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Abstrakt:  

 

Úvod: Gen CHEK2 (checkpoint kinase 2) se významně podílí na regulaci signální kaskády 

oprav dvouřetězcových zlomů DNA a kromě jiných interaguje i s proteinem p53. U nosičů 

mutací genu CHEK2 bylo prokázáno zvýšené riziko vzniku řady maligních nádorů, ale jeho 

vztah k riziku vzniku non-Hodgkinských (NHL) a Hodgkinských (HL) lymfomů není znám. 

Nejčastějším polymorfismem genu TP53 R72P se u NHL zabývalo několik studií, u HL nebyl 

zatím zkoumán. Metody: Mutační analýza celé kódující sekvence genu CHEK2 byla 

provedena u 340 pacientů s NHL a analýza oblasti kódující FHA (forkhead-assodiated) 

doménu proteinu CHEK2 u 298 pacientů s HL. Výsledky byly porovnány s našimi analýzami 

CHEK2 u karcinomů prsu, kolorekta a pankreatu. U pacientů s lymfomy byl také určen 

genotyp polymorfizmu R72P genu TP53. Analýza byla provedena pomocí denaturační vysoce 

účinné kapalinové chromatografie. Výsledky: Četnost mutací v oblasti kódující FHA doménu 

genu CHEK2 (exon 2 a 3) byla signifikantně vyšší u pacientů s NHL i HL (19 z 340 – 5,6% a 

17 z 298 – 5,7%) než u kontrolní nenádorové populace (19 z 683 – 2,8%; p = 0,03 a 0,04). 

Alterace v uvedené oblasti zvyšovaly riziko vzniku lymfomů přibližně dvakrát (OR = 2,1; 

95% CI 1,2-3,7; p = 0,01) a byly spojeny s horším přežitím bez progrese u pacientů s NHL (p 

= 0,008). Lepší celkové přežití bylo naopak prokázáno u pacientů s difuzním velkobuněčným 

B lymfomem a variantou genu CHEK2 IVS1+43dupA (p = 0,02). Uvedená alterace byla také 

spojena s lepším přežitím bez progrese ve skupině všech pacientů s NHL (p = 0,01). Alterace 

v oblasti genu CHEK2 kódující FHA doménu zvyšovaly také riziko vzniku kolorektálního 

karcinomu (OR = 2,3; 95% CI 1,3-4,1; p = 0,003), tento vliv nebyl prokázán u karcinomu 

prsu a pankreatu. Polymorfizmus P72P genu TP53 neovlivňoval riziko vzniku ani prognózu 

pacientů s lymfomy. Závěr: Alterace genu CHEK2 v oblasti kódující FHA doménu jsou 

predispozičním faktorem zvyšujícím riziko vzniku maligních lymfomů a spolu s alterací 

IVS1+43dupA mohou významným způsobem ovlivňovat prognózu onemocnění. 

 

 

Klíčová slova: gen CHEK2 (Checkpoint kinase 2, CHK2), vrozené alterace, gen TP53 (p53), 

polymorfizmus Arg72Pro (R72P), non-Hodgkinské lymfomy, Hodgkinův lymfom, karcinom 

prsu, kolorektální karcinom, karcinom pankreatu, predispoziční faktory, prognóza 



 

Summary: 

 

Background: The checkpoint kinase 2 gene (CHEK2) codes for an important mediator of 

DNA damage response pathway that among others interacts with the p53 protein. Mutations 

in the CHEK2 gene increase the risk of several cancer types, however, their role in non-

Hodgkin lymphoma (NHL) and Hodgkin lymphoma (HL) is not clear. The most frequent 

TP53 gene R72P polymorphism was analyzed in several studies in NHL but not in HL. 

Methods: We have performed mutation analysis of the whole CHEK2 gene coding sequence 

in 340 NHL patients and the segment coding for CHEK2 forkhead-associated (FHA) domain 

in 298 HL patients and compared the results with our analyses of CHEK2 in breast, colorectal 

and pancreatic cancers. The TP53 R75P genotype was assessed in the same lymphoma 

populations. Both genes were analyzed using denaturing high-performance liquid 

chromatography. Results: The overall frequency of CHEK2 alterations within FHA-coding 

region was significantly higher in NHL and HL patients (19/340 - 5.6%; 17/298 - 5.7%, 

respectively) compared to non-cancer controls (19/683 - 2.8%; p = 0.03 and 0.04, 

respectively). These alterations were associated with increased risk of lymphoma 

development (OR = 2.1; 95% CI 1.2-3.7; p = 0.01) and worse progression-free survival (PFS) 

in NHL patients (p = 0.008). Better overall survival in diffuse large B-cell lymphoma and PFS 

in all NHL patients was associated with CHEK2 IVS1+43dupA alteration (p = 0.02 and 0.01, 

respectively). We have identified the association of CHEK2 FHA alterations also with 

colorectal cancer risk (OR = 2.3; 95% CI 1.3-4.1; p = 0.003), but not with breast or pancreatic 

cancers. The TP53 R72P polymorphism did not influence lymphoma risk or survival. 

Conclusions: Alterations in the CHEK2 gene FHA coding region represent moderate genetic 

predisposition factor increasing the risk of lymphoma and together with IVS1+43dupA 

alteration may modify lymphoma disease course. 

 

 

Keywords: Checkpoint kinase 2 gene (CHEK2, CHK2), Germ-line mutation, TP53 gene 

(p53), Arg72Pro polymorphism (R72P), non-Hodgkin lymphoma, Hodgkin lymphoma, Breast 

cancer, Colorectal cancer, Pancreatic cancer, Genetic predisposition, Prognosis 
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1. INTRODUCTION 

 

1.1. Malignant lymphomas 

Malignant lymphomas represent a heterogenic group of lymphoid malignancies derived from 

B cells, T cells or NK cells characterized by different presentation and course of the disease. 

Lymphomas could be divided into two large subgroups according to the histological 

characteristics, non-Hodgkin lymphomas (NHL) and Hodgkin lymphomas (HL). Hodgkin 

lymphoma is characterized by the presence of large Hodgkin and Reed-Sternberg cells 

(derived from B lymphocytes) that constitute a minority of the cell population in affected 

lymphatic nodes. 

The most common types of non-Hodgkin lymphomas comprise diffuse large B-cell 

lymphoma (DLBCL, accounts for approx. 30% of NHL cases) and follicular lymphoma (FL, 

about 20% of NHL cases). Rest NHL cases represent some of over 30 histopathological 

subtypes each occurring in less than 10% of patients. NHLs are more common in well 

developed countries with the highest incidence in the USA, Australia, New Zealand and 

Europe. It is the 7
th

 most common cause of cancer dead worldwide.
1
 NHLs accounts for 4% of 

cancer diagnoses in the United States and stand for the fifth most common cancer diagnosed 

there.
2
 Within the EU, the incidence rate range from 6 to 18 cases per 100 000 inhabitants, 

mortality rate is 4.1 of 100 000 men and 2.5 of 100 000 women. The annual incidence rate of 

NHLs in the Czech Republic is 11.6 cases per 100 000 inhabitants.
3
 After a dramatic increase 

in the second half of the 20
th

 century, the incidence remains relatively stable during the last 

decade.
4
  

Based on the histological characteristics, Hodgkin lymphoma could by divided into two 

distinct subgroups with different clinical features; nodular lymphocyte predominant Hodgkin 

lymphoma (NLPHL; approx. 5% of HL cases) and classical Hodgkin lymphoma (CHL; 

approx. 95% of HL cases) with four subtypes [nodular sclerosis (NSCHL), lymphocyte-rich 

(LRCHL), mixed cellularity (MCCHL) and lymphocyte-depleted (LDCHL) classical Hodgkin 

lymphoma].
5
 The annual incidence of HL is approximately 2.5 cases per 100 000 inhabitants 

in Europe
6
 and 2.7 cases per 100 000 inhabitants in the USA

7
 with higher proportion of male 

patients. The annual incidence rate of HL in the Czech Republic is 2.4 cases per 100 000 

inhabitants.
3
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1.2. Risk factors of lymphoma development 

Numerous studies were performed to determine the risk factors for NHL and HL 

development. Environmental and lifestyle factors of NHL reviewed by Alexander et al.
8
 are 

summarized in Table 1. Nearly similar factors have been shown to be associated also with 

increased risk of HL (e.g. EBV and HIV infection, inherited or acquired immunodeficiency, 

good socioeconomic status), controversial is the effect of occupation exposure to wood and 

chemicals (reviewed in
5,9

). 

 

Table 1 Overview of environmental and lifestyle factors evaluated as risk factors of NHL 

development. 

Positive association Negative association No association 

- red meat intake 

- saturated fat intake 

- organ or bone marrow 

transplantation 

- several autoimmune disorders 

(rheumatoid arthritis, celiac disease, 

systemic lupus erythematosus, 

Sjoegren’s syndrome) 

- congenital immunodeficiency 

syndromes (Wiskott–Aldrich 

syndrome, severe combined 

immunodeficiency syndromes) 

- acquired immunodeficiency 

syndromes 

- HIV, EBV, and Helicobacter pylori 

infection 

- vegetable consumption 

- alcohol consumption 

- UV exposure 

- vaccination 

- tobacco use 

- exposure to the pesticides 

and other chemicals 

- hair dyes 

- exposure to ionizing 

radiation 

- occupation 

- body mass index 

- physical activity 

- hormonal and 

reproductive factors 

- allergy 

- blood transfusion 

 

Alongside above mentioned environmental risk factors, lymphoma development is influenced 

by so far poorly understood genetic factors. Although the vast majority of lymphoma cases 

arise in form of sporadic disease, familial clustering is also known (besides the higher risk in 

lymphoma patients’ relatives). Both could be explained by specific genotype of each 

individual that could at different rate modify the risk of lymphoma development. Family 

history of hematological malignancy was shown to be a strong risk factor for NHL or HL 

development in numerous studies. Individuals with first degree relatives affected by 

hematological malignancy have considerably higher risk of NHL (OR range from 1.5 to 

2.9).
10

 This association was shown for different types of NHL
11

 being even more apparent in 
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aggressive NHL subtypes.
12

 Villeneuve at al.
13

 reported stronger association of first degree 

relatives of patients with hematological malignancy and NHL or HL risk in men and in those 

relatives of patients diagnosed before the age of 45 years. Chatterjee at al.
14

 described even 

more increased risk of NHL in siblings. Another study of Kadan-Lottick al al.
15

 evaluating the 

risk of NHL in twins found a 40-fold risk increase in monozygotic twins but unchanged risk 

in dizygotic twins. Further supporting evidence for importance of genetic background in NHL 

development comes from studies involving analysis of NHL incidence in populations of 

migrants that reported sustained incidence at the level of mother country unaffected by 

settlement in a new country.
16,17

 Moreover, the difference in frequency of several NHL 

subtypes in males and females is well documented for a long period of time. The most 

prominent difference is high incidence of mantle cell lymphoma (MCL) in males (70% of 

MCL cases), whereas, females tend to predominate in follicular lymphoma (FL).
18

 

The hypothesis, that the risk of HL development is also modified by a genetic background
5
 is 

supported by reported increased incidence of HL in monozygotic twins
19

 and first degree 

relatives of lymphoma patients.
20,21

 

Numerous studies evaluated the risk of lymphoma in carriers of inherited alterations in 

particular genes coding for proteins involved in various cellular pathways (e.g. 

immunomodulation, detoxification, oxidative stress response, or DNA repair) proposed to be 

impaired in lymphoma pathogenesis.
22-27

 The genetic susceptibility to NHL in relation to the 

germline variation in these genes has been reviewed recently.
28

 In respect to the aims of this 

work, the role of polymorphisms and mutations in critical genes coding for proteins involved 

in DNA repair pathways in relation to the risk and pathogenesis of lymphomas will be 

emphasized. The DNA damage response system together with DNA repair mechanisms has 

been shown to represent a critical anticancer barrier activated upon various cancer-promoting 

stimuli in precancerous lesions. Impairment of this barrier caused by the selection of clones 

carrying DNA damage response defects (by acquired somatic genetic and/or epigenetic gene 

inactivation) or by inherited alterations in genes involved in DNA repair could lead to the 

progression of tumorigenesis and cancer development.
29-31

 Resulting chromosomal/genomic 

instability belongs to the classical hallmark of cancer cells including lymphomas. It is known 

that several translocations specifically occur in higher frequencies in certain histopathological 

NHL subtypes – e.g. t(14;18) in DLBCL, t(8;14) in Burkitt lymphoma, t(14;18) in FL, or 
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t(11;14) in MCL. Moreover, defects in gene rearrangements during lymphocyte maturation 

could contribute to the initial lymphoma development.
32

 

 

1.3. Alterations of DNA repair genes and lymphomas 

The DNA repair plays an essential role in maintenance of genomic integrity and its failure is a 

key step toward cancer development due to the accumulation of genetic alterations leading to 

the initial malignant transformation. Inherited defects of genes coding for proteins involved in 

DNA repair pathways are responsible for numerous cancer-predisposing syndromes [e.g. 

Ataxia telangiectasia (OMIM 208900), Bloom syndrome (OMIM 210900), Lynch syndrome 1 

(OMIM 120435), or Nijmegan breakage syndrome (OMIM 251260)]. These syndromes are 

characterized by chromosomal instability and some of them are associated with increased risk 

of lymphoma development [Ataxia telangiectasia, Bloom syndrome, Nijmegan breakage 

syndrome, or Mismatch repair cancer syndrome (OMIM 276300)]. 

 

1.3.1. Overview of DNA repair mechanisms 

The DNA repair processes comprise of several pathways targeting different specific DNA 

alterations: 

A. Direct DNA damage reversal is a simple mechanism individually repairing lesions 

without incision of the DNA sugar-phosphate backbone or base excision. This pathway 

consists of number of different enzymes, for example dioxygenases catalyzing oxidative 

dealkylation (e.g. ABH2 and ABH3 catalyze the removal of 1-methyladenine and 3-

methylcytosine from methylated polynucleotides), or alkyltransferases (e.g. O-6-

methylguanine DNA methyl transferase; MGMT).
33

 

B. Base excision repair (BER) responds to the alkylation, deamination or oxidative damage 

of DNA. DNA glycosylases occuring in form of 11 different mammalian enzymes, e.g. 

UNG (uracil-DNA glycosylase) or TDG (thymine-DNA glycosylase), recognize the site of 

DNA damage and catalyze altered base removal creating apurinic or apyrimidinic site (AP 

site). The DNA backbone is thereafter cleaved by a DNA AP endonuclease or a DNA AP 
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lyase. Generated single nucleotide gap is in turn filled by DNA-dependent DNA 

polymerase β. The DNA strand integrity is finally completed by DNA ligase.
34

 

C. Contrarily to the BER, nucleotide excision repair (NER) manages wide variety of lesions 

by a small set of enzymes. Distortion-sensation complex (consisting of the RPA, XPA, 

and XPC proteins) recognizes chemically-modified DNA bases, UV induced lesions (e.g. 

pyrimidines crosslinking), or several types of oxidative damage events (un-repairable by 

BER) not as a specific DNA alterations but on the level of changes in the DNA structure 

pattern. In the next step, TFIIH complex induces DNA strand separation (creation of 

“denaturation bubble”) around the site of lesion. Damaged DNA strand (about 25-30 

nucleotides) is excised by a group of specific endonucleases (e.g. ERCC5) and the single 

strand gap filled by DNA-dependent DNA polymerases δ or ε.
35

 

D. Mismatched repair (MMR) serves for removal of mismatched nucleotides 

misincorporated by the DNA polymerase during replication of genomic DNA or resulting 

from base damage (e.g. by hydrolytic deamination). Mismatched base pair is recognized 

by the MutSα heterodimer consisting of MSH2/MSH6 proteins that together with MutLα 

heterodimer (MLH1 and PMS2 proteins) creates a sliding clamp moving alongside to the 

DNA molecule. This complex introduces DNA nicks in nascent DNA strand delimiting 

misincorporated nucleotide and activates EXO1 exonuclease degradating single stranded 

DNA between formed nicks in reverse direction (from 3’ to 5’ end). The single strand 

region is finally resynthesized by DNA-dependent DNA polymerase δ or ε. Mismatches 

caused by base damage are usually repaired by the activity of BER system.
36

 

E. Double strand break (DSB) repair pathways serves for elimination of DSB, the most 

serious DNA lesions with strong cancer-promoting potential. DSBs arise from abruption 

of phosphodeoxyribosyl backbone in DNA molecule and unrepaired could result in 

chromosomal translocations or loss of chromosomal fragments. The two main DSB repair 

pathways involve homologous recombination (HR) and non-homologous end-joining 

(NHEJ). Both systems differ in their requirement for a homologous DNA template during 

repair. HR uses intact DNA duplex as a template, whereas NHEJ does not require a 

template. Therefore, HR takes place primarily in late S and G2 phases of the cell cycle 

when sister chromatid is readily available. 
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During HR, undamaged homologous DNA molecule generated by DNA replication in S 

phase serves as a template for synthesis and rejoining of damaged DNA fragment. HR 

represents highly accurate error free mechanism of DSB repair. DSBs are recognized by 

ATM/ATR protein kinases in cooperation with MRN complex (consisting of MRE11, 

Rad50, and NBS1 proteins) supported by histone H2AX. The MRN complex in 

cooperation with endonucleases creates single strand regions on both sides of broken DNA 

molecule. After that, the Rad51 and Rad52 proteins catalyze strand exchange with 

undamaged homologous strand separated from DNA template. Assembling of the Rad51 

nucleoprotein filament is facilitated by five different Rad51 paralogues (Rad51B, Rad51C, 

Rad51D, XRCC2, and XRCC3). HR process involves establishment of large multiprotein 

supercomplexes assisted by covalent modification (phosphorylation or ubiquitination) of 

contributing proteins. The supercomplex assembly is regulated by numerous proteins 

including BRCA1, BRCA2 or xeroderma pigmentosum (XP) family members. Repair is 

finished by DNA synthesis, ligation and branch migration. The initial signal is amplified 

by the CHK1 or CHK2 kinases responsible for signal transduction to DSB repair effector 

proteins but also for signal transmission to proteins involved in cell cycle arrest, or 

apoptosis induction in case of repair failure. Primarily, the activation of transcription 

factor p53 orchestrates mutual regulation of these processes.  

 NHEJ represent the dominant form of DSB repair in higher eukaryotes. In NHEJ process, 

protein complex formed by XRCC5 (Ku80) and XRCC6 (Ku70) proteins recognizes and 

binds to the both ends of damaged DNA and pulls them together. In cooperation with 

DNA-PKcs XRCC5/6 heterodimer activates XRCC4 and ligase IV complex rejoining the 

broken DNA. Despite its efficacy, during NHEJ exists considerable risk of rejoining of 

unrelated DNA fragments resulting in chromosomal translocations.
37-39

 

 

The contribution of DNA repair genes to lymphomas development will be specifically 

addressed in later sections (1.3.2 and 1.3.3), whereas CHEK2 and TP53 genes will be 

discussed in separate sections (1.4 and 1.5).  
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1.3.2. Alterations of DNA repair genes and non-Hodgkin lymphoma 

The impact of genetic predisposition in NHL patients has been studied in numerous case-

control or association studies focused on analysis of single nucleotide polymorphisms (SNPs) 

in the genes coding for DNA repair proteins or by mutation analyses of entire genes coding 

for key components of DNA repair pathways. 

Three large-scale (SNP) studies of DNA repair genes were performed in population of 

patients with NHL.  

Shen at al. 2006
40

 performed a study of 32 SNPs in 18 DNA repair genes in 518 women with 

NHL and 597 controls from the USA. Genes coding for selected proteins acting in all types of 

DNA repair processes were selected. The variant D1104H in the ERCC5 gene (NER pathway) 

was associated with an increased risk of all NHL subtypes together (OR = 1.46; 95% CI 1.13-

1.88). This variant was also significantly associated with several NHL subgroups (B-cell 

lymphomas, DLBCL, and T-cell lymphomas). Only borderline inverse association was found 

for ERCC2 (XPD, NER pathway) K751Q variant. Among genes involved in DSB repair, 

WRN (coding for helicase interacting with XRCC5/XRCC6 complex in NHEJ) C1367R 

mutation reduced the risk of all NHL in general and frequent NHL subtypes (DLBCL, FL). In 

other genes, positive association was found for BRCA2 N289H and XRCC1 R280H variants 

and the risk of T cell lymphoma, for XRCC1 R280H variant and chronic lymphocytic 

leukemia/small lymphocytic lymphoma (CLL/SLL), and for XRCC3 T241M variant in FL 

and marginal-zone B-cell lymphoma (MZBL). Lower risk of NHL development was reported 

for XRCC1 R194W variant carriers and FL and for BRCA1 E997G variant carriers and all 

NHLs. 

Second study of Hill at al.
41

 examined 1150 NHL cases and 956 controls from the USA for 34 

SNPs in 19 DNA repair and related genes. From genes involved in NHEJ, T9I variant in DNA 

ligase LIG4 may be associated with the reduced lymphoma risk and K820R variant in RAG1 

with the increased lymphoma risk. Association of K820R mutation in RAG1 (involved in 

V(D)J recombination and DNA-repair processes) with the NHL risk was the most significant 

result. In genes acting in other repair systems, BRCA2 (HR pathway) N372H mutation was 

associated with 1.4-fold increased risk, XRCC1 (BER pathway) R194W mutation with 

moderately increased risk, and WRN V114I mutation with reduced risk of all NHLs. In all 

these alterations the effect was stronger in subgroups of homozygotes. 
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Third study involving 561 Australian cases and 506 controls was performed by Shen at al. 

2007
42

analyzing 22 SNPs in 14 DNA repair genes. The I143V and K178R variants in MGMT 

showed a significant trend to the elevated risk in individual histological types of NHL, 

XRCC1 R194W variant was shown to reduce the risk of DLBCL. The authors also performed 

metaanalysis of their and two above mentioned studies. They found positive association of 

MGMT I143V variant with FL risk without heterogeneity between studies (OR = 1.3, 95% CI 

1.03-1.64; I/V + V/V vs. I/I). This association was not evident for DLBCL. The function of 

MGMT enzyme (a member of direct DNA damage reversal pathway) is to protects from 

toxicity of alkylating agents. Other significant results from individual studies were not 

affirmed. 

Similar polymorphisms as those identified by large-scale SNP studies as significantly 

associated with NHL risk were evaluated in several other studies. Smedby et al.
43

 analyzed 19 

SNPs in ERCC2 (NER pathway), XRCC1 (BER pathway), and XRCC3 (HR pathway) genes 

in 430 FL patients and 605 controls. No association of ERCC2 and XRCC1 genes variants and 

FL was found, however, XRCC3 rs3212024 (reference SNP ID) polymorphism homozygotes 

showed higher risk of FL. No association of XRCC1 Q399R polymorphism with malignant 

lymphomas was found in study of Matsuo at al.
44

 and three XRCC1 polymorphisms in study 

of Liu at al.
45

 Scott at al.
46

 analyzed RAG1 K820R and BRCA2 N372H polymorphisms 

(reported in study of Hill at al. as predisposing factors to NHL) but failed to find any 

association. Comparison of results from individual above mentioned studies are presented in 

Table 2. Significant results of all studies are overviewed in Table 4. These results show large 

variability and inconsistency in NHL risk assessment between individual studies. 

 

Table 2 Comparison of the effect of selected alterations in the genes coding for proteins involved 

in DNA repair on the risk of NHL. 

Alteration 
Shen at 

al.
40

 

Hill at 

al.
41

 

Shen at 

al.
42

 

Smedby 

at al.
43

 

Liu at 

al.
45

 

Scott at 

al.
46

 
MGMT I143V NS NS Elevated - - - 

XRCC1 R194W Reduced Elevated Reduced NS NS - 

XRCC1 R280H Elevated - NS NS NS - 

XRCC3 T241M Elevated NS NS NS - - 

ERCC5 D1104H Elevated NS NS - - - 

WRN C1367R Reduced NS NS - - - 

BRCA2 N289H Elevated NS NS - - - 

BRCA2 N372H NS Elevated NS - - NS 

LIG4 T9I NS Reduced NS - - - 

RAG1 K820R NS Elevated NS - - NS 

NS - not significant result. 
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Several other studies focused on mutation/SNPs analyses of particular genes coding for 

proteins of DNA repair: 

The hMSH2 [human mutS homolog 2 (E. coli)] gene protein product is involved in MMR 

pathway; participates in mismatch recognition and coordination of nucleic excision. 

Polymorphism IVS12-6T>C was shown to be more common in patients with NHL in Ecuador 

than in control population (22.7% vs. 7.5%; 22 NHL patients and 50 controls; respectively).
47

 

This finding was not confirmed by a study in Japanese population where higher frequency of 

this polymorphism was identified (57.3% of 103 NHL cases and 48.9% of 487 controls, non-

significant difference).
48

 Several case reports revealed pathogenic alterations in the MSH2 

gene. The homozygous truncating mutation Q76X was identified in three siblings who each 

developed T-cell NHL in early childhood.
49

 In two children affected by mediastinal T cell 

lymphoma and glioblastoma were found intragenic rearrangement involving exons 1-6 and 

frame-shifting 1 bp deletion at codon 153 acquired from healthy parents.
50

 Another inherited 

hMSH2 rearrangement was also found in B-cell NHL patient from a HNPCC family 

[hereditary non-polyposis colorectal cancer (Lynch syndrome 1, OMIM 120435), disorder 

caused by mutations in MMR genes]. The tumor tissue sample lacked expression of hMSH2 

protein and showed loss of the wild-type (wt) hMSH2 allele.
51

 Moreover, the experimental 

data show that hMSH2 deficient mice are highly susceptible to lymphoid tumors 

development.
52

 All these results support involvement of hMSH2 in lymphomagenesis, 

although the association remains unclear due to the lack of large-scale studies in NHL 

population. 

The H2AX gene (a H2A histone family member) encodes a key protein participating in the 

detection of DNA double strand breaks. Many other factors co-localize with phosphorilated 

H2AX (γH2AX) in a sensoric part of this pathway (incl. ATM, BRCA1, RAD51, MRN 

complex).
53

 The frequency of genetic changes of H2AX in NHL patients was estimated in 95 

NHL cases and found alterations consequently analyzed in population of 487 NHL cases and 

531 controls in Canadian population. Altogether, seven SNPs were identified. Alteration c.-

417G>A was negatively associated with NHL risk (OR = 0.54, 95% CI 0.37-0.79). The 

reduced risk was found in subpopulation of FL and MCL, but not in DLBCL.
54

 Limited role 

of the H2AX gene’s polymorphisms in lymphomagenesis supports the fact that H2AX is 

neither mutated in lymphomas,
55

 nor is affected by common chromosomal aberrations of 

11q23 region in MCL.
56
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The ATM (ataxia-telangiectasia mutated) protein plays crucial role in recognition of DSBs. 

Germline mutations of ATM gene are responsible for the development of recessive disorder 

ataxia-telangiectasia (A-T) characterized by increased risk of cancer development alongside 

to neurologic symptomatology (cerebelar ataxia, abnormal eye movements, dysarthria), 

defects of cell-mediated and humoral immunity, thymic hypoplasia, hypogonadism, growth 

retardation, and the presence of telangiectasia. Approximately 10-15% of A-T patients 

develop lymphoid malignancy.
57

 The role of ATM mutations as a risk factors was recently 

described in sporadic and familial breast cancer.
58,59

 Higher frequency of somatic ATM 

mutations was found in DLBCL and FL tumors than in general population (blood donors).
60

 

ATM mutations occur mainly in MCL (in 40-70% of tumors) and are connected with higher 

number of chromosomal translocations.
61,62

 Briani at al.
63

 described patient with heterozygous 

ATM mutation (c.5979_5983delTAAAG, causing frameshift after amino acid 1992 and 

premature truncation) who developed MCL with somatic mutation of the wt allele (R2263S). 

