; H&E, x200). 

Moderately differentiated AdCa (T7) with the foci of indurations 

which invade into the muscular stomach wall from serous mem-
brane (D; H&E, x200). 

 The tumor and normal tissue paraffin sections were re-
ceived from Archives of pathologoanatomic laboratory at 
Prof. N.N. Petrov Research Institute of Oncology in St. Pe-
tersburg (Russia). 

 Unfortunately, the T2 tumor specimen was not available 
for our testing and the T3 specimen contained a limited 
number (only 20%) of cancer cells. Thus, T2 and T3 speci-
mens were not involved in the further retrospective genetic 
analysis. The paraffin sections of five other proband tumors 
(T1, T4 – T7) and two metastases of T7 (T8 and T9) were 
used. 

DNA Purification 

 Making use of the routine proteinase K-phenol-chloro- 
form extraction method of DNA purification, DNA from the 
regions of specimen with a large proportion (60-80%) of 
tumor cells was compared with that of normal tissue from 
the same samples. DNA from tissue specimens from three 
healthy individuals was used for identification of germinal 
mutation. 

PCR Amplification 

 For each pair tumor/norm, specific DNA fragments con-
taining either microsatellites (I) or exons (II) of MLH1, 
MSH2 and p53 genes were amplified using Programmable 
Temperature Control System PC-700 (“Astec”, Japan). PCR 
was carried out as follows: 1 cycle of 95ºC for 4 min; 35 
cycles that included 94ºC for 30 sec (I) or 1 min (II), then 
60º for 40 sec (I) or 1 min (II) or as recommended by [14-16] 
for each special primer, 72º for 40 sec (I) or 1 min (II), and 
finally one cycle of 72º for 7 min. 

 Standard reaction mixture (20 μl) contained 250 mM of 
each dNTP, 10 pM of each primer (from “Syntol”, Moscow, 
Russia), 60-100 ng DNA, 1 unit of Taq DNA polymerase in 
the original buffer (“Sibenzyme”, Novosibirsk, Russia). 56 
pairs of primers used in the study have been reported previ-
ously [16-18]. Their structures were checked and sometimes 
corrected in accordance with the NCBI DNA sequence data-
base (GenBank).  

Mutation Analysis 

 To reveal mutations within the amplified DNA fragments 
(in pairs: cancer vs. normal cells), two PAGE protocols fol-
lowed by silver staining were used. Primary search for the 
mutational changes in DNA was performed by the single-
stranded DNA conformation polymorphism (SSCP) [20] that 
gives the qualitative answer regarding to the presence of 
mutations. Secondary search for changes in the number of 
nucleotides was done by the denaturing gel electrophoresis. 
The latter allows finding of deletions and insertions within 
microsatellites of the target genes analyzed. When it was 
necessary, sequence analysis was also done to clarify the 
results. 

RESULTS AND DISCUSSION 

Search for a Germ-Line Mutation 

 Both BAT26 (dA26) and BAT40 (dA40) microsatellite 
loci [21] showed a high-frequency of MSI in all samples 
analyzed (Table 1) that was usually expected for tumors 
originated from defects in the MMR system. In order to find 
a germ-line mutation 19 exons of MLH1 and 6 exons of 
MSH2 genes were scanned by PCR-SSCP. When compared 
with the control specimens from healthy individuals, all tu-
mor and normal tissues of the patient were found to contain 
damage in the exon 10 of MLH1 gene. Sequencing of corre-
sponding DNA (Fig. 2) revealed a dA/dT deletion in 66 posi-
tion of the exon 10 of MLH1 (codon 286) that resulted in 
formation of stop-codon in the third position of exon 11 
(codon 295), and, as a consequence, truncation of the MLH1 
protein (yielding 294 amino acids instead of 756). As far as 
we know [22], this germ-line mutation has not been reported 
previously.  
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Genetic Profile of Tumors Analyzed 

 DNA purified from 14 specimens (cancer and normal 
tissues of 5 tumors and 2 metastases) was amplified at mi-
crosatellite regions located in 14 genes: MSH6, IGFIIR, 
TCF4, TGF RII, BAX, E2F4, Caspase-5, MRE11, MSH3, 
BLM, MED1, RIZ, ATR and RAD50. Additionally, five exons 
(from 5 to 9) of p53 gene [20] with a well-known hot 
mutagenic activity were amplified too. The amplified DNA 
fragments from pathological and normal tissues were com-
pared by SSCP for qualitative analysis, and by denaturing 
gel electrophoresis for quantitative conclusions. Frameshift 
mutations found in 8 out of 15 tumor suppressor and stability 
genes (including those shown in the footnote) are presented 
in Table 1. For the most part the mutations were heterozy-
gous. As expected [1], no mutation was found in the p53 
exons that were analyzed. The mutation profile of the subse-
quently growing tumors was as follows: T1 – MSH6, IG-
FIIR, E2F4, MRE11, T4 and T5 – MSH6, IGFIIR, TCF4, T6 
– MSH6*, IGFIIR*, TCF4, TGF RII, BAX; T7 and its metas-
tases T8 and T9 – MSH6, IGFIIR, TCF4 and Caspase-5 
(sign * shows homozigosity). 