Tort at al.
64

 investigated MCL tumor tissues from patients with MCL or other distinct 

lymphoproliferative malignancy in first degree relatives. They failed to find any mutation of 

CHK1, CHK2, and TP53 genes. The only one variation found was ATM nucleotide 

substitution D1853N in one family, but the frequency in healthy population was the same as 

in sporadic MCL cases (15%).
65

 Sipahimalani at al.
66

 screened whole coding and promoter 

sequence of ATM in germline DNA of 86 NHL patients and found 79 variants with different 

frequencies (ranging from 0.5% to 47%). Seventeen selected ATM variants were consequently 

analyzed in 798 cases and 793 controls without any significant association with NHL risk. It 

could be summarized that common variants of ATM do not influence the risk of NHL, but 

some rare alterations may play significant role in NHL genesis. It has been shown that ATM 

mutation status in tumors does not influence overall survival of MCL patients.
67

 

The inherited mutations in the NBS1 (Nijmegan breakage syndrome) gene cause a rare 

autosomal recessive disease Nijmegan breakage syndrome (NBS). Patients with NBS are 

characterized by typical facial appearance (bird-like face), microcephaly, radiosensitivity, 

immunodeficiency, growth retardation, and increased risk of cancer, especially NHL.
68

 NBS1 

is a part of MRN complex (MRE11, Rad50, NBS1) which in interaction with ATM 

recognizes and starts signalization after DNA DSBs. Majority of NBS patients are 

homozygous carriers of founder mutation c.657del5, heterozygotes are common in patients 

with different types of cancer (e.g. colorectal, breast, or melanoma).
69

 Several studies 

evaluating the risk of NHL in c.657del5 mutation carriers have been performed (overviewed 
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in Table 3). The elevated risk of NHL (OR = 8.05, 95% CI 1.71-37.95) in c.657del5 

mutations carriers was originally reported in the Polish study of Steffen et al.
69

 Analysis of 

c.657del5 and other four NBS1 mutations (c.698del4, c.835del4, c.842insT, c.1142delC) in 

119 Czech NHL and HL cases performed by Soucek at al.
70

 revealed that NBS1 alterations 

rarely occur in our population (one carrier of 657del5 mutation was identified in lymphoma 

cases, no carrier was found in 177 controls). Another germline mutation of NBS1 - 

IVS11+2insT - causing deficient function of NBS1 protein was investigated in Japan, 

however, no carrier was found in 109 lymphoma patients.
71

 Frequency of somatic NBS1 

mutations was also investigated in NHL tumors. Low frequency of mutations was reported in 

a study from the United States,
72

 and no mutation was found in a study from Japan.
73

 

Moreover, deletion of NBS1 gene was not identified in NHL tumors with structural 

abnormalities of 8q where the NBS1 gene is located.
74

 The role of NBS1 mutations seems to 

be limited to the elevated risk of NHL development in some populations. This finding must 

by verified by other studies including the analyses of whole coding sequence of NBS1. 

 

Table 3 Studies analyzing NBS1 c.657del5 mutation in NHL patients. 

Study 
Country 

of study 

No. of 

cases/ 

controls 

Frequency of 

mutation in 

cases/controls 

Population of 

patients 

Odds ratio 

(95% confidence 

interval) 

Stanulla at al.
75

 Germany 109/- 0/- Pediatric NHL - 

Rischewski at al.
76

 Germany 55/- 0/- Pediatric NHL - 

Soucek at al.
70

 Czech rep. 119/177 0.008/0 NHL, HL - 

Resnic at al.
77

 Russia 7/548 0.14/0 Pediatric NHL - 

Steffen at al. 2004
69

  Poland 42/1620 0.05/0.006 NHL 8.05 (1.71-37.95) 

Chrzanowska at al.
78

 Poland 212/6984 0.009/0.006 Pediatric NHL p<0.05
*
 

Steffen at al. 2006
79

 Poland 228/1620 0.04/0.006 NHL 5.85 (2.29-15.00) 

37/1620 0.11/0.006 
Gastrointestinal 

lymphoma 

19.52 

(5.82-65.42) 

* OR not estimated. 

 

 

The MRE11 [meiotic recombination 11 homolog A (S. cerevisiae)] gene codes for nuclease 

contributing to formation of MRN complex during HR repair. Individuals with homozygotic 

mutations of MRE11 gene develop A-T like disorder (OMIM 604391) and frequently suffer 

from lymphoid tumors.
80

 Fukuda et al.
81

 performed mutation analysis of MRE11 in 21 tumor 

samples and paired healthy tissues but only one mutation (R572Q affecting the conservative 

amino acid residue) was identified. Rollinson et al.
82

 evaluated the impact of haplotypic 

variation of different variants in all three MRN members (six MRE11, five NBS1, and six 
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RAD50 variants) in 461 non-Hodgkin lymphoma patients and 461 controls. No significant 

differences in allele or genotype frequencies were found to be associated with elevated risk of 

NHL, but authors reported protective effect of MRE11 rs601341 SNP in homozygous form to 

FL (OR = 0.5; 95% CI 0.26-0.97), and one MRE11 haplotype to DLBCL (OR = 0.72; 95% CI 

0.53-0.97). No association of polymorphisms in genes coding for members of MRN complex 

with NHL risk was also reported by Schuetz et al.
83

 

 

Table 4 Overview of variants in genes coding for proteins involved in DNA repair that 

significantly associate with the risk of NHL development. 

Study 

No. of 

cases 

/controls 

Gene Alteration 
Population of 

patients 

Odds ratio 

(95% confidence 

interval) 

Shen at al.
40

 518/597 ERCC5 D1104H NHL 1.46 (1.13-1.88) 

WRN C1367R NHL 0.71 (0.56-0.91) 

BRCA2 N289H T cell NHL 3.97 (1.60-9.90) 

XRCC3 T241M FL 1.62 (1.03-2.56) 

XRCC3 T241M MZBL 2.6 (1.04-6.51) 

XRCC1 R194W FL 0.45 (0.21-0.95) 

XRCC1 R280H T cell NHL 3.36 (1.48-7.65) 

XRCC1 R280H SLL/CLL 2.22 (1.08-4.58) 

Hill at al.
41

 1150/956 LIG4 T9I NHL 0.8 (0.7-1.0) 

LIG4 T9I FL 0.7 (0.5-1.0) 

LIG4 T9I DLBCL 0.8 (0.6-1.0) 

RAG1 K820R NHL 1.4 (1.1-1.7) 

RAG1 K820R FL 1.5 (1.1-2.1) 

BRCA2 N372H NHL 1.5 (1.0-2.1)
 a 

BRCA2 N372H FL 1.6 (1.0-2.6) 
a
 

BRCA2 N372H DLBCL 1.5 (1.0-2.4) 
a
 

BRCA2 N372H T cell NHL 2.0 (1.2-3.3) 

XRCC1 R194W NHL 1.4 (1.1-1.8) 

Shen at al.
42

 561/506 MGMT I143V NHL 1.33 (1.00-1.78) 

XRCC1 R194W DLBCL 0.50 (0.27-0.93) 

Smedby at al.
43

 430/605 XRCC3 rs 3212024 
b
 FL 1.8 (1.1-2.8) 

a
 

Novik at al.
54

 487/531 H2AX c.-417G>A NHL 0.54 (0.37-0.79) 
a
 

H2AX c.-417G>A FL 0.40 (0.21-0.74) 
a
 

H2AX c.-417G>A MCL 0.20 (0.05-0.72) 
a
 

Steffen at al.
69

 42/1620 NBS1 c.657del5 NHL 8.05 (1.71-37.95) 

Chrzanowska at al.
78

 212/6984 NBS1 c.657del5 Pediatric NHL p<0.05 
c
 

Steffen at al.
79

 228/1620 NBS1 c.657del5 NHL 5.85 (2.29-15.00) 

NBS1 c.657del5 Gastrointestinal 

lymphoma 

19.52 (5.82-65.42) 

Rollinson at al.
82

 461/461 MRE11 rs 601341 
b
 FL 0.5 (0.26-0.97) 

Cybulski at al.
89

 120/4000 CHEK2 I157T NHL 2.0 (p=0.05) 

Worrillow et al.
88

 747/808 ERCC2 K751Q DLBCL 0.56 (0.34-0.92) 

If not stated else, the OR is calculated for variant in wt homozygous form vs. heterozygous + recessive 

homozygous combination; a) The OR calculated for variant in homozygous form vs. wt in homozygous 

form; b) Reference SNP ID; c) OR not estimated. 
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No significant association of NHL risk and XPD gene [Xeroderma pigmentosum, 

complementation group D (ERCC2), gene involved in NER pathway] polymorphisms was 

identified.
40-42,84

 Analysis of BRCA1 and BRCA2 (breast cancer gene 1 and 2) genes for the 

three most frequent mutations in 286 DNA of Jewish lymphoma patients discovered only two 

mutation carriers. This finding suggests that BRCA1/2 mutations are not associated with 

increased risk of NHL.
85

 From BRCA1/2 polymorphisms investigated in other studies, 

positive association was found for BRCA2 N289H and N372H variants and NHL risk.
40-42

 

Analysis of RAD54 gene in 24 lymphoma tissues showed only one tumor with a mutation 

(V444E) which was not observed in 100 healthy controls.
86

 A homolog of RAD54, the 

RAD54B gene, was analyzed in 26 lymphoma samples. One tumor with homozygote 

RAD54B N593S mutation was identified, no mutation in 80 normal individuals was found.
87

 

Worrillow et al.
88

 identified association of ERCC2 (XPD; NER pathway) K751Q 

polymorphism with decreased risk of DLBCL development (three ERCC2 polymorphisms 

evaluated in 747 NHL patients). 

 

1.3.3. Alterations of DNA repair genes and Hodgkin lymphoma 

Contrary to the NHL, genes coding for proteins involved in DNA repair were much less 

studied in HL. Only one study evaluating the association between polymorphisms in DNA 

repair genes and risk of HL was performed by El-Zein et al.
90

 This study involved analyses of 

polymorphisms in XPD, XPC, and XPG genes (involved in NER pathway), XRCC1 gene 

(BER pathway) and XRCC3 gene (contributing to DSB repair). Positive association was 

found for polymorphism R399Q of XRCC1 gene (OR = 1.77; 95% CI 1.16-2.71). Increased 

risk of HL development was also associated with combined genotypes of XRCC1/XRCC3 

genes (OR = 2.38; 95% CI 1.24-4.55) and XRCC1/XPC genes. Authors concluded that genetic 

polymorphisms in DNA repair genes could modify the risk of HL development especially 

when interactions between different pathways are considered. Potential involvement of ATR 

gene (coding for ATM and Rad3-related kinase participating in recognition of DNA double-

strand breaks) in HL development was evaluated by a study performed on eight HL cell lines 

and seven HL tumor specimens.
91

 ATR alterations (aberrant transcripts) were detected in six 

HL cell lines and three clinical samples. The cell lines expressing aberrant ATR transcripts 

showed defective repair of DNA DSBs. This data suggests the possible involvement of the 

ATR gene in lymphomagenesis. 
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Two polymorphism in DNA repair genes were evaluated as factors modifying the risk of 

second malignancy after treatment for HL. Mertens et al.
92

 did not find any association of 

XRCC1 polymorphism at codon 399 with radiotherapy-related cancers in study of 650 HL 

survivals. However, common polymorphism in the promoter region of MLH1 gene (mismatch 

repair) has been found to correlate with higher risk of development of acute myeloid leukemia 

(OR = 5.31; 95% CI 1.4-20.2) or breast carcinoma (borderline statistical significance, OR = 

4.0; 95% CI 0.8-19.4; p = 0.08) after methylating chemotherapy for HL.
93

 

As a risk factors of HL development were more evaluated polymorphisms in genes whose 

protein products are implemented in immune functions, e.g. Monroy et al.
94

 found association 

of several functional SNPs in inflammatory genes and HL risk (COX2, IL18, IL4 and IL10; 38 

SNPs were evaluated). Polymorphisms in cytokine genes (IL10, IL6) were also reported to 

predict worse treatment outcome by Hohaus et al.
95

 No correlation with HL risk was found 

e.g. in study of Cordano et al.
96

 analyzing polymorphism in IL6 promoter. 
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1.4. CHEK2 gene 

1.4.1. CHEK2 gene and protein structure and function 

The CHEK2 (check point kinase 2, CHK2, OMIM 604373) gene
97

 codes for an important 

mediator of DNA damage signaling pathway. The CHEK2 protein (CHK2) mediates signal 

transduction from the apical sensoric part of the pathway, represented by the activation of 

ATM protein following DSBs, toward cell cycle and apoptosis regulators (p53, Cdc25A, 

Cdc25C) and protein complexes directly involved in DNA-repair (BRCA1). These proteins 

represent the key substrates of CHK2 kinase activity (Figure 1).
98

 

 

 
Figure 1 The schematic presentation of the role of CHK2 kinase in coordination of 

DNA repair processes with cell cycle arrest and apoptosis initiation following 

DSB. 

 

The CHEK2 gene localized to chromosome 22q12.1 codes for the 60-kDa protein consisting 

of 546 amino acid residues.
99

 Besides this full-length protein product, numerous alternatively 

spliced variants were also described.
100

 Three functional domains were characterized in 

CHK2 polypeptide chain (reviewed in Bartek et al.
101

). The N-terminal SQ/TQ cluster domain 

(residues 20-75) is involved in regulation of CHK2 activity by ATM-mediated 

phosphorylation in response to genotoxic insults
102

 or CHK2 dephosphorylation by oncogenic 

Wip1 phosphatase abrogating CHK2-mediated proapoptotic signaling.
103

 The fork head-

associated (FHA) domain (residues 112-175) is critically involved in dimerization of CHK2 

molecules in phosphorylation-dependent manner.
104

 This process has been recently shown to 

be necessary for full activation of CHK2 by trans-phosphorylation of the activation 
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segment/T-loop
105

 within the kinase domain (residues 225-490) that carries the catalytic 

serine/threonine kinase activity (Figure 2). 

 

 

 

Figure 2 

Functional domains and structure of CHK2 dimer 

(www.pdb.org; from PDB ID: 3I6W). 
 

The initial report of Bell et al.
106

 demonstrated that mutation in CHEK2 are responsible for 

development of tumors in p53-negative Li-Fraumeni (LFS) and Li-Fraumeni-like (LFL) 

families. This work also described mutation carriers of the two most studied CHEK2 

alterations – c.1100delC (p.380fsX) and c.470T>C (I157T). Later analyses of c.1100delC 

mutation performed on large cohorts of cancer patients have shown that this alteration acts as 

a low penetrance allele increasing the risk of different cancer types including breast, 

colorectal, ovarian, prostate, thyroid, or kidney cancers.
107-112

 Later on, numerous alterations 

of CHEK2 were detected in diverse populations and distinct types of hereditary and sporadic 

cancers. The results of breast cancer studies led to the identification of several predominant 

founder mutations within the CHEK2 gene and suggested that these mutations were unevenly 

distributed within the world’s populations. The most frequently studied CHEK2 mutation 

c.1100delC, that leads to translation of truncated protein lacking kinase domain, is highly 

incident in Northern and Western Europe
111

 and in Russia
113

 but its occurrence in Southern 

Europe,
114,115

 South America
116

 or China
117

 is very low. Similar differences in distribution 

were found also for other CHEK2 frequently analyzed mutations located within its FHA 

domain - c.470T>C (I157T) and IVS2+1G>A (fs154X).
118

 Significant impact on CHK2 

function is considered in both alterations. The I157T was reported to interfere with 

http://www.pdb.org/
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phosphorylated-CHK2 dimerization and its interaction with downstream protein targets
100,119

 

and IVS2+1G>A results in aberrant splicing of mRNA and production of truncated 

catalytically non-functional protein.
120

 Besides these alterations, many less frequent changes 

within FHA domain and other CHEK2 regions were described.
120

 

 

1.4.2. Role of CHEK2 gene alterations in lymphomas 

The risk of NHL was firstly evaluated by genotyping analysis of three CHEK2 mutations 

(c.1100delC, I157T and IVS2+1G>A) in the study of Cybulski at al.
89

 Reported borderline 

association of CHEK2 I157T variant with a higher risk of NHL development (OR = 2.0; p = 

0.05) is limited due to the small number (N = 120) of lymphoma cases. Except to this report, 

all other studies in NHL tumors were focused primarily on the analysis of somatic CHEK2 

mutations in malignant tissue: Hangaishi at al.
121

 investigated 109 patients with hematological 

malignancies including seven NHL samples and found only two CHEK2 alterations in all 

patients. Tavor at al.
122

 screened a set of 143 hematological malignancies (54 adult T-cell 

leukemia, 48 NHLs, and 41 childhood acute lymphoblastic leukemia). Just one mutation in 

exon 11 (S428F) was found in NHL patient by complete mutation analysis of CHEK2 gene. 

Tort at al.
123

 studied 60 B-NHL tissue samples in which one I157T mutation was detected, 

however, further analysis from peripheral blood revealed that the affected patient was a 

carrier of this hereditary mutation. Consequent analysis of control population failed to find 

any carrier of I157T mutation among 104 healthy Spanish controls. The authors performed 

also immunohistochemical analysis of CHK2 expression that revealed loss of protein 

expression in 5 out of 60 NHL tumors without detection of underlying gene mutation, 

deletion or hypermethylation. Despite that CHK2 protein expression did not differ in diverse 

histological and proliferation NHL types and was similar in the reactive lymphoid tissue, two 

tumors with complete absence of CHK2 expression showed the highest number of 

chromosomal translocations and instability. 

Taken together, CHEK2 somatic mutations are probably rare in NHL tumors but germline 

variants may be associated with increased NHL risk. This assumption needs to be further 

investigated by independent studies. Contrary to NHL, the role of germline or somatic 

alterations of CHEK2 gene has not been evaluated in HL so far. 
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1.5. TP53 gene 

1.5.1. TP53 gene and protein function 

The TP53 (tumor protein p53, OMIM 191170) tumor suppressor gene located on the short 

arm of chromosome 17 codes for the p53 protein initiating the complex signal transduction 

network that plays critical role in regulation of cell cycle arrest, apoptosis, senescence and 

DNA repair in response to cell stress of various etiology.
124,125

 Germline mutations of TP53 

could be found in majority of Li-Fraumeni families (OMIM 151623) characterized by familial 

aggregation of early onset tumors including sarcoma, breast carcinoma, brain tumors, 

adrenocortical carcinoma and leukemia/lymphoma.
126,127

 Carriers of TP53 mutations have 

50% risk of cancer development before the age of 40; tumors related to the TP53 mutations 

are reviewed in Palmero et al.
128

 Mutations in TP53 belongs to the most frequent genetic 

alteration in human cancer. The TP53 has been extensively studied in different tumor types 

including lymphomas. 

 

1.5.2. The role of TP53 alterations in lymphomas 

Somatic TP53 mutations are commonly present in wide variety of tumor cells with different 

frequencies including all types of lymphomas.
129,130

 For example, TP53 mutations are present 

in approximately 20% of childhood B-cell NHLs,
131

 10 to 20% of diffuse large B-cell 

lymphomas
132,133

 or 6% of follicular lymphoma cases.
134

 The presence of somatic TP53 

mutations has been shown to influence clinical course of the disease. Several studies reported 

worse survival of patients with NHL tumors harboring TP53 mutations (e.g. Young at al.
132

 

reported 1.9-fold increased risk of DLBCL specific death in TP53 mutation carriers).
133

 

Similar results were published for FL where TP53 mutations were detected in 6% of FL 

tumors and their carriers had shorter progression free survival (PFS) and overall survival 

(OS).
134

 Significant difference in median OS of patients with TP53 point mutations contrary 

to wild-type TP53 was also seen in MCL (1.1 vs. 3.1 years respectively; p = 0.003).
67

 

Prevalence of mutation in lymphoid malignancies and their prognostic impact were recently 

reviewed by Cheung et al.
135

 

Interesting results were published by Hosny at al.
136

 who isolated a circulating free DNA 

(cfDNA) from serum of 20 NHL cases and 20 controls and found higher incidence of TP53 
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mutations in NHL patients compared to controls (30% vs. 0%). This suggests that tumor 

derived cfDNA could serve as a non-invasive strategy for an early detection or follow-up of 

NHL patients. These promising results are limited by low number of participants in this study. 

The most common TP53 polymorphism R72P (rs1042522; c.215G>C; changes arginin on the 

position 72 to proline) was studied as a risk and/or prognostic factor for many tumors. This 

polymorphism resides in the proline-rich domain of p53 protein (residues 64-92) that is 

important for its pro-apoptotic activity. It has been shown that p53 proteins containing Pro72 

or Arg72 differ in their ability to induce apoptosis
137

 or cell cycle arrest in G1 phase
138

 and in 

p53-dependent DNA repair efficiency.
139

 Association of both p53 polymorphic forms with 

various types of cancer was tested in large number of studies (reviewed recently by Fancisco 

et al.).
140

 The strongest association was found for the Pro72 variant and hepatocellular 

carcinoma risk. The role of R72P polymorphism as a risk or prognostic factor of NHL was 

evaluated in several studies with contradictory results, however, it was not studied in HL 

patients so far.
41,141-146
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2. AIMS 

 

The causes of malignant lymphomas are largely unknown; however, several environmental or 

genetic factors were shown to influence the risk of lymphoma development. Contrary to the 

differences in pathogenesis of lymphoproliferative malignancies, malignant lymphomas are 

characterized by frequent occurrence of chromosomal aberrations indicating impaired 

capacity of DNA repair mechanisms. This hypothesis was supported by numerous studies 

performed in lymphoma patients analyzing the importance of mutations and polymorphisms 

of genes coding for proteins involved in DNA repair processes. Results of these studies 

suggest that several aberrations in DNA repair genes contribute to lymphomagenesis and 

hence they may influence the risk of lymphoma development and disease outcome. 

Considering this and based on our previous work focused on analysis of germline alterations 

affecting the CHEK2 gene coding for CHK2 protein - the critical kinase involved in 

regulation of cellular response to DNA double strand breaks - we performed mutation analysis 

of CHEK2 in Czech non-Hodgkin lymphoma (NHL) and Hodgkin lymphoma (HL) patients. 

Moreover, we also analyzed the importance of R72P polymorphism in the TP53 gene coding 

for master regulator of genetic stability and a core substrate protein of CHK2 kinase activity 

for lymphoma development and course of disease. 

 

The main tasks of our study were: 

- Mutation analysis of entire CHEK2 gene in NHL patients. 

- Identification of a “hot-spot” region of CHEK2 hereditary mutations in NHL patients 

and its comparison to that analyzed in solid tumors. 

- Mutation analysis of “hot-spot” CHEK2 hereditary mutation region in HL patients. 

- Analysis of the importance of found CHEK2 alterations for the risk of lymphoma 

development and prognosis. 

- Analysis of TP53 R72P polymorphism as a risk or prognostic factor in lymphomas. 
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3. MATERIALS AND METHODS 

 

3.1. Study Populations 

 

Lymphoma patients 

The study involves 638 lymphoma cases, 340 NHL and 298 HL patients treated with first line 

therapy. The only enrollment criterion was histologically confirmed diagnosis of NHL or HL 

according to the WHO Classification of Tumors of Hematopoietic and Lymphoid Tissues. 

Unselected NHL samples were collected between May 2000 and June 2008 at the First 

Department of Medicine – Department of Hematology, First Faculty of Medicine, Charles 

University in Prague and General University Hospital in Prague.  

HL samples were collected at three Pragues hematological departments between the years 

2006 and 2010 (Dept. of Clinical Hematology, University Hospital Kralovske Vinohrady and 

3
rd

 Faculty of Medicine, Charles University, 1
st
 Dept. of Medicine – Department of 

Hematology, General University Hospital and 1
st
 Faculty of Medicine, Charles University and 

Dept. of Pediatric Hematology and Oncology, Motol University Hospital and 2
nd

 Medical 

Faculty of Charles University).  

Clinical characteristic of NHL and HL patients are displayed in Table 5 and 6. All clinical 

data were retrieved from the register of lymphoma patients of Czech Lymphoma Study Group 

(www.lymphoma.cz) and from patients’ medical records. 

 

Breast, colorectal and pancreatic cancer patients 

Genetic testing was performed in a group of 673 unselected patients with sporadic breast 

cancer, 631 colorectal cancer patients and 270 incident pancreatic cancer patients (recruited 

from several oncology and gastroenterology departments throughout the Czech Republic 

between January 2003 and February 2009). Histologically confirmed diagnosis of breast, 

colorectal or pancreatic cancer was the only inclusion criterion. 

 

http://www.lymphoma.cz/
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Table 5 Clinical characteristics of NHL patients (N = 340). 

Histological 

subtype 

All NHL 

cases 
DLBCL FL MCL MALT 

B 

CLL/SLL 
Other 

Number of 

patients N 

(% of all NHL) 

340 

(100.0) 
180 (52.9) 71 (20.9) 19 (5.6) 16 (4.7) 11 (3.2) 43 (13.5) 

Age at diagnosis 

median of years 

(range) 

59.6 

(17.4-86.4) 

58.7 

(20.9.-83.4) 

57.3 

(28.4-79.4) 

63.1 

(46.6-81.9) 

69.9 

(46.1-84.3) 

65.8 

(47.8-84.5) 

58.7 

(17.4-86.4) 

Gender N (%)        

Male 187 (55.0) 101 (56.1) 36 (50.7) 14 (73.7) 7 (43.8) 8 (72.7) 21 (48.8) 

Female 153 (45.0) 79 (43.9) 35 (49.3) 5 (26.3) 9 (56.2) 3 (27.3) 22 (51.2) 

Clinical stage 

N (% of known) 
       

I 63 (19.4) 45 (25.7) 7 (10.1) 0 5 (31.3) 0 6 (15.8) 

II 57 (17.5) 37 (21.1) 12 (17.4) 0 2 (12.5) 0 6 (15.8) 

III 46 (14.2) 22 (12.6) 16 (23.2) 2 (11.8) 2 (12.5) 0 4 (10.5) 

IV 159 (48.9) 71 (40.6) 34 (49.3) 15 (88.2) 7 (43.8) 11 (100.0) 22 (57.9) 

IPI 

N (% of known) 
       

Low 122 (38.1) 64 (36.6) 38 (55.9) 2 (11.8) 5 (31.3) 0 13 (38.2) 

Low intermediate 93 (29.1) 56 (32.0) 17 (25.0) 6 (35.3) 4 (25.0) 5 (50.0) 5 (14.7) 

High intermediate 56 (17.5) 26 (14.9) 9 (13.2) 5 (29.4) 5 (31.3) 4 (40.0) 7 (20.6) 

High 49 (15.3) 29 (16.6) 4 (5.9) 4 (23.5) 2 (12.5) 1 (10.0) 9 (26.5) 

FLIPI 

N (% of known) 
       

Low - - 31 (46.3) - - - - 

Intermediate - - 21 (31.3) - - - - 

High - - 15 (22.4) - - - - 

Bone marrow 

affection 

% of known 

32.2 17.1 43.5 81.5 37.5 100.0 38.5 

Elevated LDH 

% of known 
55.6 48.6 17.6 52.9 31.5 0.3 41.7 

DLBCL - diffuse large B-cell lymphoma; FL - follicular lymphoma; MCL - mantle cell lymphoma; MALT - mucosa-

associated lymphoid tissue lymphoma; B CLL/SLL - chronic lymphocytic leukemia/ small lymphocytic lymphoma; 

IPI - international prognostic index; FLIPI - follicular lymphoma prognostic index; LDH - lactate dehydrogenase. 

 

 

Control population 

Individual control groups for consequent analyses were selected from two populations – non-

cancer controls and blood donors. The subgroup of non-cancer control population consisted of 

randomly selected adult persons examined at the Department of Clinical Biochemistry and 

Laboratory Medicine, General University Hospital in Prague between January 2003 and 

November 2005 excluding those with primary cancer diagnosis.  
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Control blood donors subgroup comprised of randomly selected fully anonymized healthy 

individuals enrolled between April 2006 and August 2006 at the Department of Blood 

Transfusion of the Thomayer Faculty Hospital in Prague. 

All patients and controls were of Caucasian origin from the same geographical area. All 

participating subjects signed informed consent with the genetic testing approved by the local 

ethical committees. 

 

 

Table 6 Clinical characteristics of 298 HL patients.  

Age at diagnosis 

median of years (range) 
32.2 (14.0-83.7) 

Gender N (%)  

Male 150 (50.3) 

Female 148 (49.7) 

Histological subtype N (%)  

NLPHL 14 (4.7) 

NSCHL 199 (66.8) 

MCCHL 69 (23.2) 

Other 16 (5.4) 

Clinical stage N (% of known)  

I 19 (6.5) 

II 140 (48.1) 

III 62 (21.3) 

IV 70 (24.3) 

Data not available 7 

NLPHL - Nodular lymphocyte predominant Hodgkin 

lymphoma; NSCHL - Nodular sclerosis classical Hodgkin 

lymphoma; MCCHL - Mixed cellularity classical Hodgkin 

lymphoma. 

 

 

3.2. Isolation of DNA 

Genomic DNA was isolated from the whole peripheral venous blood of patients and controls 

by Wizard Genomic DNA Purification System (Promega), using QIAamp DNA Blood Mini 

Kit (Qiagen) or by automated DNA preparation system (MagNA Pure LC 2.0, Roche). 

Isolation was performed according to the manufacturers’ instructions.  
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3.3. Control of quality and concentration of genetic material 

Concentration and purity of isolated DNA was evaluated spectrophotometrically by 

measurement of absorbances at 260 and 280 nm with correction to 320 nm at 

spectrophotometer LAMBDA Bio (PerkinElmer) and Nanodrop (Thermo Scientific). Isolated 

DNA was stored at -20°C. 

 

 

3.4. Mutation analysis of CHEK2 gene 

3.4.1. PCR amplification 

In NHL patients, all 15 individual exons with intron-exonic boundaries were PCR-amplified 

in 14 fragments (exon 2 and 3 were possible to amplify in one fragment). Because of the 

presence of large number of pseudogenes with similar sequences to the part of CHEK2 gene 

coding for exons 10-14, those exons had to be amplified by nested PCR. Fragment of CHEK2 

gene covering exon 10-14 (9214 bp long) was amplified in first step and consequently used as 

template for PCR amplification of individual exons 10-14.
120,147

 

All primers used for mutation analysis of CHEK2 gene are listed in Table 7. PCR conditions 

for all reactions are displayed in Table 8. For the amplification of first non-coding exon 

(denoted as exon 0) and coding exons 1-9, 50 ng of genomic DNA was used. As a template 

for amplification of individual exons 10-14, one μl of long-range PCR product was added.  

The presence of specific PCR products with simultaneously analyzed negative controls was 

verified by horizontal electrophoresis in 1.5% agarose gel stained with ethidium bromide. 

Example of electrophoresis of amplicons covering exon 1-9 are in Figure 3 and of long 

fragment covering exon 10-14 in Figure 4. PCR-amplified fragments were consequently 

analyzed by denaturing high-performance liquid chromatography (DHPLC; WAVE3500; 

Transgenomic). 

Only the fragment of the CHEK2 gene covering coding sequence for the FHA domain (exons 

2 and 3) and flanking intron-exonic borders that contains majority of different CHEK2 

alterations was analyzed in HL patients.  
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Table 7 List of primers used for mutation analysis of CHEK2 gene. Primers were designed 

according to the publications of Dufault et al.
120

 and Offit et al.
147

 

Covered 

exons 

Primer 

(sequence; 5’→3’) 
Source of primer 

Length of 

amplified 

fragments 

(bp) 

 0* 
CHK32f (CTAAGTTCCGCTCTCCCTTC) Original 

258 
CHK33r (CTTAAGATGGGATTCGAACCAC) Original 

1 
CHK01f (AACTCACCTTTGTTGTTGGACA) Dufault et al. 

441 
CHK02r (CAGAACCTTCCACCTGGTAATAC) Original 

2+3 
CHEK11f (TCAACAGCCCTCTGATGCATG) Original 

460 
CHEK15r (ACGCCCAGCAACTTACTCATC) Original 

4 
CHK05f (ATCAGTGATCGCCTCTTGTG) Dufault et al. 

365 
CHK06r (CAACACCCTGTCTCACAAAGA) Dufault et al. 

5 
CHK07f (TCACTGTGTCCTCTGCAAAC) Dufault et al. 

310 
CHK08r (TTGGGAAGTTATGAAGACGTGTTA) Dufault et al. 

6 
CHK09f (CTCAGGCAGCCTTGAGTCAAC) Modified Dufault et al. 

257 
CHK10r (CCACCACACCTGGCCAATATTATC) Modified Dufault et al. 

7 
CHK11f (CTTGTGGTTTTCCTCTTGGGA) Modified Dufault et al. 

213 
CHK12r (GATGAGAAAGGCAAGCCTACA) Dufault et al. 

8 
CHK13f (ATTGTCTTCTGTCCAAGTGCG) Modified Dufault et al. 

268 
CHK14r (CTCTTCTGAGTTTTAATCCACGGTC) Original 

9 
CHK15f (AAGTATCTACTGCATGAATCTGAG) Modified Dufault et al. 

301 
CHK16r (ATTCGAATCTGGATAAGAGCAG) Modified Dufault et al. 

10-14 

CHK27f 
(CGACGGCCAGTCTCAAGAAGAGGACTGTCTT) 

Dufault et al. 

9214 
CHK29r 
(GCTATGACCATGCACAAAGCCCAGGTTCCATC) 

Dufault et al. 

10 
CHEK05f (TGGCAAGTTCAACATTATTCCC) Offit et al. 

264 
CHEK04r (ATTTGTGACTTCATCTAATCACCTCC) Offit et al. 

11 
CHK19f (TGAGAATGCCACTTGATTTCTTT) Dufault et al. 

217 
CHK20r (GCACATACACATTTTAGCATACCA) Dufault et al. 

12 
CHK21f (TTTATCCTTTTCACTGTGATTTGC) Dufault et al. 

190 
CHK22r (CATGTCTCTCAGGCAGCAG) Dufault et al. 

13 
CHK23f (GGAGTTTATTATCCTTCAGACACAGC) Dufault et al. 

182 
CHK24r (AGCTCCTTAAGCCCAGACTACAT) Dufault et al. 

14 
CHK30f (CACTTTACTGGAAGCATATTGAGG) Original 

309 
CHK26r (CATCAGTGACTGTGAAAAAGCAA) Dufault et al. 

* First non-coding exon of the CHEK2 gene was denoted here as exon 0. 
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Table 8 Conditions for PCR amplification for CHEK2 fragments covering all individual exons. 

Exons 

Reaction 

volume 

(μl) 

Type of 

enzyme 

Amount of 

polymerase 

per reaction 

(U) 

Each  

primer 

(pmol/μl) 

Each 

dNTP 

(mmol/μl) 

Mg 

(mmol/μl) 
DMSO 

(%) 
Cycle 

No. 

Annealing 

temp. (°C) 

0 20 G 0.5 0.6 0.25 3 5 1 62-55 

1 25 G 0.6 0.6 0.25 3 5 1 62-55 

2+3 20 G 0.5 0.6 0.25 3 5 1 62-55 

 4-9* 20 G 0.5 0.6 0.25 3 5 1 62-55 

10-14 15 ELT 1.125 0.3 0.5 
2.75 

(buffer 2) 
0 2 61 

10 25 G 0.6 0.6 0.25 3 5 3 54 

11 20 G 0.5 0.6 0.25 3 5 3 56 

12 20 G 0.5 0.6 0.25 3 5 3 55 

13 20 G 0.5 0.6 0.25 3 5 3 56 

14 25 G 0.6 0.6 0.25 3 5 3 56 

Cycle No. 1 

95°C 10 min, 15 cycles (95°C 30 sec, 62°C - 0.5°C per cycle 30 sec, 72°C 50 sec), 25 cycles 

(95°C 30 sec, 55°C 30 sec, 72°C 50 sec), 72°C 10 min, 95°C 10 min, 60°C 5 min, 50°C 5 

min, 4°C forever  

Cycle No. 2 
94°C 2 min, 10 cycles (94°C 10 sec, 61°C 30 sec, 68°C 8 min), 21 cycles (94°C 10 sec, 

61°C 30 sec, 68°C 8 min + 20 sec per cycle), 68°C 7 min, 4°C forever 

Cycle No. 3 
95°C 10 min, 40 cycles (95°C 30 sec, 54-56°C 30 sec, 72°C 50 sec), 72°C 10 min, 95°C 10 

min, 60°C 5 min, 50°C 5 min, 4°C forever 

* PCR conditions were identical for six fragments covering individual exons 4-9; G - AmpliTaq Gold 

Polymerase (Applied Biosystems); ELT - Expand Long Template PCR System (Roche). 

 

 
Figure 3 Agarose gel electrophoresis of PCR-amplified fragments of 

CHEK2 gene covering exons 1-9 (E1-9; 1.5% agarose gel). 

DNA control samples. M - size marker. 

 

 

Figure 4 

Agarose gel electrophoresis of PCR-

amplified fragment of CHEK2 gene 

covering exons 10-14 (0.7% agarose 

gel). Five DNA control samples. M - 

size marker. 
 



 34 

3.4.2. Denaturing high-performance liquid chromatography 

Denaturing high-performance liquid chromatography (DHPLC) enables identification of 

alterations by heteroduplex analysis. The presence of alteration in heterozygous form leads to 

the creation of heteroduplexes with mismatch during PCR amplification of individual 

fragments with denaturation-renaturation step at the end of amplification. Heteroduplexes 

thereafter exerts different elution profiles during DHPLC analysis. We have used the 

WAVE3500 system with computer evaluation by Navigator Software (Transgenomic). As a 

stationary phase served DNASep Cartridge (Transgenomic) made of alkylated nonporous 

poly(styren-divinylbenzene) particles that has differential affinity to the single and double-

stranded DNA molecules. At the optimal temperature (slightly below the denaturation 

temperature of individual double-stranded DNA fragments) the mismatch in heteroduplexes 

causes their easier denaturation and earlier elution in the gradient of acetonitrile (Figure 5).
148

 

Optimal temperature of individual fragments analysis was software-predicted and verified by 

optimalization on control samples. Conditions of DHPLC analysis are summarized in Table 9. 

Samples with aberrant elution profiles on DHPLC were sequenced from independent 

amplifications (ABI 3130; Applied Biosystems). 

 

 

   
Figure 5 Examples of DHPLC elution profiles of fragments covering exon 2+3 (A) and exon 4 

(B) showing good reproducibility and the strong potential of DHPLC analysis in 

resolution of particular sequence variants.  
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Table 9 Conditions of DHPLC analysis of CHEK2 

fragments covering individual exons. 

Exon 
Amplicon 

length (bp) 
Temperature 

(°C) 
Gradient of 

Buffer B 
a
 (%) 

0 258 64.1 50.3 - 59.3 

1 441 
57.0 57.7 - 66.7 

61.0 54.7 - 63.7 

2+3 460 55.4 58.0 - 67.0 

4 365 53.0 56.4 - 65.4 

5 310 56.5 55.0 - 64.0 

6 257 53.3 53.3 - 62.3 

7 213 54.5 51.4 - 60.4 

8 268 58.7 53.7 - 62.7 

9 301 56.4 54.8 - 63.8 

10 264 
56.3 53.6 - 62.6 

58.3 50.6 - 59.6 

11 217 56.5 51.6 - 60.6 

12 190 59.5 50.2 - 59.2 

13 182 57.0 49.7 - 58.7 

14 309 
54.5 55.0 - 64.0 

61.5 48.2 - 57.2 
a
 WAVE Optimized Buffer B (Transgenomic) contains 25% of 

acetonitrile. 

 

 

3.4.3. Automated sequencing 

Prior to the sequencing, PCR products had to be purified to remove the rest of 

oligonucleotides and dNTPs. Aliquots of 2 µl of PCR products were incubated at 37°C for 15 

minutes with 0.8 µl of enzyme mixture ExoSAP-IT (USB Corporation) with consequent 

inactivation of enzymes at 80°C for 15 minutes. Sequencing reactions were performed in 5µl 

volumes containing 2.8 µl of mixture of PCR product + ExoSAP-IT, 0.2 µl of 40 µM primers 

and 2 µl of sequencing mixture BigDye v.3.1 (Applied Biosystems) containing all 

components required for sequencing reaction (including fluorescently dyed ddNTPs). 

Conditions of sequencing reactions were 95°C 2 min and 20 cycles of: 95°C 5 sec, 60°C 10 

sec, and 72°C 4 min. Products of sequencing reaction were precipitated by adding 1.3 µl 3 M 

Na-acetate, 1.3 µl 0.125 M EDTA (pH 8.0) and 30 µl of 99.6% ethanol with consequent 

centrifugation (14 000 rpm, 20 min). Formed precipitate was thereafter washed by 60 µl of 

70% ethanol with following centrifugation and discharging of the ethanol. Dried DNA 

precipitate was dissolved in HiDi formamid (Applied Biosystems) and denatured at 95°C for 
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4 minutes and immediately cooled to 4°C. Samples were analyzed by DNA sequencer ABI 

Prism 3130 using polymer POP-7 (Applied Biosystems). Results were evaluated in program 

Sequencing Analysis v.2.5.5 (Applied Biosystems). 

 

 

3.5. Analysis of copy number variants 

3.5.1. Multiplex ligation-dependent probe amplification method 

The presence of inherited larger genomic rearrangements of CHEK2 gene was analyzed by 

multiplex ligation-dependent probe amplification method (MLPA) that enables identification 

of copy number variations of individual exact sites in DNA sequence (e.g. exons). We have 

used SALSA MLPA kit P190 CHEK2 (MRC-Holland, www.mrc-holland.com) for the 

analysis of CHEK2 gene. Specific pairs of DNA probes were designed to anneal to the 

specific sequences in individual exons. Initial hybridization of DNA probes with consequent 

ligation of specific probe pairs is followed by multiplex PCR amplification using the 

universal primers. Each individual fragment (representing individual exon of the CHEK2 

gene) has a specific length and is amplified proportionally to the amount of template DNA 

present in the sample. Amplicons of different length could be consequently separated by 

fragment analysis (Figure 6). The high of signal and area under curve (AUC) in individual 

position correlates with the amount of specific targeted sequence in the DNA. Comparison of 

signals in individual peaks between samples and controls enables identification of samples 

with lower or higher signal of specific fragment that represent loss or gain of genomic 

material. The MLPA enables amplification of up to 50 different fragments simultaneously in 

one reaction; therefore (because the CHEK2 gene consists of only 15 exons), several other 

probes specific to other genes were introduced to the CHEK2 MLPA kit to utilize the full 

capacity of the method (probes specific to: CHEK2 promoter region, CHEK2 c.1100delC 

mutation, PTEN, ATM, TP53, BRCA1/2 promoter regions, HSC20, and XBP1). In MLPA 

P190 CHEK2 kit, the first non-coding exon of CHEK2 gene is numbered as the exon 1 and 

thus numbers of individual exons are shifted comparing to the consensus numbering (exon 1 

corresponds to the exon 2 in MLPA etc.). Individual samples were processed according to the 

manufacturer instructions and amplified fragments separated on ABI PRISM 3130 analyzer 

(Applied Biosystems). Raw data were analyzed using Gene Mapper v.4.0 software (Applied 

http://www.mrc-holland.com/
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Biosystem) and then exported to the Coffalyser v.8 software (MRC-Holland) for further 

analysis involving normalization and statistical evaluation of individual peaks for 

significantly elevated or decreased signals compared to the median of all samples (Figure 6). 

Signals with ratio less than 0.6 or more than 1.4 compared to the median signal high in 

analyzed population were considered as most probably significant losses or gains of 

corresponding exons. All found deletions and amplification were confirmed by another 

independent analysis (see below). 

 

 
 
Figure 6 Example of wild type sample MLPA chromatogram (A) and the result of his 

Coffalyser v.8 software evaluation (B). P – promoter; C – control probes. 

 

 

3.5.2. PCR-based confirmation of CHEK2 large deletions 

For analysis and confirmation of large deletion involving exon 8 and 9 of CHEK2 (c.909-

2028_1095+330del5395; Met304Leufs15X; Figure 7), method previously published by 

Walsh et al. was used with minor modifications.
118

 Briefly, two primers flanking the deletion 

(CHEK2delUSF primer located in intron 8 and CHEK2delUSR primer located in intron 10) 

were used for PCR identification of 1325 bp fragment indicating the large deletion in the 

CHEK2 gene. Third primer in the same PCR reaction, CHEK2delUSR2 (annealed to the 
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sequence in intron 7 lost in the case of deletion), amplified in pair with CHEK2delUSF primer 

the wild-type CHEK2 sequence (1195 bp fragment) and served as a positive control of PCR 

reaction. Horizontal 1% agarose gel electrophoresis stained with ethidium bromide was used 

for visualization of fragments (Figure 15). Samples with deletions were verified by DNA 

sequencing of deletion-specific fragment with primer CHEK2delUSR using ABI PRISM 310 

Genetic Analyzer (Applied Biosystems). 

 

 
Figure 7 Schematic representation of 5395 bp deletion in CHEK2 affecting coding exons 8 and 9. 

Coding exons are depicted in red boxes and their boundaries in bases (starting with c.1 in 

translation initiation codon) are shown below. The sequencing chromatogram shows 

sequence of allele with 5395 deletion with depicted deletion site. 

 

 

3.5.3. Array-based comparative genomic hybridization 

Array-based comparative genomic hybridization (aCGH) is a method that enables detection of 

copy number variations of whole genomic DNA or individual chromosomes with relatively 

high resolution. DNA from tested sample and from normal control sample are labeled with 

different fluorophores and hybridized on many thousands of probes printed on glass slide. 

Sites of gains or losses of genetic material could be identified by comparison of the normal 

control sample and tested sample signals. Many different types of aCGH chips are 

commercially available. We have used the NimbleGen chips targeting individual 

chromosomes residing of the gene of interest. Labeling and hybridization procedure was 

performed as recommended by manufacturer (Roche - NimbleGen) and performed in 
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laboratories of Central European Biosystems. The results were evaluated using software 

analysis in SignalMap (NimbleGen). 

 

3.6. Genotyping of TP53 R72P polymorphism 

The exon 4 of TP53 gene (where R72P polymorphism is located) was amplified in 363 bp 

long fragment. PCR reactions were performed in 25 µl reaction mixtures containing 15 pmol 

of each primer (P42f 5’-ACCTGGTCCTCTGACTGCTCTTTTCAC-3’ and P43r 5’-

GCCAGGCATTGAAGTCTCAT-3’), 2.0 mM MgSO4, 0.2 mM dNTPs (Invitec), 2% DMSO 

(Sigma), 0.6 U AmpliTaq Gold DNA polymerase (Life Technologies), and 50 ng of genomic 

DNA using touch-down PCR protocol (95˚C 10’; 13 cycles of 95˚C 30’’, 68˚C - 1˚C/cycle 

30’’, 72˚C 1’ followed by 25 cycles of 95˚C 30’’, 55˚C 30’’, 72˚C 1’ and final extension 72˚C 

10’). PCR products were consequently analyzed by denaturing high-performance liquid 

chromatography (DHPLC; WAVE3500; Transgenomic) at 63.9˚C in a gradient of 54.3 - 

63.3% WAVE Optimized Buffer B containing 25% of acetonitrile (Transgenomic). DHPLC 

elution profiles in heterozygotic samples (Figure 8) were confirmed by bidirectional 

sequencing on ABI3130 (Applied Biosystems) using the above mentioned primers. The 

homozygotes were distinguished from each other by subsequent DHPLC performed under the 

same conditions after addition of equimolar amount of PCR amplified from wt sequence and 

denaturation-renaturation step. Samples of recessive homozygotes had thereafter the type of 

elution profile as heterozygotes. 

 

 
 
Figure 8 DHPLC elution profiles of samples analyzed for the presence of 

TP53 R72P polymorphism. 
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3.7. Nomenclature of alterations 

The nomenclature of alterations reflex guidelines of the Human Genome Variation Society 

(http://www.hgvs.org/mutnomen/). The position of individual alterations is counted according 

to the reference sequence of CHEK2 gene (GenBank NG_008150.1) and TP53 gene 

(GenBank NG_017013.1). As a first nucleotide was considered the A of the ATG-translation 

initiation codon. In the CHEK2, predominant transcription variant was used as reference 

sequence (transcription variant a, isoform α, NM_007194.3). The first coding exon of CHEK2 

is designated here as exon 1 regarding to the convention in relevant literature. We have 

performed also the mutation analysis of the first (non-coding) exon of CHEK2 transcript, that 

was designated here as exon 0. 

 

3.8. In silico analyses 

Biological significance of missense variants was evaluated using freely available web-based 

program Align-GVGD (http://agvgd.iarc.fr). For each amino acid substitution are counted two 

scores: Grantham Variation (GV), which express the variability of amino acids in affected 

position according to the multiple sequence alignment, and Grantham Deviation (GD), that 

reflects the biochemical difference of the mutant amino acid compared to the wt amino acid. 

The prediction of significance is thereafter created by combination of these two sores giving 

GVGD class from C0 (amino acid substitution most probably not influencing protein 

function) to the C65 (most likely to interfere with protein function, Figure 9).
149,150

  

 

 

Figure 9 
Align-GVGD classifiers (http://agvgd.iarc.fr). 

GD - Grantham Deviation; GV - Grantham 

Variation. 
 

http://www.hgvs.org/mutnomen/
http://agvgd.iarc.fr/
http://agvgd.iarc.fr/
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Intronic variants were evaluated using another web-based program, ESE Finder 3.0 

(http://rulai.cshl.edu/tools/ESE). Besides identification of exonic splicing enhancer (ESE) 

motifs, ESE Finder enables to identify splice and branch sites within given DNA sequence. 

Estimation of possible effect of intronic variant is made by comparison of identified splice or 

branch sites between wt sequence and sequence with alteration.
151,152

 

 

3.9. Statistical analyses 

The two-sided Chi-square tests were used for evaluation of differences in alteration 

frequencies between analyzed groups. Odds ratios (OR) were calculated from 2 x 2 

contingency tables. Differences in patient’s clinical characteristics were tested by 

nonparametric Wilcoxon or Kruskal – Wallis tests or Spearman rank correlation. Survival 

analysis was performed using Kaplan-Meier method; differences of survival curves were 

evaluated by Wilcoxon and Log-rank tests, hazard ratio calculated by Cox proportional hazard 

model. Progression-free survival (PFS) was defined as an interval from the date of diagnosis 

to the date of progression, relapse or death from any cause or last follow-up date after the first 

line treatment. Overall survival (OS) was defined as an interval from the date of diagnosis to 

the date of death from any cause or last follow-up date. Analysis of survival was performed in 

patients whose survival data were available (numbers of analyzed patients are displayed in 

each survival figure). All analyses were performed using SW Statistica v.9.0 (StatSoft) or 

NCSS v.2007 (NCSS). 

http://rulai.cshl.edu/tools/ESE
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4. RESULTS 

 

4.1. Analysis of CHEK2 gene in lymphomas 

4.1.1. Mutation analysis of CHEK2 gene in NHL patients 

Mutation analysis of the whole coding sequence of CHEK2 gene and of the first non-coding 

exon was performed in 340 NHL patients in aim to evaluate their potential impact on the risk 

of NHL development and prognosis. Overall, 26 different alterations of CHEK2 were 

identified. Frequencies of individual alterations in NHL patients and non-cancer controls are 

summarized in Table 10. The most frequent alterations were polymorphisms in front of the 

first non-coding exon (c.-2161G>A), in exon 1 (c.252A>G), intron 1 (c.319+43dupA) and 

intron 4 (c.684-78_-100dup23). Frequencies of these polymorphisms were similar in NHL 

cases as in controls (Table 10). 

The CHEK2 region coding for highly conservative FHA domain (exons 2 and 3) was shown 

to contain the largest number of different alterations [IVS1-5T>A, IVS2+1G>T, 

IVS2+24C>T, c.470T>C (I157T), c.538C>T (R180C), c.542G>A (R181H)], moreover, the 

frequency of alterations in FHA region was significantly higher in NHL patients (19/340; 

5.6%) compared to controls (19/683; 2.8%) and associated with elevated risk of NHL 

development (OR = 2.1; 95% CI 1.1 – 4.0; p = 0.03). When excluding the most frequent 

alteration within FHA coding region (I157T), the association of the rest five alterations with 

increased risk of NHL was on the border of statistical significance (p = 0.053). Relatively 

frequent were also alterations in exon 10 an in its proximity (4/340; 1.2%), but these 

alterations were not associated with increased NHL risk (p = 0.09). 

Alterations in other regions of CHEK2 gene were rare (with minor allele frequency < 1%). To 

our knowledge, 14 of CHEK2 alterations characterized in NHL patients were not described 

previously (Table 10; Figure 10). No CHEK2 alteration or group of alterations was associated 

with a specific histological type of NHL; moreover, no alteration was associated with risk of 

any NHL subtype. Only borderline association was found for the group of all alterations 

within the region coding for FHA domain and increased risk of DLBCL (OR = 2.1; 95% CI 

0.9 - 4.5; p = 0.07). 
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Table 10 List of alterations identified in NHL patients and controls with their frequencies and 

related odds ratios. 

Exon/ 

intron 
Alteration 

Frequency in 

NHL N (%) 
Frequency in 

controls N (%) 
OR 95% CI p value 

5’UTR 

c.-2161G>A 

heterozygotes 
13/340 (3.8) 14/376 (3.7) 1.0 0.5-2.2 0.94 

c.-2161G>A 

homozygotes 
3/340 (0.9) 0/376 - - - 

c.-2161G>A 

hetero + homozygotes 
16/340 (4.7) 14/376 (3.7) 1.3 0.6-2.7 0.51 

5’UTR c.-2155A>G * 1/340 (0.3) 0/376 - - - 

E0 c.-2075A>T * 1/340 (0.3) 0/376 - - - 

E1 c.122C>T (S41F) * 0/340 2/376 (0.5) - - - 

E1 c.252A>G (E84E) 22/340 (6.5) 20/376 (5.3) 1.2 0.7-2.3 0.51 

i1 

IVS1+43dupA 

heterozygotes 
67/340 (19.7) 83/376 (22.1) 0.9 0.9-1.2 0.43 

IVS1+43dupA 

homozygotes 
8/340 (2.4) 4/376 (1.0) 2.2 0.7-7.3 0.21 

IVS1+43dupA 

hetero + homozygotes 
75/340 (22.1) 87/376 (23.1) 0.9 0.7-1.4 0.73 

i1 IVS1-5T>A 1/340 (0.3) 0/683 - - - 

i2 IVS2+1G>T 1/340 (0.3) 0/683 - - - 

i2 IVS2+24C>T 1/340 (0.3) 1/683 (0.2) - - - 

E3 c.470T>C (I157T) 14/340 (0.3) 17/683 (2.5) 1.7 0.9-3.5 0.16 

E3 c.538C>T (R180C) 1/340 (0.3) 1/683 (0.2) - - - 

E3 c.542G>A (R181H) 1/340 (0.3) 0/683 - - - 

i4 IVS4-78_-100dup23 23/340 (6.8) 38/376 (10.1) 0.6 0.4-1.1 0.11 

i4 IVS4-74G>C * 0/340 1/376 (0.3) - - - 

i4 IVS4-4C>G * 0/340 1/376 (0.3) - - - 

E5 c.715G>A (E239K) 1/340 (0.3) - - - - 

i8 IVS8+71A>G * 1/340 (0.3) - - - - 

E9 c.1067C>T (S356L) * 1/340 (0.3) - - - - 

E10 c.1100delC 1/340 (0.3) 2/730 (0.3) - - - 

E10 c.1201A>G (T401A) * 1/340 (0.3) 0/730 - - - 

i10 IVS10+1G>C * 1/340 (0.3) 0/730 - - - 

i10 IVS10+28A>G * 1/340 (0.3) 0/730 - - - 

E11 c.1336A>G (N446D) * 1/340 (0.3) - - - - 

E12 c.1421G>A (R474H) * 1/340 (0.3) - - - - 

i13 IVS13-31delT * 1/340 (0.3) - - - - 

i14 IVS14+7T>C * 1/340 (0.3) - - - - 

All alterations within FHA coding 

region (exon 2 and 3) 
19/340 (5.6) 19/683 (2.8) 2.1 1.1-4.0 0.03 

All alterations within FHA coding 

region excluding I157T 
5/340 (1.5) 2/683 (0.3) 5.1 0.98-26.3 0.053 

All alterations within exon 10 and 

in its proximity  
4/340 (1.2) 2/730 (0.3) 4.3 0.8-23.8 0.09 

* New alterations; OR – odds ration; CI – confidence interval. 
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Figure 10 Sequencing chromatograms of novel alterations of CHEK2 gene characterized in NHL 

patients and controls (names of primers used for sequencing are in brackets). 
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We have also evaluated possible correlation of individual CHEK2 alterations with different 

clinical characteristics of NHL cases to further analyze the role of CHEK2 gene and its 

alterations in NHL. Besides clinical characteristics listed in Table 5, number of lymph nodes 

areas affected by the tumor, extranodal involvement, maximum tumor diameter, and treatment 

outcome were evaluated. We have found that carriers of the IVS1+43dupA alteration tend to 

be of younger age at NHL diagnosis. The median age at diagnosis in IVS1+43dupA carriers 

(heterozygotes + homozygotes together) vs. all NHL patients without this alteration were 57.3 

vs. 60.6 years, respectively (p = 0.04). This pattern was even more significant in subgroup of 

DLBCL patients (median age at diagnosis in alteration carriers 54.5 vs. 59.6 years in non-

carriers; p = 0.02). In a group of all NHL patients, carriers of IVS1+43dupA in heterozygotic 

or homozygotic form had higher probability of bone marrow negativity (OR = 2.1; 95% CI 

1.2-3.9; p = 0.02).  

The I157T mutation was associated with worse age-adjusted international prognostic index 

(AA IPI) in DLBCL. The I157T carriers with DLBCL had a higher probability of high AA 

IPI (OR = 6.6; 95% CI 1.4-31.2; p = 0.017). Moreover, in patients with DLBCL, the I157T 

mutation was associated with an increased risk to have a higher number of lymph nodes areas 

affected by the tumor (OR = 9.7; 95% CI 1.8-52.2; p = 0.008). 