 Since T6 differed from other tumors by a large number of 
mutations, five sections of this tumor taken from its center to 
the edges, or, in other words, from early to late events of 
tumor progression, were analyzed additionally (Table 2). The 
following genetic profiles were obtained. Section T6(1), that 
contained the earliest events of tumorigenesis, had mutations 
in genes MSH6*, IGFIIR, TCF4, TGF RII; section T6(2) 
revealed an additional mutation in BAX; T6(3) had an addi-
tional mutation inactivating both alleles of IGFIIR* gene. 
Such a mutation profile was maintained in sections T6(4) 
and T6(5). Fig. (3) illustrates a typical analysis of tumor 
/normal (T/N) DNA fragments of different genes amplified 
from the tissue material of the T6(5) section. 

 

 

 

 

 

 

 

 

 
 
 

 

Fig. (2). Nucleotide sequence analysis of MLH1 gene by the PCR-

sequencing of exon 10 from a patient tissue sample (the top line) 

and a normal one (the bottom line). The arrow shows a nucleotide 
shift resulted from the deletion of T within the 5’ 3’ strand. 

 Thus, the section analysis presented appears to be useful 
for gathering additional information on the genetic basis of 
HNPCC progression. 

Genetic Reconstruction of the HNPCC Initiation and 

Progression 

 The mutation profiles of five subsequent tumors (Table 
1) and three subsequent steps of T6 development (Table 2) 
allow us to reconstruct the genetic basis of tumorigenesis in 
this HNPCC case. Based on the idea [6] that initial gene al-
terations would be shared by the most tumors or would be 
found at early steps of tumor progression, we suggested a 
possible scheme of consecutive steps in forming the 

Table 1.  Genetic Profile of Analyzed Tumors 

Mutations 

Microsatellite Germ-Line Somatic 
Tumor 

# 
 

26 

(dA)26 

 

40 

(dA)40 

MLH1 

exon 10 

MSH6 

 

(dC)8 

IGFIIR 

 

(dG)8 

TCF4 

 

(dA)9 

TGF  

RII 

(dA)10 

BAX 

 

(dG)8 

E2F4 

 

(dCAG)13 

Casp5 

 

(dA)10 

MRE11 

 

(dT)11 

T1 + + –1/w –1/w +1/w – – – –6/w – –2/w 

T4 + + –1/w –1/w –1/w –1/w – – – – – 

T5 + + –1/w –1/w –1/w –1/w – – – – – 

T6 + + –1/w –1/+1 –1/+1 –1/w –1/w +1/w – – – 

T7 + + –1/w –1/w –1/w –1/w – – – –1/w – 

T8 + + –1/w –1/w –1/w –1/w – – – –1/w – 

T9 + + –1/w –1/w –1/w –1/w – – – –1/w – 

Sign “+” means existence of MSI in BAT26 (dA26) or BAT40 (dA40) microsatellite loci; sign “–” means absence of any mutations in gene; signs –1/w or +1/w mean, respectively, 
the monoallelic deletion or insertion of one nucleotide relative to a wild type (w) allele; sign –1/+1 means biallelic defect of the gene; sign –6/w means loss of six nucleotides in one 
of the alleles of the gene; no one mutation was revealed in the following genes: MSH3 (dA)8, BLM (dA)9, MED1 (dA)10, RIZ (dA)9, ATR (dA)10, RAD50 (dA)9 and p53. 
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frameshift mutations for each tumor mutation profile (Fig. 
4). 
 

Table 2. Mutation Profile of 5 Sections* of T6 Tumor 

Genes Section 

# 

MSH6 

(dC)8 

TCF4 

(dA)9 

IGFIIR 

(dG)8 

TGFBRII 

(dA)10 

BAX 

(dG)8 

T6(1) –1/+1 –1/w –1/w –1/w – 

T6(2) –1/+1 –1/w –1/w –1/w +1/w 

T6(3) –1/+1 –1/w –1/+1 –1/w +1/w 

T6(4) –1/+1 –1/w –1/+1 –1/w +1/w 

T6(5) –1/+1 –1/w –1/+1 –1/w +1/w 

*the samples of the T6 tumor cells were taken sequentially from the center of the tissue 
paraffin section [T6(1)] to its edge [T6(5)]; for other details, see Table 1. 