All identified CHEK2 alterations were analyzed as potential factors influencing the survival 

of NHL patients. Previously mentioned alteration IVS1+43dupA was associated with better 

OS in DLBCL patients (either in homozygous or heterozygous form, Figure 11) with HRwt/wt 

= 2.2 (95% CI 1.2 – 4.0; p = 0.015). Alteration IVS1+43dupA was also associated with better 

PFS in all NHL patients (HRwt/wt = 1.7; 95% CI 1.1 – 2.6; p = 0.012) and DLBCL subgroup 

(HRwt/wt = 2.6; 95% CI 1.4-5.0; p = 0.002; Figure 12).  

Contrary to the previously mentioned alteration, worse PFS was associated with I157T 

alteration in all NHL patients (HRI157T = 3.9; 95% CI 1.4 – 10.9; p = 0.008) and less 

significantly in DLBCL subgroup (HRI157T = 7.7; 95% CI 1.4 – 43.3; p = 0.02; Figure 13). 

Only borderline association was found between I157T mutation and worse OS in DLBCL 

subgroup (p = 0.055; Figure 13). 



 46 

 

Figure 11 
Overall survival (OS) curves of 

non-Hodgkin lymphoma patients 

(A, B) and patients with diffuse 

large B-cell lymphoma (C, D) 

divided according to the presence 

of IVS1+43dupA alteration (in 

graph legends abbreviated as 

dupA). Log-rank test p-values are 

displayed in each graph. 

* Number of patients with 

available survival data. 
 

 

Figure 12 

Progression free survival (PFS) 

curves of non-Hodgkin lymphoma 

patients (A, B) and patients with 

diffuse large B-cell lymphoma (C, 

D) divided according to the 

presence of IVS1+43dupA 

alteration (in graph legends 

abbreviated as dupA). Log-rank 

test p-values are displayed in each 

graph. 

* Number of patients with 

available survival data. 
 

 

Figure 13 
Overall survival (OS) and 

progression free survival (PFS) 

curves of non-Hodgkin lymphoma 

(NHL) patients (A, C) and patients 

with diffuse large B-cell 

lymphoma (B, D) divided 

according to the presence of I157T 

mutation. Log-rank test p-values 

are displayed in each graph. 

* Number of patients with 

available survival data. 
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4.1.2. Analysis of copy number alterations by CHEK2 MLPA 

The MLPA analysis of CHEK2 gene was successfully performed in 290 NHL patients. Two 

samples with the large deletion of 5395 bp previously described as a Czech founder mutation 

in breast cancer patients
118

 were identified (Figure 14). 

 
 
Figure 14 Result of MLPA analysis (kit P190) of L026 sample with del5395 bp of 

CHEK2 (coding exons 8+9; in MLPA mix designated as 9+10). 

 

The presence of 5395 bp deletion was confirmed in both samples by PCR based method with 

consequent sequencing of deletion-specific 1325 bp long fragment (Figure 15). 

 

 
 

 
 

Figure 15 Agarose gel electrophoresis confirming the presence of 5395 bp deletion of CHEK2 in 

two NHL samples (L026 and L329) with sequencing result. M - size marker; PC - 

positive control; NC - negative control. 

 

Further, one sample with deletion of CHEK2 exon 14 was identified and the presence of 

c.1100delC mutation of CHEK2 found by mutation analysis in one NHL sample was 

confirmed (Figure 16). Surprisingly, beside above mentioned deletions, two gains within the 

other genes included in the CHEK2 MLPA kit were identified, amplification of genomic 

regions of ATM and TP53 gene (Figure 16). 
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Figure 16 Results of MLPA P190 analysis of samples with CHEK2 exon 14 deletion (A; in 

MLPA CHEK2 mix designated as exon 15), CHEK2 c.1100delC mutation (B), 

ATM amplification (C), and TP53 amplification (D). 



 49 

4.1.3. Array-based comparative genomic hybridization (aCGH) 

Despite the positive result of MLPA analysis of sample L296 with deletion of exon 14 of 

CHEK2 gene, no copy number variant was identified by aCGH of chromosome 22 within the 

region of CHEK2 gene in general or exon 14 in particular. On the other hand, aCGH of 

chromosome 11 and 17 confirmed amplification of large chromosome regions containing also 

ATM and TP53 genes, respectively (Figure 17). The ATM gene was involved in a complex 

genomic rearrangement of the large parts of chromosome 11. The TP53 gene was situated in 

relatively smaller amplified area (approximately 750 kb) of chromosome 17. 

 

 

 

 
 
Figure 17 Results of aCGH arrays with pointed sites of CHEK2, ATM and TP53 genes. 

Deviations from the zero level mean gains and losses of genetic material in 
the specific chromosomal position. 



 50 

4.1.4. Mutation analysis of CHEK2 FHA-coding region in HL patients 

Analysis of entire CHEK2 sequence in NHL patients revealed that the majority of alterations 

reside in a small portion of the gene involving coding sequence of FHA domain. Therefore, 

mutation analysis only of CHEK2 FHA-coding region was performed in 298 samples of HL 

patients in order to evaluate the risk of HL development in CHEK2 alteration carriers.  

We ascertained six different CHEK2 alterations localized within FHA-coding region 

(c.470T>C, c.475T>C, c.542G>A) or in its proximity (IVS1-5T>A, IVS2+24C>T, IVS2-

54C>T; Table 11). The overall frequency of CHEK2 alterations in the group of HL patients 

(5.7%) differed significantly from that characterized in non-cancer controls (2.8%; p = 0.04). 

Presence of any alteration within analyzed region was associated with an increased risk of HL 

development (OR = 2.11; 95% CI 1.08 - 4.13). The most frequently occurring CHEK2 

alteration – c.470T>C (I157T) – was found in 4.0% of HL patients compared to 2.5% of 

controls (p = 0.22). The frequency of other alterations (excluding the most frequent I157T 

mutation) was significantly higher in HL cases and associated with an increased risk of HL 

development (OR = 5.81; 95% CI 1.12 – 30.12; Table 11).  

 

Table 11 Frequencies of alterations identified in CHEK2 FHA-coding region in HL patients. 

Exon/ 

intron 
Alteration 

HL patients 

N (%) 
Controls 

N (%) 
OR 95% CI p value 

- None 281 (94.3) 664 (97.2) Reference (1.00)  

e3 c.470T>C (I157T) 12 (4.0) 17 (2.5) 1.64 0.78-3.49 0.22 

e3 c.475T>C (Y159H) 1 (0.3) 0 - - - 

e3 c.538C>T (R180C) 0 1 (0.1) - - - 

e3 c.542G>A (R181H) 1 (0.3) 0 - - - 

i1 IVS1-5T>A 1 (0.3) 0 - - - 

i2 IVS2+24C>T 1 (0.3) 1 (0.1) - - - 

i2 IVS2-54C>T 1 (0.3) 0 - - - 

All alterations within coding sequence 14 (4.7) 18 (2.6) 1.82 0.89-3.71 0.12 

Alterations excluding I157T 5 (1.7) 2 (0.3) 5.81 1.12-30.12 0.03 

All alterations 17 (5.7) 19 (2.8) 2.11 1.08-4.13 0.04 

OR – odds ration; CI – confidence interval. 

 

Progression-free survival in HL patients did not differ between CHEK2 alteration carriers and 

patients without alteration in analyzed region (Figure 18). Moreover, CHEK2 FHA alterations 

did not correlate with any of clinical characteristics of HL patients listed in Table 12. 
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Figure 18 

Progression-free survival of 215 HL patients in 

groups according to the presence of inherited 

CHEK2 alterations. No significant difference in 

PFS was found (p values for Log-rank and 

Wilcoxon tests were 0.53 and 0.97, respectively). 

 

 

Table 12 Clinical characteristics of HL patients with and without 

CHEK2 FHA alterations. 

Characteristic 
Without CHEK2 FHA 

alteration 

Any CHEK2 FHA 

alteration 

Gender N (%)   

   Male 141 (50.2) 9 (52.9) 

   Female 140 (49.8) 8 (47.1) 

Age at diagnosis 

median of years (range) 
32.6 (14.0-83.7) 31.9 (17.1-59.0) 

Histologic subtype N (%)   

   NLPHL 13 (4.6) 1 (5.9) 

   NS 188 (66.9) 11 (64.7) 

   MC 64 (22.8) 5 (29.4) 

   Other 16 (5.7) 0 

Clinical stage 

N (% of known) 

  

   I 18 (6.6) 1 (5.9) 

   II 132 (48.2) 7 (41.2) 

   III 57 (20.8) 6 (35.3) 

   IV 67 (24.5) 3 (17.6) 

   No data 7 0 

NLPHL - Nodular lymphocyte predominant Hodgkin lymphoma; NS - Nodular 

sclerosis classical Hodgkin lymphoma; MC - Mixed cellularity classical 

Hodgkin lymphoma. 

 

 

4.2. Analysis of CHEK2 in solid tumors 

Alongside to the genetic analyses of CHEK2 gene in lymphoma patients we analyzed the 

CHEK2 gene fragment coding for FHA domain and 1100delC alteration in breast (BC), 

colorectal (CRC) and pancreatic cancer patients. 
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4.2.1. Unselected breast cancer cases 

We screened the fragment of CHEK2 gene coding for FHA domain by the DHPLC in 673 

unselected breast cancer patients and compared the frequencies of identified alterations with 

frequencies in non-cancer control group.
153

 The results of analysis that identified 10 different 

alterations in CHEK2 sequence are summarized in Table 13.  

The most frequent alteration was the c.470C>T (I157T) mutation, however, the occurrence of 

this variant was similar in both groups: 19 cases (2.82%) in sporadic breast cancer patients 

and 17 cases (2.49%) in non-cancer controls (p = 0.71). Except for this mutation, additional 

four missense variants in FHA coding sequence (R117G, Y159H, T172A, and L174F) were 

characterized in four out of 673 breast cancer patients (0.15%) but in none in 682 controls. 

Transitions c.475T>C (Y159H), c.514A>G (T172A), and c.520C>T (L174F) represented 

novel alterations not detected previously. 

 

Table 13 Characterized alterations in the CHEK2 FHA-coding region in sporadic breast cancer (BC) 

patients. 

Exon/ 

intron 
Alteration 

BC patients 

N (%) 
Controls 

N (%) 
OR 95% CI p value 

- None 646 (96.0) 664 (97.2) Reference (1.00)  

e2 c.349A>G (R117G) 1 (0.1) 0 - - - 

e3 c.470T>C (I157T) 19 (2.8) 17 (2.5) 1.14 0.59-2.21 0.71 

e3 c.475T>C (Y159H)* 1 (0.1) 0 - - - 

e3 c.514A>G (T172A)* 1 (0.1) 0 - - - 

e3 c.520C>T (L174F)* 1 (0.1) 0 - - - 

e3 c.538C>T (R180C) 0 1 (0.1) - - - 

e3 c.541C>T (R181C) 1 (0.1) 0 - - - 

i1 IVS1-5T>A* 1 (0.1) 0 - - - 

i2 IVS2+1G>T* 1 (0.1) 0 - - - 

i2 IVS2+24C>T* 1 (0.1) 1 (0.1) - - - 

All alterations within coding sequence 24 (3.6) 18 (2.6) 1.36 0.73-2.54 0.32 

Alterations excluding I157T 8 (1.2) 2 (0.3) 4.1 0.9-19.36 0.053 

All alterations 27 (4.0) 19 (2.8) 1.46 0.80-2.65 0.21 

*Novel mutations. 

 

We also characterized one known CHEK2 alteration (R181C) occurring in the coding 

sequence flanking the C-terminal portion of FHA domain and three intronic variants (IVS1-

5T>A, IVS2+1G>T, IVS2+24C>T), each detected in one of breast cancer patients.  
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The age of breast cancer onset was not different in carriers of CHEK2 alterations (average 

56.1 years) compared to non-carriers (average 55.2 years). Only three of 27 carriers of 

CHEK2 alterations with a positive family history of breast cancer were found. No association 

between CHEK2 mutations and breast cancer histological type, age of onset, or estrogen 

receptor expression was found. 

 

4.2.2. Unselected colorectal cancer cases 

Eight different variants (Table 14) within the CHEK2 gene fragment containing coding 

sequence of FHA domain were found in 39 out of 631 CRC patients (6.2%) contrary to only 

two CHEK2 alterations found within the same gene fragment in 19 out of 683 controls 

(2.8%). Alongside the most frequent c.470C>T (I157T) mutation, and five other alterations 

(R180C, R181C, IVS1-5T>A, IVS2+1G>A, IVS2+24C>T) two novel gene variants were 

characterized - the missense mutation c.434G>A (R145Q) and the intronic variant IVS2-

54C>T. The frequency of all alterations in patients group elevated the risk of CRC more than 

two-fold (OR = 2.3; 95% CI 1.3-4.0; p = 0.003).
154

  

The incidence of I157T mutation was significantly higher in unselected CRC patients - 

30/631 (4.8%) than in controls [17/683 (2.5%); p = 0.03]. The inheritance of I157T mutation 

enhanced the risk of CRC two-fold (OR = 2.0; 95% CI 1.1-3.6; Table 14). The incidence of 

other alterations detected in the CHEK2 gene region containing FHA domain-coding 

sequence was also found to differ significantly between CRC patients and controls (10/631 vs. 

2/683; p = 0.02) and the risk of CRC associated with inheritance of these mutations was 

enhanced accordingly (OR = 5.6; 95% CI 1.2-25.7; Table 14). The inheritance of any CHEK2 

missense mutation within FHA coding sequence enhanced the risk of CRC more than two-

fold (OR = 2.1; 95% CI 1.2-3.7; p = 0.02; Table 14). The presence of two CHEK2 variants 

(I157T and IVS2+24T>C) was detected in one CRC patient.  

Truncating mutation c.1100delC was found in four out of 631 CRC patients (0.6%). 

Compared to the previously analyzed control cohort
155

 (2/730; 0.3%) the difference in 

frequency of c.1100delC was not statistically significant (OR = 2.3; 95% CI 0.4-12.8; p = 

0.4). The average age of CRC diagnose in c.1100delC carriers was 60.5 ± 8.5 years (mean ± 

SD). Positive familial history of cancer was scored in one of four patients carrying 

c.1100delC (father with gastric cancer diagnosed at the age of 50).
154
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The large deletion of 5395 bp was not identified among 522 CRC patients.
154

 

 

Table 14 Frequency of alterations in the CHEK2 gene region covering coding sequence of FHA 

domain in CRC patients. 

Exon/ 

intron 
Alteration 

CRC patients 

N (%) 
Controls 

N (%) 
OR 95% CI p value 

- None 592 (93.8) 664 (97.2) Reference (1.00)  

e2 c.434G>A (R145Q) * 1 (0.2) 0 - - - 

e3 c.470T>C (I157T) * 30 (4.8) 17 (2.5) 2.0 1.1-3.6 0.03 

e3 c.538C>T (R180C) 0 1 (0.1) - - - 

e3 c.541C>T (R181C) 2 (0.3) 0 - - - 

i1 IVS1-5T>A 1 (0.2) 0 - - - 

i2 IVS2+1G>A 2 (0.3) 0 - - - 

i2 IVS2+24C>T 3 (0.5) 1 (0.1) 3.4 0.4-32.4 0.4 

i2 IVS2-54C>T * 1 (0.2) 0 - - - 

All alterations within coding sequence 33 (5.3) 18 (2.6) 2.1 1.2-3.7 0.02 

Alterations excluding I157T 10 (1.6) 2 (0.3) 5.6 1.2-25.7 0.02 

All alterations 39 (6.2)
a
 19 (2.8) 2.3 1.3-4.1 0.003 

a) One carrier of two alterations (I157T and IVS2+24C>T) was found; * Novel alterations. 

 

 

4.2.3. Pancreatic cancer cases 

We analyzed the impact of CHEK2 alterations within the FHA coding region to the 

development of sporadic pancreatic cancer in 270 Czech patients.
156

 The c.470T>C (I157T) 

mutation affecting the FHA-coding domain was the most prevalent CHEK2 alteration in 

pancreatic cancer cases found in six out of 269 analyzed cases (2.2%). However, this 

frequency was similar to that noted in controls (2.5%) resulting in non-significant association 

with the pancreatic cancer risk (p = 0.82; Table 15). The occurrence of other alterations 

within the CHEK2 FHA domain-coding sequence or in its proximity was in our study higher 

among cases (4/269; 1.5%) compared to controls (2/683; 0.3%) but the association with the 

pancreatic cancer risk was marginally non-significant (p = 0.057; Table 15). All four intronic 

alterations characterized in this CHEK2 fragment were found previously in samples of breast 

and/or colorectal cancer cases.  

Analyses of other CHEK2 hot-spot region in our set of pancreatic cancer patients revealed no 

carrier of CHEK2 c.1100delC mutation or the large deletion of 5395 bp.
156
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Table 15 Identified alterations in sequence surrounding the CHEK2 FHA domain in pancreatic 

cancer patients. 

Exon/ 

intron 
Alteration 

Pancreatic 

cancer patients 

N (%) 

Controls 

N (%) 
OR 95% CI p value 

- None  259 (96.3) 664 (97.2) Reference (1.00)  

e3 c.470T>C (I157T) 6 (2.2) 17 (2.5) 0.89 0.35-2.29 0.82 

e3 c.538C>T (R180C) 0 1 (0.1) - - - 

i1 IVS1-5T>A 1 (0.4) 0 - - - 

i2 IVS2+1G>A 1 (0.4) 0 - - - 

i2 IVS2+24C>T 1 (0.4) 1 (0.1) - - - 

i2 IVS2-54C>T 1 (0.4) 0 - - - 

Alterations excluding I157T 4 (1.5) 2 (0.3) 5.14 0.94-28.23 0.057 

All alterations 10 (3.7) 19 (2.8) 1.35 0.62-2.94 0.451 

 

 

4.3. Analysis of CHEK2 alterations in control populations 

Population frequency of identified CHEK2 alterations was established in appropriate number 

of non-cancer controls. CHEK2 FHA coding region was evaluated in 683 individuals (17 

I157T, one R180C and IVS2+24C>T alterations were identified, Table 10).
153

 Mutation 

analysis of exon 10 of CHEK2 gene (the site of c.1100delC mutation) was performed in 730 

non-cancer individuals in the study of Kleibl el al.
155

 (only two c.1100delC mutations were 

identified). The frequency of c.-2161G>A, E84E, IVS1+43dupA, and IVS4-78_-100dup23 

polymorphisms was analyzed in 376 non-cancer individuals (Table 10). One carrier of 

CHEK2 5395 bp deletion was identified among 565 non-cancer cases.
154
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4.4. Analysis of TP53 R72P polymorphism in lymphomas 

Genotyping of TP53 R72P polymorphism was performed totally in 1387 individuals. The 

genotype distribution of TP53 R72P polymorphism among 638 lymphoma cases and 749 non-

cancer controls did not differ significantly with similar minor allele frequencies (MAFPro72) in 

NHL patients, HL patients and controls (21.8%, 24.3%, and 22.4%, respectively). The 

genotypes coding for ArgPro, ProPro, or combined ArgPro/ProPro were not associated with 

the risk of lymphoma in general or NHL and HL separately (Table 16). The genotype coding 

for ProPro was marginally associated with a lower age at diagnosis of HL compared to 

ArgArg variant (p = 0.03; median age at diagnosis 29.4 vs. 32.7 years, respectively). The 

R72P polymorphism was not associated with any other clinical characteristics in NHL and 

HL patients (listed in Tables 5 and 6) and had no impact on PFS or OS (Figures 19 and 20, 

respectively) in all lymphoma patients and NHL, HL, DLBCL, FL subgroups. Two other 

TP53 variants in exon 4 were identified [silent mutation c.108G>A (P36P) and intronic 

variant IVS3-9C>T]. The frequency of c.108G>A did not differ between lymphoma patients 

(13/638; 2.0%) and controls (22/749; 2.9%; p = 0.3). The rare IVS3-9C>T variant of 

uncertain significance was identified in one HL patient and two control individuals. 

 

Table 16 Distribution of TP53 R72P genotypes and allele frequencies in lymphoma 

patients and controls with related odds ratios. 

Genotype Controls  All lymphoma cases 

N (%)  N (%) OR (95% CI) p 

ArgArg 465 (62.1)  392 (61.4) 1.0  

ArgPro 233 (31.1)  199 (31.2) 1.0 (0.8-1.3) 0.95 

ProPro 51 (6.8)  47 (7.4) 1.1 (0.7-1.7) 0.75 

ArgPro/ProPro 284 (37.9)  246 (38.6) 1.0 (0.8-1.3) 0.82 

Arg allele 1163 (77.6)  983 (77.0) 1.0  

Pro allele 335 (22.4)  293 (23.0) 1.0 (0.9-1.2) 0.72 

Genotype 
NHL  HL 

N (%) OR (95% CI) p  N (%) OR (95% CI) p 

ArgArg 218 (64.1) 1.0   174 (58.4) 1.0  

ArgPro 96 (28.2) 0.9 (0.7-1.7) 0.39  103 (34.6) 1.2 (0.9-1.6) 0.26 

ProPro 26 (7.6) 1.1 (0.7-1.8) 0.80  21 (7.0) 1.1 (0.6-1.9) 0.78 

ArgPro/ProPro 122 (35.9) 0.9 (0.7-1.2) 0.54  124 (41.6) 1.2 (0.9-1.5) 0.29 

Arg allele 532 (78.2) 1.0   451 (75.7) 1.0  

Pro allele 148 (21.8) 1.0 (0.8-1.2) 0.78  145 (24.3) 1.12 (0.9-1.4) 0.36 

OR, odds ratio; CI, confidence interval. 
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Figure 19 
Progression free survival curves 

(PFS) of (A) non-Hodgkin 

lymphoma (NHL) patients, (B) 

Hodgkin lymphoma (HL) 

patients, (C) patients with diffuse 

large B-cell lymphoma (DLBCL) 

and (D) follicular lymphoma (FL) 

divided according to the genotype 

coding for R72P polymorphism. 

Log-rank test p-values are 

displayed in each graph. 

* Number of patients with 

available survival data. 
 

 

 

Figure 20 

Overall survival curves (OS) of 

(A) non-Hodgkin lymphoma 

(NHL) patients, (B) Hodgkin 

lymphoma (HL) patients, (C) 

patients with diffuse large B-cell 

lymphoma (DLBCL) and (D) 

follicular lymphoma (FL) divided 

according to the genotype coding 

for R72P polymorphism. Log-rank 

test p-values are displayed in each 

graph. 

* Number of patients with 

available survival data. 
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5. DISCUSSION 

 

Only rare cases of lymphoma could be attributable to the apparently familial form of NHL 

(OMIM 605027) or HL (OMIM 236000). Hence, it could be assumed that no “high”-

penetrant NHL or HL-susceptibility gene is involved in lymphomagenesis and therefore the 

risk of lymphoma development could be influenced by various “low” or “medium” penetrant 

alleles. Besides many others, alterations in the CHEK2 gene and polymorphism R72P in the 

TP53 gene has been considered as the alleles that associate with genetic risk of several solid 

tumors, however, their association with hematooncological malignances were shown to be 

inconsistent, limited, or absent at all.
89

 

The genotyping of the CHEK2 gene was initiated in our laboratory by the analysis of 

c.1100delC alteration in breast cancer samples (and relevant controls) in 2005.
155

 We 

described that this alteration represents a rare event with little relevance for breast cancer 

predisposition in clinical settings. Later we introduced the analysis of CHEK2 genomic 

fragment coding for FHA domain that harbors two referred pathogenic variants IVS2+1G>A 

and I157T. We have shown that analyzed CHEK2 sequence resides numerous rare and 

probably population-specific sequence variants and represent probable “hot-spot” mutation 

region of the CHEK2 gene.
153,154

 To verify this assumption, the comprehensive mutation 

analysis of entire coding sequence of the CHEK2 gene in a representative population was 

warranted. 

 

5.1. CHEK2 gene alterations 

5.1.1. The role of CHEK2 gene alterations in lymphomas 

We performed the largest study analyzing the entire CHEK2 gene in lymphoma patients so 

far. Based on our results, we confirmed that the widest spectrum of different germline CHEK2 

alterations is clustered within the gene’s fragment coding for FHA domain that represent the 

crucial protein module for proper activation of CHK2 kinase activity in DSB repair 

pathway.
104

 Moreover, we found that carriers of alterations within FHA domain-coding region 

are at increased risk of lymphoma development. These alterations were associated with 

increased risk of NHL (OR = 2.1; 95% CI 1.1 - 4.0). This result is in concordance with the 
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only other study performed in NHL cases by Cybulski at al.,
107

 who analyzed the three most 

studied CHEK2 alterations (I157T and IVS2+1G>A affecting the FHA domain and 

c.1100delC affecting kinase domain) and reported positive association of I157T mutation with 

increased NHL risk (OR 2.0; p = 0.05). The I157T mutation was found in 11 out of 120 NHL 

cases (9.2%) compared to 193 out of 4000 controls (4.8%).  

Contrary to the NHL, CHEK2 gene alterations were not studied in HL lymphoma so far. 

However, we have identified a positive association of all alterations of the CHEK2 FHA-

coding region with a higher risk of tumor development also in HL cases (OR = 2.1; 95% CI 

1.1 - 4.1). Moreover, significant association was identified in the group of all alterations 

within FHA-coding region excluding the most frequent I157T mutation (OR = 5.8; 95% CI 

1.1 - 30.1), however, the association in this group of CHEK2 alterations was of borderline 

statistical significance in NHL patients (p = 0.053). 

Polled analysis of all lymphoma cases revealed even stronger association of alterations within 

CHEK2 FHA-coding region with higher risk of lymphoma (Table 17). 

 

Table 17 Analysis of CHEK2 FHA alterations in pooled lymphoma group. 

Alteration 
All lymphomas  

N (%) 
Controls 

N (%) 
OR 95% CI p value 

None  602 (94.4) 664 (97.2) Reference (1.00)  

c.470T>C (I157T) 26 (4.1) 17 (2.5) 1.66 0.89-3.10 0.11 

All alterations excluding I157T 10 (1.6) 2 (0.3) 5.42 1.18-24.8 0.03 

All alterations within CHEK2 

FHA-coding region 
36 (5.6) 19 (2.8) 2.11 1.19-3.68 0.01 

 

The most frequent alteration of FHA-coding region identified among lymphoma patients was 

c.470T>C (I157T) variant. I157T mutation is localized within the conserved sequence of 

CHEK2 FHA domain (localization of identified alterations of CHEK2 FHA-coding region 

within the FHA domain is displayed in Figure 21). Although the Align GVGD software 

prediction classified this mutation to the group of variants with limited impact (Class C25), 

the in vitro functional analyses clearly showed that the mutated I157T CHK2 protein is 

defective in ability to bind some of its protein targets including the p53 protein
100

 or the 

BRCA1 protein
157

 in vitro and due to the retained dimerization capacity the I157T 

heterozygotes exerts impaired substrate binding in vivo.
158

 Alongside to the previously 
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mentioned NHL study, the I157T mutation has been also reported to be associated with higher 

risk of chronic lymphocytic leukemia development (OR = 14.83; p = 0.0008).
159

 

Alteration c.475T>C (Y159H), described recently as a novel alteration in our BC patient
153

 

and found thereafter in one HL case, affects also a highly conservative amino acid residue 

within the FHA-coding region (Align GVGD Class C65) and thus most probably influences 

the CHK2 protein function.  

The c.542G>A (R181H) variant was identified previously in breast and prostate cancer 

patients from Germany
120

 and the USA,
112

 however, this variant most likely does not interfere 

with the function of the CHK2 (Align GVGD Class C0) and together with c.538C>T (R180C; 

Align GVGD Class C25) may represent neutral CHEK2 sequence variant affecting non-

conservative amino acid residues located in the proximity to the carboxy-terminal end of FHA 

domain (Figure 21). 

 

 
 
Figure 21 The localization of identified CHEK2 gene missense mutations in analyzed cancer 

patients and controls within human CHK2 protein sequence and corresponding 

sequences of other species. 

 

 

Identified intronic variants in proximity to the FHA-coding region affecting intron sequences 

of intron 1 and 2 were previously ascertained in sporadic breast cancer cases.
153

 As this 

variants closely flank to the conservative 5’ or 3’ splicing sites, it could be assumed that they 

may contribute to the aberrant splicing of CHEK2 pre-mRNA. Based on the computer 

prediction using ESE finder software, we deduced that the intronic variant IVS1-5T>A causes 

abrogation of splicing site, IVS2+24C>T may interfere with binding sites of splicing factors 

and that IVS2-54C>T alters the most probable branching site (Figure 22), however, these 

hypotheses have not been confirmed using functional in vitro analyses so far. 
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Figure 22 Prediction of the effect of selected intronic variants on CHEK2 pre-mRNA 

splicing (ESE Finder 3.0; http://rulai.cshl.edu/tools/ESE). (A) IVS1-5T>A and 

abrogation of splicing site; (B) IVS2+24C>T and splicing factors; (C) IVS2-

54C>T and altered branching site. 

 

 

The IVS2+1G>A transition was identified as the second most frequent frame-shifting CHEK2 

alteration in Polish,
107

 German
120,158

 and Belarus
158

 populations and was shown to contribute 

to the development of breast, prostate, stomach and thyroid cancers, but this mutation was not 

identified among lymphoma patients (only in one CRC and one pancreatic cancer 

patient).
154,156

 However, we have detected un-described similar alteration IVS2+1G>T 

previously,
153

 a transversion affecting the same position at the 5’ conservative splicing site. It 

is highly probable that this mutation may also affect the splicing of CHEK2 pre-mRNA in a 

similar manner as it has been shown for IVS2+1G>A alteration.
120

 

No other CHEK2 alteration was associated with NHL risk. The most studied CHEK2 

mutation c.1100delC (leading to the translation of truncated protein product lacking kinase 

domain; p.fs381X) alone or in group with all alterations within the region of exon 10 was not 

associated with NHL risk. The occurrence of c.1100delC mutation varies substantially among 

different populations being highly incident in Northern and Western Europe
111

 and in 

Russia
113

 but rare in Southern Europe,
115

 South America
116

 or Asia.
160

 Even though this 

alteration was reported to be associated with higher risk of breast cancer,
111

 the frequency of 

c.1100delC in the Czech population is low (0.3%)
155

 and our results indicate that this 

alteration unlikely contributes to the lymphoma or other cancer development in the Czech 

population. Within the region of exon 10, one novel interesting alteration was described - 

http://rulai.cshl.edu/tools/ESE
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IVS10+1G>C - which, based on the ESE finder prediction and considering the importance 

and conservativeness of this site, could also interfere with CHEK2 pre-mRNA splicing. 

No CHEK2 alteration was ever evaluated as a factor influencing lymphoma survival. 

Alterations within the CHEK2 FHA-coding region and especially the I157T alteration were 

associated with a worse PFS in all NHL patients (p = 0.008) and also in DLBCL subgroup (p 

= 0.02). A borderline association was detected for OS in DLBCL cases. Patients with DLBCL 

and I157T mutation were at higher risk of high AA IPI and higher number of lymph nodes 

areas affected by the tumor, however the consequent statistical analysis revealed that the 

I157T mutation represents an independent prognostic factor in NHL patients. 

Even more interesting was identification of IVS1+43dupA alteration as another independent 

prognostic factor associated with better OS in DLBCL (p = 0.02) and PFS in all NHL (p = 

0.01) and DLBCL subgroup (p = 0.002). Better survival corresponded also to the number of 

altered alleles. This association was caused neither by younger age at diagnosis in 

IVS2+43dupA carriers (57.3 vs. 60.6 in non-carriers) nor by their higher probability of 

negative bone marrow. Distribution of the type of chemotherapy according to the intensity 

and treatment by rituximab was random in all groups analyzed for the differences in survival. 

The biological rationale how IVS1+43dupA alteration influences the NHL survival is not 

clear. Computer prediction (ESE finder) did not reveal interaction with splicing of CHEK2 

pre-mRNA, however, another processes influencing gene transcription (at the level of intronic 

splicing enhancers/silencers) or mRNA metabolism (RNA interference, stability or 

processing) may be involved. 

 

5.1.2. The role of CHEK2 gene alterations in distinct solid tumors 

We have shown that alterations of CHEK2 FHA-coding region are associated with higher risk 

of NHL and HL development. Even more significant association was found for unselected 

colorectal cancer cases (OR = 2.3; p = 0.003).
154

 On the other hand, we did not find any 

association of I157T mutation neither with familiar colorectal cancer nor with patients from 

APC-negative familial adenomatous polyposis families.
161

 Similar results were published for 

I157T alteration with its considerable higher frequency in CRC patients and controls by 

Kilpivaara et al. (7.8% and 5.3%, respectively; OR = 1.5) and Cybulski et al. (7.1% and 4.8%, 

respectively; OR = 1.5).
162,163

 Contrary to the sporadic colorectal cancer cases, we did not 
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identify any association of CHEK2 alterations with the risk of breast and pancreatic 

cancers.
153,156

 CHEK2 alterations were not studied in sporadic pancreatic cancer before, while 

studies from Germany and Belarus,
164

 Finland
158

 and Poland
107,165

 provided the data about 

contribution of I157T to breast cancer development, the studies from Italy,
114

 Germany,
120

 

UK, the Netherlands and the USA,
166

 and the USA on multiethnic cohort
167

 failed to find such 

association. On the other hand, alterations within the FHA-coding region excluding I157T 

were on the border of statistical significance in both, breast and pancreatic cancers in our 

study (p = 0.053 and 0.057, respectively). Association of alterations within CHEK2 FHA-

coding region (with or without I157T mutation) with increased cancer risk was apparent also 

in pooled analysis of all our cancer cases together (N = 2212, Table 18). 

 

Table 18 Analysis of CHEK2 FHA alterations in all cancer patients in our study (N = 2212). 

Alteration 
All lymphomas  

N (%) 
Controls 

N (%) 
OR 95% CI p value 

None  2099 (94.9) 664 (97.2) Reference (1.00)  

c.470T>C (I157T) 81 (3.7) 17 (2.5) 1.47 0.88-2.53 0.14 

All alterations excluding I157T 32 (1.4) 2 (0.3) 5.0 1.20-20.92 0.03 

All alterations within CHEK2 

FHA-coding region 
112 (5.1) 

a)
 19 (2.8) 1.86 1.13-3.06 0.01 

a) One carrier of two alterations (I157T and IVS2+24C>T) was identified. 

 

 

5.2. Copy number variants 

Deletion of 5395 bp affecting exons 8 and 9 of the CHEK2 gene was firstly identified by 

Walsh et al.
118

 in the breast cancer families of the Czech origin. Association of this large 

deletion with higher risk of breast cancer development was confirmed by Cybulski at al. 

analyzing Polish breast cancer patients.
168

 Association of CHEK2 del5395 with increased 

cancer risk has been reported also for prostate cancer
169

 but was not found in hereditary non-

polyposis colorectal cancer
170

 or melanoma.
171

 We have identified two cases with CHEK2 

del5395 among 290 NHL patients. The low frequency of deletion did not differ between NHL 

patients and controls (p = 0.27). We have not identified deletion in the Czech colorectal or 

pancreatic cancer patients
154,156

 and thus the role of this alteration could be restricted only to 

several other cancer types. 
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The two rearrangements in TP53 and ATM genes incidentally detected during CHEK2 MLPA 

were validated using chromosome-specific aCGH. Complex chromosomal rearrangement in 

sample L327 representing both gain and loss of genetic material within substantial proportion 

at the long arm of chromosome 11 included also the region of the ATM gene. Because this 

patient had high amount of circulating malignant lymphoma cells in peripheral blood 

diagnosed by a flow-cytometry at the time of blood sample collection, it could be considered 

that detected rearrangement is of somatic origin present in genetically unstable malignant cell 

population. 

Amplification in the short arm of chromosome 17 affecting TP53 gene region was detected in 

the patient L532 with NHL. The malignant cells were not present in peripheral blood of this 

patient. The genomic borders of this rearrangement were not resolved yet and future tests 

including spectral karyotyping or mFISH analysis will be needed. 

In patient L296 we repeatedly detected deletion of exon 14 of the CHEK2 gene using the 

MLPA analysis; however, further aCGH analysis of chromosome 22 did not revealed any 

rearrangement in the locus of CHEK2. Careful sequencing analysis did not show mutation 

within the DNA sequences serving as hybridization targets of MLPA probes. This indicates 

that the decrease in signal of exon 14-specific probes could not be considered as an artefact. 

One possibility is that the intragenic rearrangement encompasses only small proportion of 

genomic DNA at the edge of resolution capacity of aCGH analysis (~100 - 120 bp). Further 

characterization implementing amplification of genomic sequences neighborhooding the exon 

14 and MLPA probes-targeted region is in preparation.  

 

5.3. TP53 R72P polymorphism in lymphomas 

The first study evaluating R72P polymorphism in NHL patients was performed by Hishida at 

al.
141

 who reported borderline association of R72P with increased risk of NHL in 103 

Japanese patients (ORArgPro/ProPro = 1.59; 95% CI 0.99-2.57). This observation was confirmed 

by recent study of Kim et al.
142

 involving 945 Korean NHL patients (minor allele frequency - 

MAF = 34%) that showed increased risk of NHL in carriers of genotypes coding for ProPro 

(OR = 1.32; 95% CI 1.02-1.72) and ArgPro/ProPro (OR = 1.21; 95% CI 1.02-1.42). The study 

of Bittenbring et al.
143

 involving 311 central European NHL patients found no association 

between R72P genotypes and the risk of NHL onset. The MAF in this study was comparable 
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to that in our subgroup of NHL patients (26 and 22%, respectively). In two other large-scale 

SNP studies involving also analysis of R72P in NHL patients from the USA and Australia
144

 

and the USA,
41

 respectively, no correlation of R72P with NHL risk was found. The lack of 

prognostic impact of R72P in NHL patients was reported by Wrench et al.
145

 in 226 FL 

patients, and Wang et al.
146

 in 215 DLBCL and 192 FL patients. As resulting from 

forementioned studies and our results, the risk of NHL is not influenced by R72P 

polymorphism in the TP53 gene in general; though, the association of R72P with NHL risk 

could be restricted only to individuals of Asian origin. The R72P polymorphism most 

probably also does not modify survival in NHL patients. 

Contrary to NHL, analysis of R72P in patients with HL has not been performed so far, 

however, our results based on analysis of 298 HL cases indicate that this TP53 polymorphism 

is unlikely to modify the HL risk and disease prognosis. 
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6. CONCLUSIONS 

 

Results of ours and other aforementioned studies suggest that the clinically meaningful 

inherited alterations of CHEK2 gene represent truncating alterations c.1100delC and 

IVS2+1G>A together with the missense variant I157T. We showed that the occurrence of 

known variants I157T and IVS2+1G>A affecting the FHA-coding region is accompanied by 

other rare-occurring (and most probably also population-specific) variants and hence this 

region represents a mutation hot-spot of the CHEK2 gene. We have shown that mutations 

within FHA-coding region and its close neighborhood do represent cancer predisposing loci 

for the development of lymphoma and colorectal cancer in the Czech population that 

moderately increase the risk of those cancers.  

Our study was the first study evaluating the potential impact of CHEK2 germline alterations 

on the lymphoma survival. Especially association of IVS1+43dupA with better prognosis 

could be of potential clinical interest because of high frequency of this polymorphism in the 

Czech population (approx. 23%). However, all our results are of limited clinical use and must 

be verified by other large studies or meta-analyses. 

The analysis of TP53 R72P polymorphism revealed that R72P unlikely modify lymphoma 

risk and survival in the Czech population. 

 



 67 

ACKNOWLEDGEMENT 

 

I would like to thank especially to my supervisors Prof. Marek Trněný, MD, PhD and 

Associate Prof. Zdeněk Kleibl, MD, PhD for their really great guidance and help which I very 

appreciated. 

The special thanks belongs to Dr. Drahomira Springer for providing the control blood 

samples, Ing. Jaroslava Hajkova for great help with isolation of DNA, Mrs. Helena 

Achylisova for sample handling, Ing. Stanislav Kormunda for help with statistical analyses, 

and to all laboratory colleagues, hematologists and their patients for their collaboration. 

I would like to express my sincere gratitude to my family and especially to my wife for their 

endless support during my studies. 

 

 

 

 

 

 

 

 

 

 

 

This work was supported by research grant of Grant Agency of Charles University in Prague 

No. GAUK33508 and Research Project of the Ministry of Education, Youth and Sports of 

Czech Republic No. MSM0021620808. 



 68 

LIST OF ABBREVIATIONS 

 

AA IPI - age-adjusted international prognostic index 

aCGH - array-based comparative genomic hybridization 

ATM - ataxia-telangiectasia mutated 

ATR - ataxia telangiectasia and Rad3 related 

B CLL/SLL - chronic lymphocytic leukemia/ small lymphocytic lymphoma 

BC - breast cancer 

BER - base excision repair 

BRCA1 - breast cancer gene 1 

BRCA2 - breast cancer gene 2 

Cdc25 - cell division cycle 25 

CI - confidence interval 

CLL/SLL - chronic lymphocytic leukemia/small lymphocytic lymphoma 

CRC - colorectal cancer 

DHPLC - denaturing high-performance liquid chromatography 

DLBCL - diffuse large B-cell lymphoma 

DNA-PKcs - DNA-dependent protein kinase, catalytic subunit (XRCC7) 

DSB - double strand break 

EFS - event free survival 

ERCC2 - excision repair cross-complementing rodent repair deficiency, 

complementation group 2 (XPD) 

ERCC5 - excision repair cross-complementing rodent repair deficiency, 

complementation group 5 (XPG) 

EXO1 - 5'-3' exonuclease and flap-endonuclease 

FHA - forkhead-associated domain 

FL - follicular lymphoma 

FLIPI - follicular lymphoma international prognostic index 

H2AX - H2A histone family, member X 

HL - Hodgkin lymphoma 

HNPCC - hereditary non-polyposis colorectal cancer 

HR - homologous recombination/hazard ration 

CHEK1 - checkpoint kinase 1 gene 

CHEK2 - checkpoint kinase 2 gene 

CHK1 - checkpoint kinase 1 protein 

CHK2 - checkpoint kinase 2 protein 

IPI - international prognostic index 

LDH - lactate dehydrogenase 

LIG4 - ligase IV 

MAF - minor allele frequency 

MALT - mucosa-associated lymphoid tissue lymphoma 

MCCHL - mixed cellularity classical Hodgkin lymphoma 



 69 

MCL - mantle cell lymphoma 

MGMT - O-6-methylguanine DNA methyl transferase 

MLH1 - mutL homolog 1 (E. coli) gene 

MLPA - multiplex ligation-dependent probe amplification method 

MMR - mismatched repair 

MRE11 - meiotic recombination 11 homolog A (S. cerevisiae) gene 

MRN - MRE11-RAD50-NBS1 complex 

MSH2 - mutS homolog 2 (E.coli) gene 

MSH6 - mutS homolog 6 (E. coli) gene 

MZBL - marginal-zone B-cell lymphoma 

NBS1 - Nijmegen breakage syndrome gene 1 

NER - nucleotide excision repair 

NHEJ - non-homologous end joining 

NHL - non-Hodgkin lymphoma 

NLPHL - nodular lymphocyte predominant Hodgkin lymphoma 

NSCHL - nodular sclerosis classical Hodgkin lymphoma 

OMIM - online mendelian inheritance in men 

OR - odds ratio 

OS - overall survival 

p53 - TP53 protein 

PFS - progression free survival 

PML - promyelocytic leukemia gene 

PMS2 - postmeiotic segregation increased gene 2 

RAG1 - recombination activating gene 1 

RPA - replication protein A1 

SNP - single nucleotide polymorphism 

TFIIH - transcription factor 2H 

TP53 - tumor protein p53 gene 

WRN - Werner syndrome gene 

WT - wild-type 

XPA - Xeroderma pigmentosum, complementation group A 

XPC - Xeroderma pigmentosum, complementation group C 

XPD - Xeroderma pigmentosum, complementation group D (ERCC2) 

XPG - Xeroderma pigmentosum, complementation group G (ERCC5) 

XRCC1-7 - X-ray repair complementing defective repair in Chinese hamster cells 

1-7 

XRCC5 - X-ray repair complementing defective repair in Chinese hamster cells 5 

(Ku80) 

XRCC6 - X-ray repair complementing defective repair in Chinese hamster cells 6 

(Ku70) 

XRCC7 - X-ray repair complementing defective repair in Chinese hamster cells 7 

(DNA-PKcs) 



 70 

LIST OF FIGURES 

 

Number Title Page 

1 

The schematic presentation of the role of CHK2 kinase in 

coordination of DNA repair processes with cell cycle arrest and 

apoptosis initiation following DSB. 

22 

2 Functional domains and structure of CHK2 dimer. 23 

3 
Agarose gel electrophoresis of PCR-amplified fragments of CHEK2 

gene covering exons 1-9. 
33 

4 
Agarose gel electrophoresis of PCR-amplified fragment of CHEK2 

gene covering exons 10-14. 
33 

5 

Examples of DHPLC elution profiles of fragments covering exon 2+3 

(A) and exon 4 (B) showing good reproducibility and the strong 

potential of DHPLC analysis in resolution of particular sequence 

variants. 

34 

6 
Example of wild type sample MLPA chromatogram (A) and the 

result of his Coffalyser v.8 software evaluation (B). 
37 

7 
Schematic representation of 5395 bp deletion in CHEK2 affecting 

coding exons 8 and 9. 
38 

8 
DHPLC elution profiles of samples analyzed for the presence of 

TP53 R72P polymorphism. 
39 

9 Align-GVGD classifiers. 40 

10 
Sequencing chromatograms of novel alterations CHEK2 gene 

characterized in NHL patients and controls. 
44 

11 

Overall survival (OS) curves of non-Hodgkin lymphoma patients (A, 

B) and patients with diffuse large B-cell lymphoma (C, D) divided 

according to the presence of IVS1+43dupA alteration. 

46 

12 

Progression free survival (PFS) curves of non-Hodgkin lymphoma 

patients (A, B) and patients with diffuse large B-cell lymphoma (C, 

D) divided according to the presence of IVS1+43dupA alteration. 

46 

13 

Overall survival (OS) and progression free survival (PFS) curves of 

non-Hodgkin lymphoma (NHL) patients (A, C) and patients with 

diffuse large B-cell lymphoma (B, D) divided according to the 

presence of I157T mutation. 

46 

14 
Result of MLPA analysis (kit P190) of L026 sample with del5395 bp 

of CHEK2. 
47 

15 

Agarose gel electrophoresis confirming the presence of 5395 bp 

deletion of CHEK2 in two NHL samples (L026 and L329) with 

sequencing result. 

48 

 

 



 71 

 

 

Number Title Page 

16 

Results of MLPA P190 analysis of samples with CHEK2 exon 14 

deletion (A; in MLPA CHEK2 mix designated as exon 15), CHEK2 

c.1100delC mutation (B), ATM amplification (C), and TP53 

amplification (D). 

48 

17 
Results of aCGH arrays with pointed sites of CHEK2, ATM and TP53 

genes. 
49 

18 
Progression-free survival of 215 HL patients in groups according to 

the presence of inherited CHEK2 alterations. 
51 

19 

Progression free survival curves (OS) of (A) non-Hodgkin lymphoma 

(NHL) patients, (B) Hodgkin lymphoma (HL) patients, (C) patients 

with diffuse large B-cell lymphoma (DLBCL) and (D) follicular 

lymphoma (FL) divided according to the genotype coding for R72P 

polymorphism. 

57 

20 

Overall survival curves (OS) of (A) non-Hodgkin lymphoma (NHL) 

patients, (B) Hodgkin lymphoma (HL) patients, (C) patients with 

diffuse large B-cell lymphoma (DLBCL) and (D) follicular 

lymphoma (FL) divided according to the genotype coding for R72P 

polymorphism. 

57 

21 

The localization of identified CHEK2 gene missense mutations in 

analyzed cancer patients and controls within human CHK2 protein 

sequence and corresponding sequences of other species. 

60 

22 
Prediction of the effect of selected intronic variants on CHEK2 

mRNA splicing. 
61 

 



 72 

LIST OF TABLES 

 

Number Title Page 

1 
Overview of environmental and lifestyle factors evaluated as risk 

factors of NHL development. 
9 

2 
Comparison of the effect of selected alterations in the genes coding 

for proteins involved in DNA repair on the risk of NHL. 
15 

3 Studies analyzing NBS1 c.657del5 mutation in NHL patients. 18 

4 
Overview of variants in genes coding for proteins involved in DNA 

repair that significantly associate with the risk of NHL development. 
19 

5 Clinical characteristics of NHL patients (N = 340). 29 

6 Clinical characteristics of 298 HL patients. 30 

7 List of primers used for mutation analysis of CHEK2 gene. 32 

8 
Conditions for PCR amplification for CHEK2 fragments covering all 

individual exons. 
33 

9 
Conditions of DHPLC analysis of CHEK2 fragments covering 

individual exons. 
35 

10 
List of alterations identified in NHL patients and controls with their 

frequencies and related odds ratios. 
43 

11 
Frequencies of alterations identified in CHEK2 FHA-coding region in 

HL patients. 
50 

12 
Clinical characteristics of HL patients with and without CHEK2 FHA 

alterations. 
51 

13 
Characterized alterations in the CHEK2 FHA-coding region in 

sporadic breast cancer (BC) patients. 
52 

14 
Frequency of alterations in the CHEK2 gene region covering coding 

sequence of FHA domain in CRC patients. 
54 

15 
Identified alterations in sequence surrounding the CHEK2 FHA 

domain in pancreatic cancer patients. 
55 

16 
Distribution of TP53 R72P genotypes and allele frequencies in 

lymphoma patients and controls with related odds ratios. 
56 

17 Analysis of CHEK2 FHA alterations in pooled lymphoma group. 59 

18 
Analysis of CHEK2 FHA alterations in all cancer patients in our 

study (N = 2212). 
63 



 73 

LIST OF APPENDICES 

 

Number Title 

I Havranek O, Spacek M, Hubacek P, Mocikova H, Markova J, Trneny M, Kleibl 

Z. Alterations of CHEK2 forkhead-associated domain increase the risk of 

Hodgkin lymphoma. Accepted for publication in the journal Neoplasma (IF2009= 

1.192) 

II Havranek O, Spacek M, Hubacek P, Mocikova H, Benesova K, Soucek P, 

Trneny M, Kleibl Z. No association between the TP53 codon 72 polymorphism 

and risk or prognosis of Hodgkin and non-Hodgkin lymphoma. Minor revision re-

submitted to the journal Leukemia Research (IF2009= 2.358) 

III Kleibl Z, Havranek O, Novotny J, Kleiblova P, Soucek P, Pohlreich P. Analysis 

of CHEK2 FHA domain in Czech patients with sporadic breast cancer revealed 

distinct rare genetic alterations. Breast Cancer Res Treat 2008; 112(1):159-64 

(IF2008= 5.684; first two authors contributed equally) 

IV Kleibl Z, Havranek O, Hlavata I, Novotny J, Sevcik J, Pohlreich P, Soucek P. 

The CHEK2 gene I157T mutation and other alterations in its proximity increase 

the risk of sporadic colorectal cancer in the Czech population. Eur J Cancer 2009; 

45:618-24 (IF2009= 4.121; first two authors contributed equally) 

V Mohelnikova-Duchonova B, Havranek O, Hlavata I, Foretova L, Kleibl Z, 

Pohlreich P, Soucek P. CHEK2 gene alterations in the forkhead-associated 

domain, 1100delC and del5395 do not modify the risk of sporadic pancreatic 

cancer. Cancer Epidemiol 2010; 34(5):656-8 (former name Cancer Detect Prev; 

first two authors contributed equally) 

VI Kleibl Z, Havránek O, Novotný J, Kohoutová M, Štekrová J, Matouš M. 

Analýza nutace c.1100delC genu CHEK2 v populaci pacientů se sporadickým 

karcinomem kolorekta a familiární adenomatózní polypózou. Klinická onkologie 

2007; 20:224-226 



 74 

REFERENCES 

 

1.  Parkin DM, Bray F, Ferlay J, Pisani P. Global cancer statistics, 2002. CA Cancer J Clin 

2005; 55(2):74-108. 

2.  Muller AM, Ihorst G, Mertelsmann R, Engelhardt M. Epidemiology of non-Hodgkin's 

lymphoma (NHL): trends, geographic distribution, and etiology. Ann Hematol 2005; 

84(1):1-12. 

3.  Institute of Health Information and Statistics of the Czech Republic. Cancer Incidence 

2007 in the Czech Republic. Prague, 2010.  

4.  Bosetti C, Levi F, Ferlay J, Lucchini F, Negri E, La Vecchia C. Incidence and mortality 

from non-Hodgkin lymphoma in Europe: the end of an epidemic? Int J Cancer 2008; 

123(8):1917-1923. 

5.  Mani H, Jaffe ES. Hodgkin lymphoma: an update on its biology with new insights into 

classification. Clin Lymphoma Myeloma 2009; 9(3):206-216. 

6.  Sant M, Allemani C, Tereanu C, De Angelis R, Capocaccia R, Visser O, Marcos-

Gragera R, Maynadie M, Simonetti A, Lutz JM, Berrino F. Incidence of hematologic 

malignancies in Europe by morphologic subtype: results of the HAEMACARE project. 

Blood 2010; 116(19):3724-3734. 

7.  Shenoy P, Maggioncalda A, Malik N, Flowers CR. Incidence patterns and outcomes for 

hodgkin lymphoma patients in the United States. Adv Hematol 2011; in press, doi: 

10.1155/2011/725219  

8.  Alexander DD, Mink PJ, Adami HO, Chang ET, Cole P, Mandel JS, Trichopoulos D. 

The non-Hodgkin lymphomas: a review of the epidemiologic literature. Int J Cancer 

2007; 120 Suppl 12:1-39. 

9.  Cartwright RA, Watkins G. Epidemiology of Hodgkin's disease: a review. Hematol 

Oncol 2004; 22(1):11-26. 

10.  Zhang Y, Wang R, Holford TR, Leaderer B, Zahm SH, Boyle P, Zhu Y, Qin Q, Zheng 

T. Family history of hematopoietic and non-hematopoietic malignancies and risk of 

non-Hodgkin lymphoma. Cancer Causes Control 2007; 18(4):351-359. 

11.  Wang SS, Slager SL, Brennan P, Holly EA, De Sanjose S, Bernstein L, Boffetta P, 

Cerhan JR, Mainadie M, Spinelli JJ, Chiu BC, Cocco PL, Mensah F, Zhang Y, Nieters 

A et al. Family history of hematopoietic malignancies and risk of non-Hodgkin 

lymphoma (NHL): a pooled analysis of 10 211 cases and 11 905 controls from the 

International Lymphoma Epidemiology Consortium (InterLymph). Blood 2007; 

109(8):3479-3488. 



 75 

12.  Goldin LR, Landgren O, McMaster ML, Gridley G, Hemminki K, Li X, Mellemkjaer L, 

Olsen JH, Linet MS. Familial aggregation and heterogeneity of non-Hodgkin lymphoma 

in population-based samples. Cancer Epidemiol Biomarkers Prev 2005; 14(10):2402-

2406. 

13.  Villeneuve S, Orsi L, Monnereau A, Berthou C, Fenaux P, Marit G, Soubeyran P, 

Huguet F, Milpied N, Leporrier M, Hemon D, Troussard X, Clavel J. Increased 

frequency of hematopoietic malignancies in relatives of patients with lymphoid 

neoplasms: a French case-control study. Int J Cancer 2009; 124(5):1188-1195. 

14.  Chatterjee N, Hartge P, Cerhan JR, Cozen W, Davis S, Ishibe N, Colt J, Goldin L, 

Severson RK. Risk of non-Hodgkin's lymphoma and family history of lymphatic, 

hematologic, and other cancers. Cancer Epidemiol Biomarkers Prev 2004; 13(9):1415-

1421. 

15.  Kadan-Lottick NS, Kawashima T, Tomlinson G, Friedman DL, Yasui Y, Mertens AC, 

Robison LL, Strong LC. The risk of cancer in twins: a report from the childhood cancer 

survivor study. Pediatr Blood Cancer 2006; 46(4):476-481. 

16.  Au WY, Gascoyne RD, Klasa RD, Connors JM, Gallagher RP, Le ND, Loong F, Law 

CK, Liang R. Incidence and spectrum of non-Hodgkin lymphoma in Chinese migrants 

to British Columbia. Br J Haematol 2005; 128(6):792-796. 

17.  Harding S, Rosato M. Cancer incidence among first generation Scottish, Irish, West 

Indian and South Asian migrants living in England and Wales. Ethn Health 1999; 4(1-

2):83-92. 

18.  Ekstrom-Smedby K. Epidemiology and etiology of non-Hodgkin lymphoma-a review. 

Acta Oncol 2006; 45(3):258-271. 

19.  Mack TM, Cozen W, Shibata DK, Weiss LM, Nathwani BN, Hernandez AM, Taylor 

CR, Hamilton AS, Deapen DM, Rappaport EB. Concordance for Hodgkin's disease in 

identical twins suggesting genetic susceptibility to the young-adult form of the disease. 

N Engl J Med 1995; 332(7):413-418. 

20.  Chang ET, Smedby KE, Hjalgrim H, Porwit-MacDonald A, Roos G, Glimelius B, 

Adami HO. Family history of hematopoietic malignancy and risk of lymphoma. J Natl 

Cancer Inst 2005; 97(19):1466-1474. 

21.  Goldin LR, Pfeiffer RM, Gridley G, Gail MH, Li X, Mellemkjaer L, Olsen JH, 

Hemminki K, Linet MS. Familial aggregation of Hodgkin lymphoma and related 

tumors. Cancer 2004; 100(9):1902-1908. 