 
 

 

 

 

Fig. (3). Denaturing gel electrophoresis of tumor /normal (T/N) 

amplified DNA fragments from genes MSH6, IGF2R, TCF4, 

TGFBRII, BAX, and BLM for section T6(5). Sign -1 or +1 indicates, 

respectively, position of the band with one nucleotide monoallelic 

deletion or insertion relative to that of a wild type allele (w) found 

in normal tissue. Analysis of the BLM gene is shown as an example 
of absence of any nucleotide changes. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. (4). Accumulation of frameshift mutations in target genes dur-

ing the initiation and progression of a HNPCC: the case with multi-

ple cancers carrying a germinal mutation in MLH1 gene. The ge-

netic profiles of five AdCas (T1, T4-T7) and two metastases (T8, 

T9) are presented. I-III, IVa, IVb and IVc – steps of tumorigenesis 
in individual tumors. For other details, see footnotes to Table 1. 

 This scheme allows us to speculate that the initiation and 
progression of all tumors analyzed had a general genetic 

basis since all tumors demonstrated the similar initial genetic 
damages: primary germ-line mutation in MLH1, the secon-
dary mutation in MSH6 gene of the MMR system and the 
inactivation of the insuline-like growth factor II receptor by 
the frameshift mutation in IGFIIR. However, separated from 
other tumors by a long time interval (30 years), T1 differs 
from the subsequent tumors not only in histopathology but in 
genetics too. The poorly differentiated AdCa (T1) of sigmoid 
colon is formed by one genetic pathway of the lesion accu-
mulation whereas both moderately differentiated AdCa's of 
the transverse colon (T4 – T6) and a moderately differenti-
ated AdCa of gall bladder (T7) with its two metastases (T8, 
T9) belong to another genetic pathway. The latter suggests 
that tumors T5, T6 and T7 were originated from T4. 

 The presented data do not pretend for a complete descrip-
tion of all genetic events underlying this special case of 
HNPCC tumorigenesis. First, we took into consideration 
only a part of possible mutation events, not analyzing either 
noncoding DNA or DNA methylation. Second, the mutator 
phenotype of somatic cells does not exclude an occasional 
lesion in any site of other oncogenes or tumor-suppressor 
genes [23]. However, even a limited set of mutation profiles 
presented here leads to several conclusions: (1) the primary 
germ-line mutation in MLH1 provokes the secondary muta-
tion in MSH6 gene of the MMR system; (2) the next step of 
tumorigenesis is inactivation of the insuline-like growth fac-
tor II receptor by the frameshift mutation in IGFIIR; (3) an 
early metastatic cloning (T4 – T7) results in accumulation of 
different mutations whereas late metastases (T8 and T9) 
were genetically identical to T7; (4) an additional lesion of 
the MMR system (the homozygosity of MSH6 defect) results 
in the burst of mutagenesis observed in T6, that is in good 
concordance with previous observations [12,24]. A generali-
zation of all these conclusions requires supplementary ob-
servations in a number of individual cases. 

 In sum, molecular genetic analysis of multiple metachro-
nous tumors arising from the presented HNPCC case reveals 
a definite sequence of genetic lesions that resulted in cancer 
initiation (steps I – II), additional genetic defects preceding 
the metastatic process (step III), and the appearance of extra 
mutations during an individual tumor progression (steps IVa-
IVc). 

CONCLUSION  

 Among many MSI-target genes described to date there is 
a limited number of critical genes, mutations in which prede-
termine genetic pathways of HNPCC initiation and progres-
sion. Here, we proposed an approach to reveal these critical 
genes. Postoperative tissue materials (5 tumors and 2 metas-
tases) from a patient suffering from HNPCC during 30 years 
met all standards necessary for the retrospective genetic 
analysis. This case of HNPCC resulted from a primary lesion 
in MLH1 gene and revealed, at least, two genetic pathways 
of carcinogenesis in tumors separated by time and localiza-
tion. Both pathways were initiated by consecutive heterozy-
gous mutations in two genes (MSH6 and IGFIIR). An addi-
tional mutation of the mismatch repair system (homozygos-
ity of the MSH6 deficiency) in one of the tumors resulted in 
the burst of the heterogeneity of the T6 cell progeny. 

 Thus, the analysis performed made it possible to recon-
struct the step-by-step scheme of accumulation of genetic 



Genetic Reconstruction The Open Environmental & Biological Monitoring Journal, 2008, Volume 1    47 

alterations in this HNPCC case. One can hope that using the 
approach for genetic reconstruction of a whole row of indi-
vidual HNPCC cases can open a new way for generalization 
of the molecular mechanism of HNPCC initiation and pro-
gression. 
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