22.  Wang SS, Davis S, Cerhan JR, Hartge P, Severson RK, Cozen W, Lan Q, Welch R, 

Chanock SJ, Rothman N. Polymorphisms in oxidative stress genes and risk for non-

Hodgkin lymphoma. Carcinogenesis 2006; 27(9):1828-1834. 



 76 

23.  Susova S, Trneny M, Soucek P. Single nucleotide polymorphism in 5'-flanking region of 

BCL6 is not associated with increased risk of non-Hodgkin's lymphoma. Cancer Lett 

2006; 238(1):142-145. 

24.  Wang SS, Cerhan JR, Hartge P, Davis S, Cozen W, Severson RK, Chatterjee N, Yeager 

M, Chanock SJ, Rothman N. Common genetic variants in proinflammatory and other 

immunoregulatory genes and risk for non-Hodgkin lymphoma. Cancer Res 2006; 

66(19):9771-9780. 

25.  Cerhan JR, Ansell SM, Fredericksen ZS, Kay NE, Liebow M, Call TG et al. Genetic 

variation in 1253 immune and inflammation genes and risk of non-Hodgkin lymphoma. 

Blood 2007; 110(13):4455-4463. 

26.  Lightfoot TJ, Skibola CF, Willett EV, Skibola DR, Allan JM, Coppede F, Adamson PJ, 

Morgan GJ, Roman E, Smith MT. Risk of non-Hodgkin lymphoma associated with 

polymorphisms in folate-metabolizing genes. Cancer Epidemiol Biomarkers Prev 2005; 

14(12):2999-3003. 

27.  Sarmanova J, Benesova K, Gut I, Nedelcheva-Kristensen V, Tynkova L, Soucek P. 

Genetic polymorphisms of biotransformation enzymes in patients with Hodgkin's and 

non-Hodgkin's lymphomas. Hum Mol Genet 2001; 10(12):1265-1273. 

28.  Skibola CF, Curry JD, Nieters A. Genetic susceptibility to lymphoma. Haematologica 

2007; 92(7):960-969. 

29.  Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F, Zieger K, Guldberg P, Sehested M, 

Nesland JM, Lukas C, Orntoft T, Lukas J, Bartek J. DNA damage response as a 

candidate anti-cancer barrier in early human tumorigenesis. Nature 2005; 

434(7035):864-870. 

30.  Gorgoulis VG, Vassiliou LV, Karakaidos P, Zacharatos P, Kotsinas A, Liloglou T, 

Venere M, Ditullio RA, Kastrinakis NG, Levy B, Kletsas D, Yoneta A, Herlyn M, 

Kittas C, Halazonetis TD. Activation of the DNA damage checkpoint and genomic 

instability in human precancerous lesions. Nature 2005; 434(7035):907-913. 

31.  Bartek J, Bartkova J, Lukas J. DNA damage signalling guards against activated 

oncogenes and tumour progression. Oncogene 2007; 26(56):7773-7779. 

32.  Dadi S, Le Noir S, Asnafi V, Beldjord K, Macintyre EA. Normal and pathological 

V(D)J recombination: contribution to the understanding of human lymphoid 

malignancies. Adv Exp Med Biol 2009; 650:180-194. 

33.  Eker AP, Quayle C, Chaves I, van der Horst GT. Direct DNA damage reversal: elegant 

solutions for nasty problems. Cell Mol Life Sci 2009; 66(6):968-80. 

34.  Robertson AB, Klungland A, Rognes T, Leiros I. Base excision repair: the long and 

short of it. Cell Mol Life Sci 2009; 66(6):981-93. 



 77 

35.  Nouspikel T. Nucleotide excision repair: variations on versatility. Cell Mol Life Sci 

2009; 66(6):994-1009. 

36.  Kunz C, Saito Y, Schar P. Mismatched repair: variations on a theme. Cell Mol Life Sci 

2009; 66(6):1021-38. 

37.  Pardo B, Gomez-Gonzalez B, Aguilera A. DNA double-strand break repair: how to fix a 

broken relationship. Cell Mol Life Sci 2009; 66(6):1039-56. 

38.  Christmann M, Tomicic MT, Roos WP, Kaina B. Mechanisms of human DNA repair: 

an update. Toxicology 2003; 193(1-2):3-34. 

39.  Goode EL, Ulrich CM, Potter JD. Polymorphisms in DNA repair genes and associations 

with cancer risk. Cancer Epidemiol Biomarkers Prev 2002; 11(12):1513-1530. 

40.  Shen M, Zheng T, Lan Q, Zhang Y, Zahm SH, Wang SS, Holford TR, Leaderer B, 

Yeager M, Welch R, Kang D, Boyle P, Zhang B, Zou K, Zhu Y, Chanock S, Rothman 

N. Polymorphisms in DNA repair genes and risk of non-Hodgkin lymphoma among 

women in Connecticut. Hum Genet 2006; 119(6):659-668. 

41.  Hill DA, Wang SS, Cerhan JR, Davis S, Cozen W, Severson RK, Hartge P, Wacholder 

S, Yeager M, Chanock SJ, Rothman N. Risk of non-Hodgkin lymphoma (NHL) in 

relation to germline variation in DNA repair and related genes. Blood 2006; 

108(9):3161-3167. 

42.  Shen M, Purdue MP, Kricker A, Lan Q, Grulich AE, Vajdic CM, Turner J, Whitby D, 

Chanock S, Rothman N, Armstrong BK. Polymorphisms in DNA repair genes and risk 

of non-Hodgkin's lymphoma in New South Wales, Australia. Haematologica 2007; 

92(9):1180-1185. 

43.  Smedby KE, Lindgren CM, Hjalgrim H, Humphreys K, Schollkopf C, Chang ET et al. 

Variation in DNA repair genes ERCC2, XRCC1, and XRCC3 and risk of follicular 

lymphoma. Cancer Epidemiol Biomarkers Prev 2006; 15(2):258-265. 

44.  Matsuo K, Hamajima N, Suzuki R, Andoh M, Nakamura S, Seto M, Morishimae Y, 

Tajima K. Lack of association between DNA base excision repair gene XRCC1 

Gln399Arg polymorphism and risk of malignant lymphoma in Japan. Cancer Genet 

Cytogenet 2004; 149(1):77-80. 

45.  Liu J, Song B, Wang Z, Song X, Shi Y, Zheng J, Han J. DNA repair gene XRCC1 

polymorphisms and non-Hodgkin lymphoma risk in a Chinese population. Cancer Genet 

Cytogenet 2009; 191(2):67-72. 

46.  Scott K, Adamson PJ, Barrans SL, Worrillow LJ, Willett EV, Allan JM. RAG1 and 

BRCA2 polymorphisms in non-Hodgkin lymphoma. Blood 2007; 109(12):5522-5523. 



 78 

47.  Mino C, Perez JC, Fiallo BF, Leone PE. A polymorphism in the hMSH2 gene (gIVS12-

6T>C) associated with non-Hodgkin lymphomas. Cancer Genet Cytogenet 2002; 

133(1):29-33. 

48.  Hishida A, Matsuo K, Hamajima N, Ito H, Ogura M, Kagami Y, Taji H, Morishima Y, 

Emi N, Tajima K. Polymorphism in the hMSH2 gene (gIVS 12-6T-->C) and risk of 

non-Hodgkin lymphoma in a Japanese population. Cancer Genet Cytogenet 2003; 

147(1):71-74. 

49.  Scott RH, Homfray T, Huxter NL, Mitton SG, Nash R, Potter MN, Lancaster D, 

Rahman N. Familial T-cell non-Hodgkin lymphoma caused by biallelic MSH2 

mutations. J Med Genet 2007; 44(7):e83. 

50.  Bougeard G, Charbonnier F, Moerman A, Martin C, Ruchoux MM, Drouot N, Frebourg 

T. Early onset brain tumor and lymphoma in MSH2-deficient children. Am J Hum 

Genet 2003; 72(1):213-216. 

51.  Pineda M, Castellsague E, Musulen E, Llort G, Frebourg T, Baert-Desurmont S, 

Gonzalez S, Capella G, Blanco I. Non-Hodgkin lymphoma related to hereditary 

nonpolyposis colorectal cancer in a patient with a novel heterozygous complex deletion 

in the MSH2 gene. Genes Chromosomes Cancer 2008; 47(4):326-332. 

52.  Reitmair AH, Schmits R, Ewel A, Bapat B, Redston M, Mitri A, Waterhouse P, 

Mittrucker HW, Wakeham A, Liu B. MSH2 deficient mice are viable and susceptible to 

lymphoid tumours. Nat Genet 1995; 11(1):64-70. 

53.  Fernandez-Capetillo O, Lee A, Nussenzweig M, Nussenzweig A. H2AX: the histone 

guardian of the genome. DNA Repair (Amst) 2004; 3(8-9):959-967. 

54.  Novik KL, Spinelli JJ, MacArthur AC, Shumansky K, Sipahimalani P, Leach S, Lai A, 

Connors JM, Gascoyne RD, Gallagher RP, Brooks-Wilson AR. Genetic variation in 

H2AFX contributes to risk of non-Hodgkin lymphoma. Cancer Epidemiol Biomarkers 

Prev 2007; 16(6):1098-1106. 

55.  Walsh SH, Rosenquist R. Absence of H2AX gene mutations in B-cell leukemias and 

lymphomas. Leukemia 2005; 19(3):464. 

56.  Guikema JE, Boer-Bergsma RW, Akkermans K, Schuuring E, Kluin PM. H2AX is not 

affected in mantle cell lymphoma with 11q23 deletion. Genes Chromosomes Cancer 

2006; 45(4):426-427. 

57.  Taylor AM, Metcalfe JA, Thick J, Mak YF. Leukemia and lymphoma in ataxia 

telangiectasia. Blood 1996; 87(2):423-438. 

58.  Renwick A, Thompson D, Seal S, Kelly P, Chagtai T, Ahmed M, North B, Jayatilake H, 

Barfoot R, Spanova K, McGuffog L, Evans DG, Eccles D, Easton DF, Stratton MR, 



 79 

Rahman N. ATM mutations that cause ataxia-telangiectasia are breast cancer 

susceptibility alleles. Nat Genet 2006; 38(8):873-875. 

59.  Prokopcova J, Kleibl Z, Banwell CM, Pohlreich P. The role of ATM in breast cancer 

development. Breast Cancer Res Treat 2007; 104(2):121-128. 

60.  Gronbaek K, Worm J, Ralfkiaer E, Ahrenkiel V, Hokland P, Guldberg P. ATM 

mutations are associated with inactivation of the ARF-TP53 tumor suppressor pathway 

in diffuse large B-cell lymphoma. Blood 2002; 100(4):1430-1437. 

61.  Stankovic T, Stewart GS, Byrd P, Fegan C, Moss PA, Taylor AM. ATM mutations in 

sporadic lymphoid tumours. Leuk Lymphoma 2002; 43(8):1563-1571. 

62.  Jares P, Campo E. Advances in the understanding of mantle cell lymphoma. Br J 

Haematol 2008; 142(2):149-65. 

63.  Briani C, Schlotter M, Lichter P, Kalla C. Development of a mantle cell lymphoma in an 

ATM heterozygous woman after occupational exposure to ionising radiation and 

somatic mutation of the second allele. Leuk Res 2006; 30(9):1193-1196. 

64.  Tort F, Camacho E, Bosch F, Harris NL, Montserrat E, Campo E. Familial lymphoid 

neoplasms in patients with mantle cell lymphoma. Haematologica 2004; 89(3):314-319. 

65.  Camacho E, Hernandez L, Hernandez S, Tort F, Bellosillo B, Bea S, Bosch F, 

Montserrat E, Cardesa A, Fernandez PL, Campo E. ATM gene inactivation in mantle 

cell lymphoma mainly occurs by truncating mutations and missense mutations involving 

the phosphatidylinositol-3 kinase domain and is associated with increasing numbers of 

chromosomal imbalances. Blood 2002; 99(1):238-244. 

66.  Sipahimalani P, Spinelli JJ, MacArthur AC, Lai A, Leach SR, Janoo-Gilani RT, 

Palmquist DL, Connors JM, Gascoyne RD, Gallagher RP, Brooks-Wilson AR. A 

systematic evaluation of the ataxia telangiectasia mutated gene does not show an 

association with non-Hodgkin lymphoma. Int J Cancer 2007; 121(9):1967-1975. 

67.  Greiner TC, Dasgupta C, Ho VV, Weisenburger DD, Smith LM, Lynch JC, Vose JM, 

Fu K, Armitage JO, Braziel RM, Campo E, Delebie J, Gascoyne RD, Jaffe ES, Muller-

Hermelink HK et al. Mutation and genomic deletion status of ataxia telangiectasia 

mutated (ATM) and p53 confer specific gene expression profiles in mantle cell 

lymphoma. Proc Natl Acad Sci U S A 2006; 103(7):2352-2357. 

68.  Digweed M, Sperling K. Nijmegen breakage syndrome: clinical manifestation of 

defective response to DNA double-strand breaks. DNA Repair (Amst) 2004; 3(8-

9):1207-1217. 

69.  Steffen J, Varon R, Mosor M, Maneva G, Maurer M, Stumm M, Nowakowska D, 

Rubach M, Kosakowska E, Ruka W, Nowecki Z, Rutkowski P, Demkow T, Sadowska 



 80 

M, Bidzinski M, Gawrichowski K, Sperling K. Increased cancer risk of heterozygotes 

with NBS1 germline mutations in Poland. Int J Cancer 2004; 111(1):67-71. 

70.  Soucek P, Gut I, Trneny M, Skovlund E, Grenaker AG, Kristensen T, Borresen-Dale 

AL, Kristensen VN. Multiplex single-tube screening for mutations in the Nijmegen 

Breakage Syndrome (NBS1) gene in Hodgkin's and non-Hodgkin's lymphoma patients 

of Slavic origin. Eur J Hum Genet 2003; 11(5):416-419. 

71.  Ebi H, Matsuo K, Sugito N, Suzuki M, Osada H, Tajima K, Ueda R, Takahashi T. 

Novel NBS1 heterozygous germ line mutation causing MRE11-binding domain loss 

predisposes to common types of cancer. Cancer Res 2007; 67(23):11158-11165. 

72.  Cerosaletti KM, Morrison VA, Sabath DE, Willerford DM, Concannon P. Mutations 

and molecular variants of the NBS1 gene in non-Hodgkin lymphoma. Genes 

Chromosomes Cancer 2002; 35(3):282-286. 

73.  Hama S, Matsuura S, Tauchi H, Sawada J, Kato C, Yamasaki F, Yoshioka H, Sugiyama 

K, Arita K, Kurisu K, Kamada N, Heike Y, Komatsu K. Absence of mutations in the 

NBS1 gene in B-cell malignant lymphoma patients. Anticancer Res 2000; 20(3B):1897-

1900. 

74.  Stumm M, von Ruskowsky A, Siebert R, Harder S, Varon R, Wieacker P, 

Schlegelberger B. No evidence for deletions of the NBS1 gene in lymphomas. Cancer 

Genet Cytogenet 2001; 126(1):60-62. 

75.  Stanulla M, Stumm M, Dieckvoss BO, Seidemann K, Schemmel V, Muller BA, 

Schrappe M, Welte K, Reiter A. No evidence for a major role of heterozygous deletion 

657del5 within the NBS1 gene in the pathogenesis of non-Hodgkin's lymphoma of 

childhood and adolescence. Br J Haematol 2000; 109(1):117-120. 

76.  Rischewski J, Bismarck P, Kabisch H, Janka-Schaub G, Obser T, Schneppenheim R. 

The common deletion 657del5 in the Nibrin gene is not a major risk factor for B or T 

cell non-Hodgkin lymphoma in a pediatric population. Leukemia 2000; 14(8):1528-

1529. 

77.  Resnick IB, Kondratenko I, Pashanov E, Maschan AA, Karachunsky A, Togoev O, 

Timakov A, Polyakov A, Tverskaya S, Evgrafov O, Roumiantsev AG. 657del5 mutation 

in the gene for Nijmegen breakage syndrome (NBS1) in a cohort of Russian children 

with lymphoid tissue malignancies and controls. Am J Med Genet A 2003; 

120A(2):174-179. 

78.  Chrzanowska KH, Piekutowska-Abramczuk D, Popowska E, Gladkowska-Dura M, 

Maldyk J, Syczewska M, Krajewska-Walasek M, Goryluk-Kozakiewicz B, Bubala H, 

Gadomski A, Gaworczyk A, Kazanowska B, Koltan A, Kuzmicz M, Luszawska-

Kutrzeba T et al. Carrier frequency of mutation 657del5 in the NBS1 gene in a 

population of Polish pediatric patients with sporadic lymphoid malignancies. Int J 

Cancer 2006; 118(5):1269-1274. 



 81 

79.  Steffen J, Maneva G, Poplawska L, Varon R, Mioduszewska O, Sperling K. Increased 

risk of gastrointestinal lymphoma in carriers of the 657del5 NBS1 gene mutation. Int J 

Cancer 2006; 119(12):2970-2973. 

80.  Stewart GS, Maser RS, Stankovic T, Bressan DA, Kaplan MI, Jaspers NG, Raams A, 

Byrd PJ, Petrini JH, Taylor AM. The DNA double-strand break repair gene hMRE11 is 

mutated in individuals with an ataxia-telangiectasia-like disorder. Cell 1999; 99(6):577-

587. 

81.  Fukuda T, Sumiyoshi T, Takahashi M, Kataoka T, Asahara T, Inui H, Watatani M, 

Yasutomi M, Kamada N, Miyagawa K. Alterations of the double-strand break repair 

gene MRE11 in cancer. Cancer Res 2001; 61(1):23-26. 

82.  Rollinson S, Kesby H, Morgan GJ. Haplotypic variation in MRE11, RAD50 and NBS1 

and risk of non-Hodgkin's lymphoma. Leuk Lymphoma 2006; 47(12):2567-2583. 

83.  Schuetz JM, MacArthur AC, Leach S, Lai AS, Gallagher RP, Connors JM, Gascoyne 

RD, Spinelli JJ, Brooks-Wilson AR. Genetic variation in the NBS1, MRE11, RAD50 

and BLM genes and susceptibility to non-Hodgkin lymphoma. BMC Med Genet 2009; 

10:117. 

84.  Song B, Zhu JY, Liu J, Wang ZH, Shi Y, Lu LY, Zheng Y. [Association of gene 

polymorphisms in the DNA repair gene XPD with risk of non-Hodgkin's lymphoma]. 

Zhongguo Shi Yan Xue Ye Xue Za Zhi 2008; 16(1):97-100. 

85.  Yossepowitch O, Olvera N, Satagopan JM, Huang H, Jhanwar S, Rapaport B, Boyd J, 

Offit K. BRCA1 and BRCA2 germline mutations in lymphoma patients. Leuk 

Lymphoma 2003; 44(1):127-131. 

86.  Matsuda M, Miyagawa K, Takahashi M, Fukuda T, Kataoka T, Asahara T, Inui H, 

Watatani M, Yasutomi M, Kamada N, Dohi K, Kamiya K. Mutations in the RAD54 

recombination gene in primary cancers. Oncogene 1999; 18(22):3427-3430. 

87.  Hiramoto T, Nakanishi T, Sumiyoshi T, Fukuda T, Matsuura S, Tauchi H, Komatsu K, 

Shibasaki Y, Inui H, Watatani M, Yasutomi M, Sumii K, Kajiyama G, Kamada N, 

Miyagawa K, Kamiya K. Mutations of a novel human RAD54 homologue, RAD54B, in 

primary cancer. Oncogene 1999; 18(22):3422-3426. 

88.  Worrillow L, Roman E, Adamson PJ, Kane E, Allan JM, Lightfoot TJ. Polymorphisms 

in the nucleotide excision repair gene ERCC2/XPD and risk of non-Hodgkin lymphoma. 

Cancer Epidemiol 2009; 33(3-4):257-260. 

89.  Cybulski C, Gorski B, Huzarski T, Masojc B, Mierzejewski M, Debniak T, Teodorczyk 

U, Byrski T, Gronwald J, Matyjasik J, Zlowocka E, Lenner M, Grabowska E, Nej K, 

Castadena J et al. CHEK2 Is a Multiorgan Cancer Susceptibility Gene. Am J Hum 

Genet 2004; 75(6):1131-1135. 



 82 

90.  El Zein R, Monroy CM, Etzel CJ, Cortes AC, Xing Y, Collier AL, Strom SS. Genetic 

polymorphisms in DNA repair genes as modulators of Hodgkin disease risk. Cancer 

2009; 115(8):1651-1659. 

91.  Liu A, Takakuwa T, Fujita S, Luo WJ, Tresnasari K, Van den BA, Poppema S, Aozasa 

K. ATR alterations in Hodgkin's lymphoma. Oncol Rep 2008; 19(4):999-1005. 

92.  Mertens AC, Mitby PA, Radloff G, Jones IM, Perentesis J, Kiffmeyer WR, Neglia JP, 

Meadows A, Potter JD, Friedman D, Yasui Y, Robison LL, Davies SM. XRCC1 and 

glutathione-S-transferase gene polymorphisms and susceptibility to radiotherapy-related 

malignancies in survivors of Hodgkin disease. Cancer 2004; 101(6):1463-1472. 

93.  Worrillow LJ, Smith AG, Scott K, Andersson M, Ashcroft AJ, Dores GM, Glimelius B, 

Holowaty E, Jackson GH, Jones GL, Lynch CF, Morgan G, Pukkala E, Scott D, Storm 

HH et al. Polymorphic MLH1 and risk of cancer after methylating chemotherapy for 

Hodgkin lymphoma. J Med Genet 2008; 45(3):142-146. 

94.  Monroy CM, Cortes AC, Lopez MS, D'Amelio AM, Jr., Etzel CJ, Younes A, Strom SS, 

El Zein RA. Hodgkin disease risk: role of genetic polymorphisms and gene-gene 

interactions in inflammation pathway genes. Mol Carcinog 2011; 50(1):36-46. 

95.  Hohaus S, Giachelia M, Di Febo A, Martini M, Massini G, Vannata B, D'Alo' F, Guidi 

F, Greco M, Pierconti F, Larocca LM, Voso MT, Leone G. Polymorphism in cytokine 

genes as prognostic markers in Hodgkin's lymphoma. Ann Oncol 2007; 18(8):1376-

1381. 

96.  Cordano P, Lake A, Shield L, Taylor GM, Alexander FE, Taylor PR, White J, Jarrett 

RF. Effect of IL-6 promoter polymorphism on incidence and outcome in Hodgkin's 

lymphoma. Br J Haematol 2005; 128(4):493-495. 

97.  Ahn J, Urist M, Prives C. The Chk2 protein kinase. DNA Repair (Amst) 2004; 3(8-

9):1039-1047. 

98.  Prokopcova J, Kleibl Z, Banwell CM, Pohlreich P. The role of ATM in breast cancer 

development. Breast Cancer Res Treat 2007; 104(2):121-128. 

99.  Matsuoka S, Huang M, Elledge SJ. Linkage of ATM to Cell Cycle Regulation by the 

Chk2 Protein Kinase. Science 1998; 282(5395):1893-1897. 

100.  Falck J, Lukas C, Protopopova M, Lukas J, Selivanova G, Bartek J. Functional impact 

of concomitant versus alternative defects in the Chk2-p53 tumour suppressor pathway. 

Oncogene 2001; 20(39):5503-5510. 

101.  Bartek J, Lukas J. Chk1 and Chk2 kinases in checkpoint control and cancer. Cancer Cell 

2003; 3(5):421-429. 



 83 

102.  Traven A, Heierhorst J. SQ/TQ cluster domains: concentrated ATM/ATR kinase 

phosphorylation site regions in DNA-damage-response proteins. Bioessays 2005; 

27(4):397-407. 

103.  Yoda A, Xu XZ, Onishi N, Toyoshima K, Fujimoto H, Kato N, Oishi I, Kondo T, 

Minami Y. Intrinsic kinase activity and SQ/TQ domain of Chk2 kinase as well as N-

terminal domain of Wip1 phosphatase are required for regulation of Chk2 by Wip1. J 

Biol Chem 2006; 281(34):24847-24862. 

104.  Durocher D, Jackson SP. The FHA domain. FEBS Lett 2002; 513(1):58-66. 

105.  Oliver AW, Paul A, Boxall KJ, Barrie SE, Aherne GW, Garrett MD, Mittnacht S, Pearl 

LH. Trans-activation of the DNA-damage signalling protein kinase Chk2 by T-loop 

exchange. EMBO J 2006; 25(13):3179-3190. 

106.  Bell DW, Varley JM, Szydlo TE, Kang DH, Wahrer DC, Shannon KE, Lubratovich M, 

Verselis SJ, Isselbacher KJ, Fraumeni JF, Birch JM, Li F, Garber JE, Haber DA. 

Heterozygous germ line hCHK2 mutations in Li-Fraumeni syndrome. Science 1999; 

286(5449):2528-2531. 

107.  Cybulski C, Gorski B, Huzarski T, Masojc B, Mierzejewski M, Debniak T, Teodorczyk 

U, Byrski T, Gronwald J, Matyjasik J, Zlowocka E, Lenner M, Grabowska E, Nej K, 

Castadena J et al. CHEK2 Is a Multiorgan Cancer Susceptibility Gene. Am J Hum 

Genet 2004; 75(6):1131-1135. 

108.  Nevanlinna H, Bartek J. The CHEK2 gene and inherited breast cancer susceptibility. 

Oncogene 2006; 25(43):5912-5919. 

109.  Seppala EH, Ikonen T, Mononen N, Autio V, Rokman A, Matikainen MP, Tammela 

TL, Schleutker J. CHEK2 variants associate with hereditary prostate cancer. Br J Cancer 

2003; 89(10):1966-1970. 

110.  Thompson D, Seal S, Schutte M, McGuffog L, Barfoot R, Renwick A, Eeles R, Sodha 

N, Houlston R, Shanley S, Klijn J, Wasielewski M, Chang-Claude J, Futreal PA, Weber 

BL et al. A multicenter study of cancer incidence in CHEK2 1100delC mutation 

carriers. Cancer Epidemiol Biomarkers Prev 2006; 15(12):2542-2545. 

111.  The CHEK2 Breast Cancer Case-Control Consortium. CHEK2*1100delC and 

susceptibility to breast cancer: a collaborative analysis involving 10,860 breast cancer 

cases and 9,065 controls from 10 studies. Am J Hum Genet 2004; 74(6):1175-1182. 

112.  Dong X, Wang L, Taniguchi K, Wang X, Cunningham JM, McDonnell SK, Qian C, 

Marks AF, Slager SL, Peterson BJ, Smith DI, Cheville JC, Blute ML, Jacobsen SJ, 

Schaid DJ et al. Mutations in CHEK2 associated with prostate cancer risk. Am J Hum 

Genet 2003; 72(2):270-280. 



 84 

113.  Chekmariova EV, Sokolenko AP, Buslov KG, Iyevleva AG, Ulibina YM, Rozanov ME, 

Mitiushkina NV, Togo AV, Matsko DE, Voskresenskiy DA, Chagunava OL, Cevilee P, 

Cornelisse C, Semiglazov VF, Imyanitov EN. CHEK2 1100delC mutation is frequent 

among Russian breast cancer patients. Breast Cancer Res Treat 2006; 100(1):99-102. 

114.  Falchetti M, Lupi R, Rizzolo P, Ceccarelli K, Zanna I, Calo V, Tommasi S, Masala G, 

Paradiso A, Gulino A, Giannini G, Russo A, Palli D, Ottini A. BRCA1/BRCA2 

rearrangements and CHEK2 common mutations are infrequent in Italian male breast 

cancer cases. Breast Cancer Res Treat 2008; 110(1):161-7. 

115.  Osorio A, Rodriguez-Lopez R, Diez O, de la HM, Ignacio MJ, Vega A, Esteban-

Cardenosa E, Alonso C, Caldes T, Benitez J. The breast cancer low-penetrance allele 

1100delC in the CHEK2 gene is not present in Spanish familial breast cancer 

population. Int J Cancer 2004; 108(1):54-56. 

116.  Gonzalez-Hormazabal P, Castro VG, Blanco R, Gomez F, Peralta O, Waugh E, Bravo 

T, Reyes JM, Jara L. Absence of CHEK2 1100delC mutation in familial breast cancer 

cases from a South American population. Breast Cancer Res Treat 2008; 110(3):543-5. 

117.  Song CG, Hu Z, Yuan WT, Di GH, Shen ZZ, Huang W, Shao ZM. [CHEK2 c.1100delC 

may not contribute to genetic background of hereditary breast cancer from Shanghai of 

China]. Zhonghua Yi Xue Yi Chuan Xue Za Zhi 2006; 23(4):443-445. 

118.  Walsh T, Casadei S, Coats KH, Swisher E, Stray SM, Higgins J, Roach KC, Mandell J, 

Lee MK, Ciernikova S, Foretova L, Soucek P, King MC. Spectrum of mutations in 

BRCA1, BRCA2, CHEK2, and TP53 in families at high risk of breast cancer. JAMA 

2006; 295(12):1379-1388. 

119.  Wu X, Webster SR, Chen J. Characterization of tumor-associated Chk2 mutations. J 

Biol Chem 2001; 276(4):2971-2974. 

120.  Dufault MR, Betz B, Wappenschmidt B, Hofmann W, Bandick K, Golla A, 

Pietschmann A, Nestle-Kramling C, Rheim K, Huttner C, von Lindern C, Dall P, 

Kiechle M, Untch M, Jonat W et al. Limited relevance of the CHEK2 gene in hereditary 

breast cancer. Int J Cancer 2004; 110(3):320-325. 

121.  Hangaishi A, Ogawa S, Qiao Y, Wang L, Hosoya N, Yuji K, Imai Y, Takeuchi K, 

Miyawaki S, Hirai H. Mutations of Chk2 in primary hematopoietic neoplasms. Blood 

2002; 99(8):3075-3077. 

122.  Tavor S, Takeuchi S, Tsukasaki K, Miller CW, Hofmann WK, Ikezoe T, Said JW, 

Koeffler HP. Analysis of the CHK2 gene in lymphoid malignancies. Leuk Lymphoma 

2001; 42(3):517-520. 

123.  Tort F, Hernandez S, Bea S, Martinez A, Esteller M, Herman JG et al. CHK2-decreased 

protein expression and infrequent genetic alterations mainly occur in aggressive types of 

non-Hodgkin lymphomas. Blood 2002; 100(13):4602-4608. 



 85 

124.  Vousden KH, Lane DP. p53 in health and disease. Nat Rev Mol Cell Biol 2007; 

8(4):275-283. 

125.  Vogelstein B, Lane D, Levine AJ. Surfing the p53 network. Nature 2000; 

408(6810):307-310. 

126.  Li FP, Fraumeni JF, Jr., Mulvihill JJ, Blattner WA, Dreyfus MG, Tucker MA, Miller 

RW. A cancer family syndrome in twenty-four kindreds. Cancer Res 1988; 

48(18):5358-5362. 

127.  Varley JM. Germline TP53 mutations and Li-Fraumeni syndrome. Hum Mutat 2003; 

21(3):313-320. 

128.  Palmero EI, Achatz MI, Ashton-Prolla P, Olivier M, Hainaut P. Tumor protein 53 

mutations and inherited cancer: beyond Li-Fraumeni syndrome. Curr Opin Oncol 2010; 

22(1):64-69. 

129.  Hollstein M, Sidransky D, Vogelstein B, Harris CC. p53 mutations in human cancers. 

Science 1991; 253(5015):49-53. 

130.  Hainaut P, Hernandez T, Robinson A, Rodriguez-Tome P, Flores T, Hollstein M, Harris 

CC, Montesano R. IARC Database of p53 gene mutations in human tumors and cell 

lines: updated compilation, revised formats and new visualisation tools. Nucleic Acids 

Res 1998; 26(1):205-213. 

131.  Klumb CE, Furtado DR, de Resende LM, Carrico MK, Coelho AM, de Meis E, Maia 

RC, Rumjanek FD. DNA sequence profile of TP53 gene mutations in childhood B-cell 

non-Hodgkin's lymphomas: prognostic implications. Eur J Haematol 2003; 71(2):81-90. 

132.  Young KH, Leroy K, Moller MB, Colleoni GW, Sanchez-Beato M, Kerbauy FR, 

Haioun C, Eickhoff JC, Young AH, Gaulard P, Piris MA, Oberley TD, Rahauer WM, 

Kahl BS, Malter JS et al. Structural profiles of TP53 gene mutations predict clinical 

outcome in diffuse large B-cell lymphoma: an international collaborative study. Blood 

2008; 112(8):3088-3098. 

133.  Zainuddin N, Berglund M, Wanders A, Ren ZP, Amini RM, Lindell M, Kanduri M, 

Roos G, Rosenquist R, Enblad G. TP53 mutations predict for poor survival in de novo 

diffuse large B-cell lymphoma of germinal center subtype. Leuk Res 2009; 33(1):60-66. 

134.  O'Shea D, O'Riain C, Taylor C, Waters R, Carlotti E, Macdougall F, Gribben J, 

Rosenwald A, Ott G, Rimsza LM, Smeland EB, Johnson N, Campo E, Greiner TC, 

Chan WC et al. The presence of TP53 mutation at diagnosis of follicular lymphoma 

identifies a high-risk group of patients with shortened time to disease progression and 

poorer overall survival. Blood 2008; 112(8):3126-3129. 



 86 

135.  Cheung KJ, Horsman DE, Gascoyne RD. The significance of TP53 in lymphoid 

malignancies: mutation prevalence, regulation, prognostic impact and potential as a 

therapeutic target. Br J Haematol 2009; 146(3):257-269. 

136.  Hosny G, Farahat N, Hainaut P. TP53 mutations in circulating free DNA from Egyptian 

patients with non-Hodgkin's lymphoma. Cancer Lett 2009; 275(2):234-239. 

137.  Dumont P, Leu JI, Della PA, III, George DL, Murphy M. The codon 72 polymorphic 

variants of p53 have markedly different apoptotic potential. Nat Genet 2003; 33(3):357-

365. 

138.  Pim D, Banks L. p53 polymorphic variants at codon 72 exert different effects on cell 

cycle progression. Int J Cancer 2004; 108(2):196-199. 

139.  Siddique M, Sabapathy K. Trp53-dependent DNA-repair is affected by the codon 72 

polymorphism. Oncogene 2006; 25(25):3489-3500. 

140.  Francisco G, Menezes PR, Eluf-Neto J, Chammas R. Arg72Pro TP53 polymorphism 

and cancer susceptibility: A comprehensive meta-analysis of 302 case-control studies. 

Int J Cancer 2010; in press, doi: 10.1002/ijc.25710 

141.  Hishida A, Matsuo K, Tajima K, Ogura M, Kagami Y, Taji H, Morishima Y, Emi N, 

Naoe T, Hamajima N. Polymorphisms of p53 Arg72Pro, p73 G4C14-to-A4T14 at exon 

2 and p21 Ser31Arg and the risk of non-Hodgkin's lymphoma in Japanese. Leuk 

Lymphoma 2004; 45(5):957-964. 

142.  Kim HN, Yu L, Kim NY, Lee IK, Kim YK, Yang DH, Lee JJ, Shin MH, Park KS, Choi 

JS, Kim HJ. Association with TP53 codon 72 polymorphism and the risk of non-

Hodgkin lymphoma. Am J Hematol 2010; 85(10):822-824. 

143.  Bittenbring J, Parisot F, Wabo A, Mueller M, Kerschenmeyer L, Kreuz M, Truemper L, 

Landt O, Menzel A, Pfreundschuh M, Roemer K. MDM2 gene SNP309 T/G and p53 

gene SNP72 G/C do not influence diffuse large B-cell non-Hodgkin lymphoma onset or 

survival in central European Caucasians. BMC Cancer 2008; 8:116. 

144.  Morton LM, Purdue MP, Zheng T, Wang SS, Armstrong B, Zhang Y, Menashe I, 

Chatterjee N, Davis S, Lan Q, Vajdic CM, Severson RK, Holford TR, Kricker A, 

Cerhan JR et al. Risk of non-Hodgkin lymphoma associated with germline variation in 

genes that regulate the cell cycle, apoptosis, and lymphocyte development. Cancer 

Epidemiol Biomarkers Prev 2009; 18(4):1259-1270. 

145.  Wrench D, Waters R, Carlotti E, Iqbal S, Matthews J, Calaminici M, Gribben J, Lister 

TA, Fitzgibbon J. Clinical relevance of MDM2 SNP 309 and TP53 Arg72Pro in 

follicular lymphoma. Haematologica 2009; 94(1):148-150. 

146.  Wang SS, Maurer MJ, Morton LM, Habermann TM, Davis S, Cozen W, Lynch CF, 

Severson RK, Rothman N, Chanock SJ, Hartge P, Cerhan JR. Polymorphisms in DNA 



 87 

repair and one-carbon metabolism genes and overall survival in diffuse large B-cell 

lymphoma and follicular lymphoma. Leukemia 2009; 23(3):596-602. 

147.  Offit K, Pierce H, Kirchhoff T, Kolachana P, Rapaport B, Gregersen P, Johnson S, 

Yossepowitch O, Huang H, Satagopan J, Robson M, Scheuer L, Nafa K, Ellis N. 

Frequency of CHEK2*1100delC in New York breast cancer cases and controls. BMC 

Med Genet 2003; 4(1):1. 

148.  Xiao W, Oefner PJ. Denaturing high-performance liquid chromatography: A review. 

Hum Mutat 2001; 17(6):439-474. 

149.  Tavtigian SV, Byrnes GB, Goldgar DE, Thomas A. Classification of rare missense 

substitutions, using risk surfaces, with genetic- and molecular-epidemiology 

applications. Hum Mutat 2008; 29(11):1342-1354. 

150.  Mathe E, Olivier M, Kato S, Ishioka C, Hainaut P, Tavtigian SV. Computational 

approaches for predicting the biological effect of p53 missense mutations: a comparison 

of three sequence analysis based methods. Nucleic Acids Res 2006; 34(5):1317-1325. 

151.  Smith PJ, Zhang C, Wang J, Chew SL, Zhang MQ, Krainer AR. An increased 

specificity score matrix for the prediction of SF2/ASF-specific exonic splicing 

enhancers. Hum Mol Genet 2006; 15(16):2490-2508. 

152.  Cartegni L, Wang J, Zhu Z, Zhang MQ, Krainer AR. ESEfinder: A web resource to 

identify exonic splicing enhancers. Nucleic Acids Res 2003; 31(13):3568-3571. 

153.  Kleibl Z, Havranek O, Novotny J, Kleiblova P, Soucek P, Pohlreich P. Analysis of 

CHEK2 FHA domain in Czech patients with sporadic breast cancer revealed distinct 

rare genetic alterations. Breast Cancer Res Treat 2008; 112(1):159-164. 

154.  Kleibl Z, Havranek O, Hlavata I, Novotny J, Sevcik J, Pohlreich P, Soucek P. The 

CHEK2 gene I157T mutation and other alterations in its proximity increase the risk of 

sporadic colorectal cancer in the Czech population. Eur J Cancer 2009; 45(4):618-624. 

155.  Kleibl Z, Novotny J, Bezdickova D, Malik R, Kleiblova P, Foretova L, Petruzelka L, 

Ilencikova D, Cinek P, Pohlreich P. The CHEK2 c.1100delC germline mutation rarely 

contributes to breast cancer development in the Czech Republic. Breast Cancer Res 

Treat 2005; 90(2):165-167. 

156.  Mohelnikova-Duchonova B, Havranek O, Hlavata I, Foretova L, Kleibl Z, Pohlreich P, 

Soucek P. CHEK2 gene alterations in the forkhead-associated domain, 1100delC and 

del5395 do not modify the risk of sporadic pancreatic cancer. Cancer Epidemiol 2010; 

34(5):656-8. 

157.  Li J, Williams BL, Haire LF, Goldberg M, Wilker E, Durocher D, Yaffe MB, Jackson 

SP, Smerdon SJ. Structural and functional versatility of the FHA domain in DNA-

damage signaling by the tumor suppressor kinase Chk2. Mol Cell 2002; 9(5):1045-1054. 



 88 

158.  Kilpivaara O, Vahteristo P, Falck J, Syrjakoski K, Eerola H, Easton D, Bartkova J, 

Lukas J, Heikkila P, Aittomaki K, Holli K, Blomqvist C, Kallioniemi OP, Bartek J, 

Nevanlinna H. CHEK2 variant I157T may be associated with increased breast cancer 

risk. Int J Cancer 2004; 111(4):543-547. 

159.  Rudd MF, Sellick GS, Webb EL, Catovsky D, Houlston RS. Variants in the ATM-

BRCA2-CHEK2 axis predispose to chronic lymphocytic leukemia. Blood 2006; 

108(2):638-644. 

160.  Choi DH, Cho DY, Lee MH, Park HS, Ahn SH, Son BH, Haffty BG. The CHEK2 

1100delC mutation is not present in Korean patients with breast cancer cases tested for 

BRCA1 and BRCA2 mutation. Breast Cancer Res Treat 2008; 112(3):569-73. 

161.  Kleibl Z, Havranek O, Novotny J, Kohoutova M, Stekrova J, Matous M. Analýza nutace 

c.1100delC genu CHEK2 v populaci pacientů se sporadickým karcinomem kolorekta a 

familiární adenomatózní polypózou. Klinická onkologie 20, 224-226. 2007.  

162.  Kilpivaara O, Alhopuro P, Vahteristo P, Aaltonen LA, Nevanlinna H. CHEK2 I157T 

associates with familial and sporadic colorectal cancer. J Med Genet 2006; 43(7):e34. 

163.  Cybulski C, Wokolorczyk D, Kladny J, Kurzawski G, Suchy J, Grabowska E, Gronwald 

J, Huzarski T, Byrski T, Gorski B, Bniak DE, Narod SA, Lubinski J. Germline CHEK2 

mutations and colorectal cancer risk: different effects of a missense and truncating 

mutations? Eur J Hum Genet 2007; 15(2):237-241. 

164.  Bogdanova N, Enssen-Dubrowinskaja N, Feshchenko S, Lazjuk GI, Rogov YI, 

Dammann O, Bremer M, Karstens JH, Sohn C, Dork T. Association of two mutations in 

the CHEK2 gene with breast cancer. Int J Cancer 2005; 116(2):263-266. 

165.  Cybulski C, Gorski B, Huzarski T, Byrski T, Gronwald J, Debniak T, Wokolorczyk D, 

Jakubowska A, Kowalska E, Oszurek O, Narod SA, Lubinski J. CHEK2-positive breast 

cancers in young Polish women. Clin Cancer Res 2006; 12(16):4832-4835. 

166.  Schutte M, Seal S, Barfoot R, Meijers-Heijboer H, Wasielewski M, Evans DG, Eccles 

D, Meijers C, Lohman F, Klijn J, van den Ouweland A, Futreal PA, Nathanson KL, 

Weber BL, Easton DF, Stratton MR, Rahman N. Variants in CHEK2 other than 

1100delC do not make a major contribution to breast cancer susceptibility. Am J Hum 

Genet 2003; 72(4):1023-1028. 

167.  Bell DW, Kim SH, Godwin AK, Schiripo TA, Harris PL, Haserlat SM, Wahrer DC, 

Haiman CA, Daly MB, Niendorf KB, Smith MR, Sgroi DC, Garber JE, Olopade OI, 

Marchand LL et al. Genetic and functional analysis of CHEK2 (CHK2) variants in 

multiethnic cohorts. Int J Cancer 2007; 121(12):2661-2667. 

168.  Cybulski C, Wokolorczyk D, Huzarski T, Byrski T, Gronwald J, Gorski B, Debniak T, 

Masojc B, Jakubowska A, van de WT, Narod SA, Lubinski J. A deletion in CHEK2 of 



 89 

5,395 bp predisposes to breast cancer in Poland. Breast Cancer Res Treat 2007; 

102(1):119-22. 

169.  Cybulski C, Wokolorczyk D, Huzarski T, Byrski T, Gronwald J, Gorski B, Debniak T, 

Masojc B, Jakubowska A, Gliniewicz B, Sikorski A, Stawicka M, Godlewski D, Kwias 

Z, Antczak A et al. A large germline deletion in the Chek2 kinase gene is associated 

with an increased risk of prostate cancer. J Med Genet 2006; 43(11):863-866. 

170.  Suchy J, Cybulski C, Wokolorczyk D, Oszurek O, Gorski B, Debniak T, Jakubowska A, 

Gronwald J, Huzarski T, Byrski T, Dziuba I, Gogacz M, Wisniowski R, Wandzel P, 

Banaszkiewicz Z et al. CHEK2 mutations and HNPCC-related colorectal cancer. Int J 

Cancer 2010; 126(12):3005-3009. 

171.  Debniak T, Scott RJ, Gorski B, Cybulski C, van de WT, Serrano-Fernandez P, Huzarski 

T, Byrski T, Nagy L, Debniak B, Kowalska E, Jakubowska A, Gronwald J, 

Wokolorczyk D, Maleszka R, Kladny J, Lubinski J. Common variants of DNA repair 

genes and malignant melanoma. Eur J Cancer 2008; 44(1):110-114. 



 

 

APPENDIX  I 

 

 

Havranek O, Spacek M, Hubacek P, Mocikova H, Markova J, Trneny M, Kleibl Z. 

 

Alterations of CHEK2 forkhead-associated domain increase the risk of Hodgkin 

lymphoma.  

 

 

Accepted for publication in journal Neoplasma (IF2009= 1.192) 



1 

 

 

Alterations of CHEK2 forkhead-associated domain increase the risk of Hodgkin 

lymphoma 

 

Ondrej Havranek
1
, Martin Spacek

2
, Petr Hubacek

3
, Heidi Mocikova

2
, Jana Markova

2
, Marek Trneny

1
, 

Zdenek Kleibl
4*

 

 

1
1

st
 Department of Medicine – Department of Hematology, 1

st
 Faculty of Medicine, Charles University 

in Prague and General University Hospital in Prague, Czech Republic  

2
Department of Clinical Hematology, University Hospital Kralovske Vinohrady and 3

rd
 Faculty of 

Medicine, Charles University in Prague, Czech Republic 

3
Department of Pediatric Hematology and Oncology and Department of Medical Microbiology, Motol 

University Hospital and 2
nd

 Medical Faculty of Charles University in Prague, Czech Republic 

4
Institute of Biochemistry and Experimental Oncology, 1

st
 Faculty of Medicine, Charles University in 

Prague, U Nemocnice 5, 128 53 Prague 2, Czech Republic, e-mail: zdekleje@lf1.cuni.cz  

*Corresponding author 

 

 

Running title: Alterations of CHEK2 FHA domain in Hodgkin lymphoma 

mailto:zdekleje@lf1.cuni.cz


2 

 

Abstract 

Checkpoint kinase 2 gene (CHEK2) codes for an important mediator of DNA damage response 

pathway. Mutations in CHEK2 gene increase the risk of several cancer types, however, their role in 

Hodgkin lymphoma (HL) has not been studied so far. The most frequent CHEK2 alterations (including 

c.470T>C; p.I157T) cluster into the forkhead-associated (FHA) domain-coding region of the CHEK2 

gene. We performed mutation analysis of the CHEK2 gene segment coding for FHA domain using 

denaturing high-performance liquid chromatography in 298 HL patients and analyzed the impact of 

characterized CHEK2 gene variants on the risk of HL development and progression-free survival 

(PFS). The overall frequency of CHEK2 alterations was significantly higher in HL patients (17/298; 

5.7%) compared to previously analyzed non-cancer controls (19/683; 2.8%; p = 0.04). Presence of any 

alteration within analyzed region of the CHEK2 gene was associated with increased risk of HL 

development (OR = 2.11; 95% CI = 1.08 - 4.13; p = 0.04). The most frequent I157T mutation was 

found in 4.0% of HL patients and 2.5% of controls (p = 0.22), however, the frequency of 5 other 

alterations (excluding I157T) was significantly higher in HL cases and associated with increased risk 

of HL development (OR = 5.81; 95% CI = 1.12 – 30.12; p = 0.03). PFS in HL patients did not differ 

between CHEK2 mutation carriers and non-carriers. The predominant I157T mutation together with 

other alterations in its proximity represent moderate genetic predisposition factor increasing the risk of 

HL development. 

 

Keywords 

Hodgkin lymphoma; checkpoint kinase 2 gene (CHEK2, CHK2); germ-line mutation; genetic 

predisposition; risk assessment 
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Introduction 

Hodgkin lymphoma (HL) is a malignant disease histologically characterized by the presence of large 

Hodgkin and Reed-Sternberg cells derived from B lymphocytes that constitute a minority of the cell 

population in affected lymphatic nodes. The annual incidence of HL in Europe is approximately 2.5 

cases per 100 000 inhabitants [1]. Besides known environmental and life style risk factors (such as 

EBV and HIV infection, immunodeficiency or socioeconomic status), risk of HL development is 

modified by genetic background [2]. This hypothesis is supported by increased incidence of HL 

reported in monozygotic twins [3] and first degree relatives of lymphoma patients [4, 5]. The CHK2 

protein (coded by CHEK2 gene, OMIM 604373) is a member of ATM-CHK2-p53 signaling pathway 

activated upon recognition of DNA double-strand breaks (DSB). CHK2 is responsible for transmission 

and amplification of the signal from activated ATM kinase to the effector proteins involved in DNA 

repair, cell cycle arrest and apoptosis [6]. The CHK2 protein contains the N-terminal SQ/TQ cluster 

domain, the central forkhead-associated (FHA) domain and the C- terminal serine/threonine kinase 

domain [7]. CHK2 activation is initiated by ATM kinase-mediated phosphorylation of Thr68 that 

induces homodimerization of CHK2 monomers (via their FHA domains) and consequent 

autophosphorylation of their kinase domains [8, 9]. It has been shown that mutation of Thr68 or 

alterations of FHA domain impairs CHK2 dimerization and its activation [10, 11].  

The CHEK2 gene has been considered a multiorgan cancer susceptibility gene predisposing to the 

development of breast, colon, kidney, prostate, and thyroid cancers [12]. The vast majority of CHEK2 

mutations contributing to cancer predisposition are clustered within the fragment coding for FHA 

domain. The role of CHEK2 alterations as a risk factor of HL has never been evaluated; therefore, we 

performed mutation analysis in the region coding for FHA domain of CHK2 in 298 HL patients and 

analyzed the impact of characterized CHEK2 gene variants on the risk of HL development and on 

progression-free survival (PFS).  

 

Materials and methods 

Study population 

Two hundred and ninety-eight patients with histologically confirmed diagnosis of HL treated with 

first-line treatment at three Prague’s hematological departments were enrolled to this study between 

the years 2006 and 2010. Clinical characteristics of patients are summarized in Table 1. Control group 

of 683 non-cancer individuals was described in detail previously including the results of CHEK2 

mutation analysis [13, 14]. All lymphoma patients and controls were of Caucasian origin from the 

same geographical area of the Czech Republic. All participating subjects signed an informed consent 

with genetic testing approved by local ethical committees. 
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Mutation analysis 

Genomic DNA was isolated from whole peripheral blood using QIAamp DNA Blood Mini Kit 

(Qiagen) or using automated DNA preparation system (MagNA Pure LC 2.0, Roche) according to the 

manufacturer’s instructions. Mutation analysis of FHA-coding region was performed as described 

previously [13]. Briefly, FHA-coding region of CHEK2 gene (covering exon 2 and 3) was PCR-

amplified in a single fragment and analyzed by denaturing high-performance liquid chromatography 

(DHPLC, WAVE system, Transgenomic). Samples with aberrant elution profiles on DHPLC were re-

amplified and bi-directionally sequenced using ABI 3130 (Applied Biosystemes). Web-based program 

Align GVGD (http://agvgd.iarc.fr/) was used to predict functional relevance of found CHEK2 

missense variants [15, 16]. 

 

Statistical analysis 

The two-sided Fisher’s exact test was used for the evaluation of differences in alteration frequencies 

between analyzed groups. Crude odds ratios (OR) were calculated from 2 x 2 contingency tables using 

unconditional Mantel–Haenszel statistics, differences in clinical characteristics between alteration 

carriers and non-carriers using Chi-square test and nonparametric ANOVA. Analysis of PFS was 

performed by Kaplan-Meier method in a subgroup of patients (N = 215) that i) were enrolled to the 

study at the time of diagnosis and ii) in which the survival data were available. Differences of survival 

curves were evaluated by Wilcoxon and Log-rank tests. PFS was defined as the interval from the date 

of diagnosis to the date of progression, relapse or death from any cause or last follow-up date after the 

first-line treatment. The median follow-up of patients was 22.4 months. All analyses were performed 

using NCSS 2007 statistical program (NCSS). 

 

Results and discussion 

To evaluate the risk of HL development, the mutation analysis of CHEK2 FHA-coding region was 

performed in 298 samples of HL patients. We ascertained six different CHEK2 alterations localized 

within FHA-coding region (c.470T>C, c.475T>C, c.542G>A) or in its proximity (IVS1-5T>A, 

IVS2+24C>T, IVS2-54C>T
1
; Table 2). The overall frequency of CHEK2 alterations in the group of 

HL patients (5.7%) differed significantly from that characterized previously [13] in controls (2.8%; p 

= 0.04). Presence of any alteration within analyzed region was associated with increased risk of HL 

development (OR = 2.11; 95% CI = 1.08 - 4.13). The most frequently occurring CHEK2 alteration – 

c.470T>C (p.I157T) – was found in 4.0% of HL patients and 2.5% of controls (p=0.22). The 

                                                           
1
 This variant was erroneously referred to as IVS2-55C>T in our previous publications [14, 17]. 

http://agvgd.iarc.fr/
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frequency of other alterations (excluding the most frequent I157T mutation) was significantly higher 

in HL cases and associated with increased risk of HL development (OR = 5.81; 95% CI = 1.12 – 

30.12; Table 2). Progression-free survival in HL patients did not differ between CHEK2 alteration 

carriers and patients without alteration in analyzed region (Figure 1). Moreover, CHEK2 FHA 

alterations did not correlate with any of clinical characteristic mentioned in Table 1. 

Except for the c.542G>A (p.R181H) mutation, all other identified alterations were previously found in 

Czech breast, colorectal or pancreatic cancer patients [13, 14, 17]. The R181H was identified in breast 

and prostate cancer patients from Germany [18] and the USA [19], respectively, however, this variant 

most likely do not interfere with the function of the CHK2 (Align GVGD: Class C0) and together with 

c.538C>T (p.R180C - identified in one control subject) may represent neutral CHEK2 sequence 

variants. Alteration c.475T>C (p.Y159H - previously described in one Czech breast cancer patient) 

affects highly conservative amino acid residue within the FHA-coding region (Align GVGD: Class 

C65) potentially influencing protein function [13]. Based on the computer prediction made in our 

previous studies, we deduced that intronic variants IVS1-5T>A and IVS2+24C>T may interfere with 

binding sites of splicing factors [13] and that IVS2-54C>T alters the most probable branching site 

[14], which both could lead to the aberrant splicing of CHEK2 mRNA, however, these hypotheses 

have not been confirmed using functional in vitro analyses so far. The most frequent c.470T>C 

(p.I157T) variant is localized within the conserved sequence of CHEK2 FHA domain. Despite the fact 

that based on Align GVGD this mutation belongs to the group of variants with limited impact (Class 

C25), the functional analyses clearly shown that mutated I157T CHK2 protein is defective in ability to 

bind some of its protein targets including p53 [20] or BRCA1 [21] proteins in vitro and due to the 

retained dimerization capacity the I157T heterozygotes exerts impaired substrate binding in vivo [22]. 

Alongside other previously mentioned solid cancers, the I157T mutation has been also associated with 

several lymphoproliferative diseases. Rudd et al. [23] described higher risk of chronic lymphocytic 

leukemia development (OR = 14.83; p = 0.0008) in carriers of I157T and Cybulski et al. [12] found 

increased frequency of I157T in non-Hodgkin lymphoma patients (OR = 2.0; p = 0.05).  

This is the first study evaluating the potential impact of CHEK2 I157T and other alterations localized 

within FHA domain or in its proximity on the risk of HL development. Though we are aware of 

limited power of our study due to the small number of tested patients, we showed that mutations in 

this CHEK2 region represent mild but significant genetic factor increasing the risk of HL in mutation 

carriers. These results extend our previous observations from studies in breast and colorectal cancer 

patients that CHEK2 FHA domain-coding region is affected by numerous distinct rarely-occurring 

alterations that together with predominant I157T mutation contribute to increased risk of many solid 

tumors and also at least several lymphoproliferative malignancies, including HL. However, further 

evaluation of CHEK2 alterations in HL patients by larger studies is needed. 
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Table 1 Clinical characteristics of HL patients (n = 298) 

Gender N (%)  

 Male 150 (50.3) 

 Female 148 (49.7) 

Age at diagnosis 

median of years (range) 
32.2 (14.0-83.7) 

Histological subtype N (%)  

 NLPHL 14 (4.7) 

 NS 199 (66.8) 

 MC 69 (23.2) 

 Other 16 (5.4) 

Clinical stage N (% of known)  

 I 19 (6.5) 

 II 140 (48.1) 

 III 62 (21.3) 

 IV 70 (24.3) 

 Unknown 7 

 

NLPHL - Nodular lymphocyte predominant Hodgkin lymphoma; NS - Nodular sclerosis classical Hodgkin 

lymphoma; MC - Mixed cellularity classical Hodgkin lymphoma 

 

 

Table 2 Frequencies of alterations identified in CHEK2 FHA-coding region 

Exon/ 

intron 
Alteration 

HL patients 

N (%) 

Controls 

N (%) 
OR 

a
 95% CI 

a
 p value 

a
 

- None  281 (94.3) 664 (97.2) Reference (1.00)   

e3 c.470T>C (p.I157T) 12 (4.0) 17 (2.5) 1.64 0.78-3.49 0.22 

e3 c.475T>C (p.Y159H) 1 (0.3) 0 - - - 

e3 c.538C>T (p.R180C) 0  1 (0.1) - - - 

e3 c.542G>A (p.R181H) 1 (0.3) 0 - - - 

i1 IVS1-5T>A 1 (0.3) 0 - - - 

i2 IVS2+24C>T 1 (0.3) 1 (0.1) - - - 

i2 IVS2-54C>T 
b
 1 (0.3) 0 - - - 

All alterations within coding 

sequence 

14 (4.7) 18 (2.6) 1.82 0.89-3.71 0.12 

Alterations excluding I157T 5 (1.7) 2 (0.3) 5.81 1.12-30.12 0.03 

All alterations 17 (5.7) 19 (2.8) 2.11 1.08-4.13 0.04 
 

a 
Common odds ratio (OR) estimate with 95% confidence interval (CI) and significance p by 2-sided Fisher’s 

Exact Test; 
b
 This variant was erroneously referred to as IVS2-55C>T in our previous publications [14, 17]. 
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Figure 1 Progression-free survival of HL patients in groups according to the presence of inherited 

CHEK2 alterations. No significant difference in PFS was found (p values for Log-rank and 

Wilcoxon test were 0.53 and 0.97, respectively). 
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Abstract  

The role of the TP53 gene’s R72P polymorphism in non-Hodgkin lymphoma (NHL) patients 

has been analyzed in several studies but it has not been studied in Hodgkin lymphoma (HL) 

patients. We have evaluated the role of R72P in 340 NHL and 298 HL patients. There was no 

difference in the R72P frequency between analyzed lymphoma patients and 749 controls. We 

found no association of R72P with the risk of NHL and HL development [ORArgPro/ProPro = 0.9 

(95%CI 0.7-1.2) and 1.2 (95%CI 0.9-1.5)] or with survival. Our results support the evidence 

that R72P is not a prognostic factor in Caucasian NHL patients, and they indicate its 

irrelevance for HL development or prognosis. 

 

Keywords  

TP53 gene (p53), Arg72Pro polymorphism (R72P), non-Hodgkin lymphoma, Hodgkin 

lymphoma, Genetic predisposition, Prognosis 

 

1. Introduction 

The TP53 (OMIM 191170) tumor suppressor gene located on the short arm of 

chromosome 17 codes for the p53 protein that plays a critical role in the complex signal 

transduction network regulating the cell-cycle arrest, apoptosis, senescence and DNA repair in 

response to cellular stress of various etiology [1]. Germ-line mutations in TP53 are 

responsible for the Li-Fraumeni syndrome 1 (MIM ID #151623), a familial cancer syndrome 

characterized by an early onset of tumors including sarcoma, leukemia/lymphoma, and breast, 

brain or adrenocortical tumors [2]. Besides the inherited alterations, somatic mutations in the 

TP53 gene are commonly present in a wide variety of cancer types (http://www-p53.iarc.fr/). 

The frequency of TP53 mutations is lower in hematological malignancies compared to non-

hematological tumors; however, the negative influence of TP53 mutations on the clinical 

outcome in lymphoid tumors has been well documented (reviewed in [3]). The prognostic 

value of the common TP53 polymorphism - rs1042522 (c.215G>C) - located in exon 4, which 

changes arginine 72 to proline (R72P) has been analyzed in numerous cancer types, and the 

prognostic effect of proline-coding genotypes (c.215GC or c.215CC) has been reported only 

in several of them (reviewed in [4]). Several studies in non-Hodgkin lymphoma (NHL) 

patients have been published with contradictory results [5-11] but the role of R72P in 

Hodgkin lymphoma (HL) patients has not been studied so far. Therefore, we performed a 

http://www-p53.iarc.fr/


3 

 

study evaluating the effect of the TP53 R72P polymorphism on lymphoma risk and survival 

in Czech NHL and HL patients. 

 

2. Materials and Methods 

2.1. Study population 

The study involved 638 lymphoma cases including 340 NHL and 298 HL patients treated 

with first line therapy (Table 1). Histologically confirmed diagnosis of NHL or HL according 

to the WHO Classification was the only study enrollment criterion. Samples were collected at 

three hematological departments in Prague between 2000 and 2010. Population frequency of 

R72P was estimated by analysis of 749 samples of non-cancer individuals. Their 

characteristics and recruitment were described previously [12]. All cases and controls were of 

Caucasian origin from the same geographical area in the Czech Republic. All subjects signed 

informed consent with the participation in the study approved by the local ethical committees. 

 

2.2. Genotyping 

Genomic DNA was isolated from whole peripheral blood using standard procedures. The 

amplicon covering exon 4 of the TP53 gene was PCR amplified in 25 µl reaction containing 

15 pmol of each primer (P42f 5’-ACCTGGTCCTCTGACTGCTCTTTTCAC-3’ and P43r 5’-

GCCAGGCATTGAAGTCTCAT-3’), 2.0 mM MgSO4, 0.2 mM dNTPs (Invitek), 2% DMSO 

(Sigma), 0.6 U AmpliTaq Gold DNA polymerase (Applied Biosystems), and 50 ng of 

genomic DNA using touch-down PCR protocol (95˚C 10 min; 13 cycles of 95˚C for 30 sec, 

68˚C - 1˚C/cycle for 30 sec, 72˚C for 1 min followed by 25 cycles of 95˚C for 30 sec, 55˚C 

for 30 sec, 72˚C for 1 min and final extension 72˚C for 10 min). The PCR products were 

consequently analyzed by denaturing high-performance liquid chromatography (DHPLC; 

WAVE3500; Transgenomic) at 63.9˚C in a gradient of 54.3 - 63.3% WAVE Optimized 

Buffer B containing 25% of acetonitrile (Transgenomic). The DHPLC elution profiles in 

heterozygotic samples were confirmed by sequencing on ABI3130 using BigDye Terminator 

ver. 3.1 Cycle Sequencing Kit (Applied Biosystems). The homozygotes were distinguished 

from each other by subsequent DHPLC performed under the same conditions after addition of 

equimolar amount of PCR product amplified from wild-type sequence and denaturation-

renaturation step. 
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2.3. Statistical analysis 

The two-sided Chi-square test was used for the evaluation of differences in alterations 

frequencies between analyzed groups. Odds ratios (OR) were calculated from 2 x 2 

contingency tables. Differences in patients’ clinical characteristics were tested by the 

nonparametric Wilcoxon or Kruskal-Wallis tests. Survival analysis (in patients with available 

data, Fig. 1) was performed using the Kaplan-Meier method; differences of survival curves 

were evaluated by the Wilcoxon and Log-rank tests. Progression-free survival (PFS) was 

defined as an interval measured from the date of diagnosis until the date of progression, 

relapse or death from any cause or until the last follow-up date after the first line treatment. 

Overall survival (OS) was defined as an interval from the date of diagnosis until the date of 

death from any cause or until the last follow-up date. The median follow-up of NHL and HL 

patients was 45.3 and 23.1 months, respectively. All analyses were performed using the SW 

Statistica 9.0 (StatSoft). 

  

3. Results and discussion 

The genotyping of the TP53 R72P polymorphism was performed on 1387 individuals. 

The genotype distribution of R72P among 638 lymphoma cases and 749 non-cancer controls 

did not differ significantly, with similar minor allele frequencies (MAFPro72) in NHL patients, 

HL patients and controls (21.8%, 24.3%, and 22.4%, respectively). The genotypes coding for 

ArgPro, ProPro, or combined ArgPro/ProPro were not associated with the risk of lymphoma 

in general or NHL and HL separately (Table 2). The genotype coding for ProPro was 

marginally associated with a lower age at the HL diagnosis compared to the ArgArg variant 

(p = 0.03; median age at diagnosis 29.4 vs. 32.7 years, respectively). The R72P polymorphism 

was not associated with any other clinical characteristics (listed in Table 1) in NHL and HL 

patients and had no impact on PFS (data not shown) or OS (Fig. 1) in all lymphoma patients 

and in NHL, HL, diffuse large B-cell lymphoma (DLBCL), and follicular lymphoma (FL) 

subgroups in general. Despite the lack of statistical significance, the analysis of OS in 

DLBCL patients suggests that the Pro allele may be associated with an early survival 

disadvantage. A worse OS in DLBCL patients has recently been shown for carriers of somatic 

TP53 mutations affecting the codons of distinct structurally significant regions in the p53 

protein [13]. However, careful meta-analyses and further independent studies will be 
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necessary to evaluate the prognostic parameters of the Pro 72 allele in DLBCL patients and its 

potential value in the identification of those patients requiring distinct and more aggressive 

treatment approaches. Two other TP53 variants in exon 4 were identified [silent mutation 

c.108G>A (p.P36P) and intronic variant IVS3-9C>T]. There was no difference in the 

frequency of c.108G>A between lymphoma patients (13/638; 2.0%) and controls (in 22/749; 

2.9%; p = 0.3). The rare IVS3-9C>T variant of unknown significance was identified in one 

HL patient and two control individuals. 

The first study evaluating the R72P polymorphism in NHL patients was performed by 

Hishida et al. [5], who reported a borderline association of R72P with an increased risk of 

NHL in 103 Japanese patients (ORArgPro/ProPro = 1.59; 95% CI 0.99-2.57). This observation 

was confirmed by a recent study of Kim et al. [6] involving 945 Korean NHL patients (MAF 

= 34%) that showed an increased risk of NHL in the carriers of genotypes coding for ProPro 

(OR = 1.32; 95% CI 1.02-1.72) and ArgPro/ProPro (OR = 1.21; 95% CI 1.02-1.42). A study 

of Bittenbring et al. [7] involving 311 central European NHL patients found no association 

between R72P genotypes and the risk of NHL onset. The MAF in this study was comparable 

to that in our subgroup of NHL patients (26 and 22%, respectively). Two other large-scale 

SNP studies involving also an analysis of R72P in NHL patients from the USA and Australia 

[8] and the USA alone [9], respectively, found no correlation of R72P with NHL risk. The 

lack of the prognostic impact of R72P in NHL patients was reported by Wrench et al. [10] in 

226 FL patients, and Wang et al. [11] in 215 DLBCL and 192 FL patients. The above-

mentioned studies and our results suggest the risk of NHL is not influenced by the R72P 

polymorphism in the TP53 gene in general; however, the association of R72P with NHL risk 

could be restricted only to individuals of Asian origin. It has been shown that the association 

between the R72P polymorphism and cancer risk is also modified by ethnicity in various 

other cancer types, e.g. hepatocellular carcinoma or gastric and lung cancers [4]. 

Contrary to NHL, an analysis of R72P in patients with HL has not been performed so far, 

but our results based on an analysis of 298 HL cases indicate that this TP53 polymorphism is 

unlikely to modify the HL risk and disease prognosis. 
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Table 1 Clinical characteristics of lymphoma patients (n = 638). 

 
Histological type NHL HL 

Gender N (%)   

   Male 187 (55.0) 150 (50.3) 

   Female 153 (45.0) 148 (49.7) 

Age at diagnosis 

median of years (range) 
59.6 (17.4-86.4) 32.2 (14.0-83.7) 

Clinical stage N (% of known)   

   I 63 (19.4) 19 (6.5) 

   II 57 (17.5) 140 (48.1) 

   III 46 (14.2) 62 (21.3) 

   IV 159 (48.9) 70 (24.3) 

   Unknown 15 7 

Histological subtype of NHL 

N (%) 
  

   DLBCL 180 (52.9) - 

   FL 71 (21.8) - 

   Other 89 (26.2) - 

Histological subtype of HL 

N (%) 
  

   NS - 199 (66.8) 

   MC - 69 (23.2) 

   NLPHL - 14 (4.7) 

   Other - 16 (5.4) 

DLBCL, diffuse large B-cell lymphoma; FL, follicular lymphoma; NS, nodular sclerosis classical Hodgkin 

lymphoma; MC, mixed cellularity classical Hodgkin lymphoma; NLPHL, nodular lymphocyte predominant 

Hodgkin lymphoma. 

 

Table 2 Distribution of TP53 R72P genotypes and allele frequencies in lymphoma patients 

and controls with related odds ratios. 
 

Genotype Controls  All lymphoma cases 

N (%)  N (%) OR (95% CI) p 

ArgArg 465 (62.1)  392 (61.4) 1.0  

ArgPro 233 (31.1)  199 (31.2) 1.0 (0.8-1.3) 0.95 

ProPro 51 (6.8)  47 (7.4) 1.1 (0.7-1.7) 0.75 

ArgPro/ProPro 284 (37.9)  246 (38.6) 1.0 (0.8-1.3) 0.82 

Arg allele 1163 (77.6)  983 (77.0) 1.0  

Pro allele 335 (22.4)  293 (23.0) 1.0 (0.9-1.2) 0.72 

Genotype 

NHL  HL 

N (%) 
OR (95% 

CI) 
p  N (%) OR (95% CI) p 

ArgArg 218 (64.1) 1.0   174 (58.4) 1.0  

ArgPro 96 (28.2) 0.9 (0.7-1.7) 0.39  103 (34.6) 1.2 (0.9-1.6) 0.26 

ProPro 26 (7.6) 1.1 (0.7-1.8) 0.80  21 (7.0) 1.1 (0.6-1.9) 0.78 

ArgPro/ProPro 122 (35.9) 0.9 (0.7-1.2) 0.54  124 (41.6) 1.2 (0.9-1.5) 0.29 

Arg allele 532 (78.2) 1.0   451 (75.7) 1.0  

Pro allele 148 (21.8) 1.0 (0.8-1.2) 0.78  145 (24.3) 1.12 (0.9-1.4) 0.36 

OR, odds ratio; CI, confidence interval. 
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Figure 1  Overall survival curves (OS) of (A) non-Hodgkin lymphoma (NHL) patients, (B) 

Hodgkin lymphoma (HL) patients, (C) patients with diffuse large B-cell lymphoma (DLBCL) 

and (D) follicular lymphoma (FL) divided according to the genotype coding for R72P 

polymorphism. 
 

 

Log-rank test p-values are displayed in each graph. * Number of patients with available survival data. 
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Minor revision re-submitted to the journal Leukemia Research 

 

Dear Dr. Kleibl,  

Your Brief Communication entitled "No association between the TP53 codon 72 

polymorphism and risk or prognosis of Hodgkin and non-Hodgkin lymphoma" with 

manuscript number LR-D-11-00083 has been reviewed by our referees. The editor and 

referees' comments have been appended below. Please provide me with a letter (revision 

note) indicating your responses to the referees, and where you have modified the text.  

 

Most sincerely, 

Phoebe A. Downing 

Editorial Office  

Leukemia Research  

Reviewers' comments: 

 

Reviewer #1: This Czech study examines the association of the TP53 codon 72  SNP with 

NHL and Hodgkin's lymphoma (HL) and its association with survival. Previous studies 

examining the role of the TP53 codon 72 SNP in NHL have given conflicting results and 

there are no previous studies in HL. No association was found between allelotype and 

either NHL n=340) or HL (n=298) using a reference population of 749 healthy volunteers 

from the same racial group. Furthermore, the SNP was not associated with survival in HL 

(n=212), NHL (n=334), DLBCL (n=177) or FL (n=69). 

 

Major Comments 

1. The study involves substantial numbers of patients and is well written. 

2. Despite the lack of statistical significance, the Kaplan-Meier curves relating the SNP with 

OS in DLBCL suggest that the Pro allele may be associated with an early survival 

disadvantage. This pattern was not observed in FL or HL. This observation should be 

noted and its possible implications discussed in the context of what is already known 

about the importance of TP53 mutations as a determinant of outcome in DLBCL.  

 

Reviewer #2: The manuscript has novel value as it represents the first report on the TP53 

codon 72 polymorphism in Hodgkin lymphoma. The data on NHL adds to a significant 

number of cases to those published previously by other authors and is in agreement with 

the findings of other studies of Caucasian individuals.  

In general, the significant grammatical errors throughout, including the abstract, do not 

prevent the reader from understanding the data but do make it harder to read. It would be 

nice to see these addressed.  

 

In terms of specific issues that must be addressed,  

 

In the statistical methods, the definition of PFS is confused. Is PFS measured from diagnosis 

or from time of first treatment? 'Progression-free survival (PFS) was defined as an 

interval from the date of diagnosis to the date of progression, relapse or death from any 

cause or last follow-up date after the first line treatment.' 

 

In the final sentence of penultimate paragraph, relating to risk association differing between 

ethic groups, the authors should mention and reference that this has recently been 

reported for the TP53 codon72 polymorphism in colorectal cancer. 'As resulting from 

above mentioned studies and our results, the risk of NHL is not influenced by R72P 
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polymorphism in the TP53 gene in general; though, the association of R72P with NHL 

risk could be restricted only to individuals of Asian origin.' 

 

From the Editor: 

To make your revisions please use the files that our Editorial Office sent you.  Also explain in 

your letter where you have made your changes. No tracking changes or highlights in this 

version. Thank you. 

 

Sincerely,  

Terry Hamblin, DM, FRCP  

Editor-in-Chief 
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Abstract The CHEK2 gene mutations I157T (c.470T [
C) and IVS2 + 1G [ A affecting the forkhead-associated

domain (FHA) have been shown to increase the risk of

breast cancer development in several populations. We

analyzed the CHEK2 gene segment coding for FHA

domain in 673 unselected breast cancer patients and 683

controls from the Czech Republic using the denaturant

high-performance liquid chromatography. The found fre-

quency of predominant FHA alteration I157T did not differ

between breast cancer patients (19/673; 2.82%) and con-

trols (17/683; 2.49%; P = 0.71). Besides this mutation we

characterized another nine alterations—six located within

FHA coding sequence and three occurring in introns 1 or

2). Eight variants occurred once each in patients with

breast cancer and two were present in controls. Three

alterations found in breast cancer patients were novel

missense variants (Y159H, T172A, and L174F) affecting

highly conservative residues in FHA domain. Despite the

lack of association of I157T mutation with breast cancer

development in our population we deduced that the FHA

domain is the subject of rare population-specific alterations

that might modify risk of various cancers.

Keywords Breast cancer � CHEK2 (Chk2) gene �
FHA domain � Mutation analysis

Introduction

Checkpoint kinase 2 [CHEK2, Chk2, (OMIM 604373)] is

an important mediator of DNA damage signaling pathway

whose defects have been found to contribute to the

development of breast and other cancers [1, 2]. The

CHEK2 protein mediates signal transduction from the api-

cal sensoric part of the pathway, represented by the

activation of ataxia-telagiectasia mutated (ATM) protein

following DNA damage, toward cell cycle and apoptosis

regulators (p53, Cdc25A, Cdc25C) and protein complexes

directly involved in DNA-repair (BRCA1) that are phos-

phorylated by CHEK2 kinase activity [3]. The CHEK2

gene localized to chromosome 22q12.1 codes for the 60-

kDa protein consisting of 546 amino acid residues [4].

Besides this full-length protein product, numerous alter-

natively spliced variants were also described [5]. Three

functional domains were characterized in CHEK2 poly-

peptide chain (reviewed in [6]). The N-terminal SQ/TQ

cluster domain (residues 20–75) is involved in regulation

of CHEK2 activity by ATM-mediated phosphorylation

in response to genotoxic insults [7] or CHEK2 dephos-

phorylation by oncogenic Wip1 phosphatase abrogating

CHEK2-mediated proapoptotic signaling [8]. The
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forkhead-associated (FHA) domain (residues 112–175) is

critically involved in dimerization of CHEK2 molecules in

phosphorylation-dependent manner [9]. This process has

been recently shown to be necessary for full activation of

CHEK2 by trans-phosphorylation of the activation

segment/T-loop [10] within the kinase domain (residues

225–490) that carries the catalytic serine/threonine kinase

activity.

Despite the initial studies assuming that CHEK2 may be

the gene responsible for development of tumors in p53-

negative Li-Fraumeni (LFS) and Li-Fraumeni-like (LFL)

families [11], later analyses performed on larger cohorts

including LFS/LFL families have shown that CHEK2 acts

as a low penetrance gene and alterations of this gene

contribute to the mild cancer risk increase in different

(breast, colorectal, ovarian, prostate, thyroid, kidney) can-

cers [1, 2, 12]. Numerous alterations of CHEK2 were

detected in diverse populations and distinct types of

hereditary and sporadic cancers. The results of breast

cancer studies led to the identification of several predom-

inant founder mutations within the CHEK2 gene and

suggested that these mutations were unevenly distributed

within the world populations. The c.1100delC mutation

most frequently studied in CHEK2 that leads to translation

of truncated protein lacking kinase domain, is highly

incident in Northern and Western Europe [13] and in

Russia [14] but its occurrence in Southern Europe [15, 16],

South America [17] or China [18] is very low. Similar

differences in distribution were also found in other CHEK2

frequently analyzed mutations located within its FHA

domain—c.470T [ C (I157T) and IVS2 + 1G [ A

(fs154X) [19]. Significant influence on CHEK2 function is

considered in both alterations. The I157T was reported to

interfere with phosphorylated-CHEK2 dimerization and its

interaction with downstream protein targets [5, 20] and

IVS2 + 1G [ A resulted in aberrant splicing of mRNA

and production of truncated catalytically nonfunctional

protein [21]. Besides these alterations, many less frequent

changes within FHA domain were described [21].

To evaluate the frequency and spectra of gene altera-

tions in CHEK2 FHA domain we performed the mutation

analysis of the CHEK2 gene segment encoding this domain

in the Czech patients with sporadic breast cancer and

relevant non-cancer controls.

Materials and methods

Genetic testing was performed in a group of 673 unselected

patients with sporadic breast cancer and in a group of 524

controls previously described in the study of CHEK2

c.1100delC mutation [22]. The remaining subgroup of 159

controls was formed by blood donors (69 females and 90

males). All individuals gave the informed consent prior

genetic testing. Clinical and histopathological data were

obtained from patients’ log files. All patients were of the

Czech origin and were living in Prague area.

Genomic DNA from peripheral blood was isolated by

standard procedure (Wizard DNA extraction blood kit;

Promega, Madison, WI) according to the supplier’s

instruction. The CHEK2 gene fragment coding the FHA

domain was amplified in a single 460 bp PCR fragment

covering exons 2 and 3, together with intron 2. PCR

amplifications were performed in 20 ll reaction mixtures

containing 10 pmol of each primer [CHEK11F: 50-
TCAACAGCCCTCTGATGCATG-30; CHEK15R: 50-(GC-

clamp GCCGC)TTCCAGTAACCATAAGATAATA-30;
Generi Biotech, Hradec Kralove, CR], 2.5 mM MgCl2, 5%

DMSO, 0.2 mM dNTPs (Applied Biosystems, Foster City,

CA), 0.6 U Gold Taq DNA polymerase (Roche, Basel,

Switzerland) with 100 ng of genomic DNA in 35 cycles

involving the touch-down PCR protocol (64–56�C). Fol-

lowing denaturation/renaturation step, 5 ll aliquot of the

PCR reactions were resolved using denaturant high-per-

formance liquid chromatography (DHPLC; WAVE 3500

System; Transgenomic, Omaha, NE) on the DNASep car-

tridge (Transgenomic) at 55�C in a gradient of 58–67%

acetonitrile-containing Buffer B (Transgenomic). The

samples that gave abnormal chromatograms comparing to

simultaneously run wild-type controls were sequenced

from independently amplified PCR products using BigDye

Terminator v3.1 Cycle Sequencing Kit (Applied Biosys-

tems) on a ABI3100 sequencer (Applied Biosystems).

Results

We screened the fragment of CHEK2 gene coding for

FHA domain by the DHPLC (Fig. 1a) in 673 breast

cancer patients and 683 non-cancer controls. The results

of analysis that identified 10 different alterations in

CHEK2 sequence are summarized in Table 1. The most

frequent alteration was the 470C [ T (I157T) mutation,

however, the occurrence of this variant was similar in

both groups: 19 cases (2.82%) in sporadic breast cancer

patients and 17 cases (2.49%) in non-cancer controls

(P = 0.71). Except for this mutation, additional four

missense variants in FHA coding sequence (R117G,

Y159H, T172A, and L174F; Fig. 1b) were characterized

in four out of 673 breast cancer patients (0.15%) but in

none of 683 controls. The R117G mutation has been

previously described in 2/737 [23] and 1/516 [21] patients

with hereditary breast/ovarian cancer and in 1/68 sporadic

breast cancer patients [24]. In all these studies R117G

variant was not present in simultaneously analyzed con-

trol cohorts. In our study, this substitution was detected in
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one patient with bilateral breast cancer (Table 2). Tran-

sitions c.475T [ C (Y159H), c.514A [ G (T172A), and

c.520C [ T (L174F) are referred for the first time. All

these alterations represent the missense variants of highly

conservative amino acid residues within FHA domain

(Fig. 2). We also characterized the two other known

Fig. 1 (a) The representative

view on DHPLC

chromatograms in Navigator

software (Transgenomic) shows

multiple different

chromatographic profiles

corresponding to various

identified alterations in analyzed

460 bp PCR products covering

coding sequence of CHEK2
FHA domain. (b) Sequencing

chromatograms of characterized

CHEK2 variants found in our

population of BC patients. The

newly described alterations are

underlined

Table 1 Characterized alterations in the CHEK2 gene in sporadic breast cancer (BC) patients and controls

Exon/intron Genetic change Amino acid change BC patients (N = 673) Controls (N = 683) Pb

e2 c.349A [ G R117G 1 (0.15%) 0 0.31

e3 c.470T [ C I157T 19 (2.82%) 17 (2.49%) 0.71

e3 c.475T [ Ca Y159H 1 (0.15%) 0 0.31

e3 c.514A [ Ga T172A 1 (0.15%) 0 0.31

e3 c.520C [ Ta L174F 1 (0.15%) 0 0.31

e3 c.538C [ T R180C 0 1 (0.15%) 0.32

e3 c.541C [ T R181C 1 (0.15%) 0 0.31

i1 IVS1-5T [ Aa ? 1 (0.15%) 0 0.31

i2 IVS2 + 1G [ Ta fs154X? 1 (0.15%) 0 0.31

i2 IVS2 + 24C [ Ta ? 1 (0.15%) 1 (0.15%) 1.00

All alterations within coding sequence 24 (3.57%) 18 (2.64%) 0.32

Alterations excluding I157T 8 (1.19%) 2 (0.29%) 0.053

All alterations 27 (4.01%) 19 (2.78%) 0.21

All mutations were heterozygous
a Novel mutations
b Test of difference between two proportions [software STATISTICA 5.1 (’98 Edition); StatSoft Inc]
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CHEK2 alterations (R181C and R180C) occurring in the

coding sequence flanking the C-terminal portion of FHA

domain. Each alteration was found once in the group of

patients and controls, respectively. These uncommon

alterations have been previously reported in patients with

hereditary breast cancer/ovarian cancers [21, 23] and

Table 2 Clinical and histopathological characteristics of breast cancer patients carrying alterations in the CHEK2 gene

Patient CHEK2

alteration

Age of

diagnosis

Histology of

breast cancer

Stage ER Other cancer Cancer family history

4 I157T 45 Lobular & ductal I + None Negative

29 I157T 62 Ductal IIA - None S1-breast, S2-breast

31 I157T 50 Ductal IIA + None M-leukemia

64 Y159H 83 Unknown IIA - None Negative

68 I157T 41 Lobular IIA - None Negative

128 I157T 78 Ductal I + None Negative

175 I157T 51 Unknown I + None Negative

193 IVS2 + 1G [ T 50 Unknown I + Breast Negative

225 IVS2 + 24T [ C 76 Ductal I + None Negative

249 T172A 47 Ductal I - None Negative

296 I157T 61 Ductal IIA + None Negative

310 I157T 49 Ductal IIA + None MS-breast

328 I157T 70 Ductal IIA + None D-unspecified gynecological ca

362 I157T 62 Lobular & ductal I + None MS-breast

415 I157T 45 Ductal & comedo IIB + None M-pancreatic, FS-unspecified ca

418 I157T 76 Ductal IIB + None Negative

442 IVS1-5T [ A 54 Ductal IIB + None Negative

451 I157T 61 Ductal I + None Negative

461 I157T 50 Ductal I + None Negative

480 I157T 53 Ductal I + None S-breast, M-unknown ca, DMS-ovarian

500 I157T 41 Ductal I - Cervical Negative

549 I157T 51 Tubular I + None M-rectal ca, D-lymphoproliferative disease

553 R117G 37 Ductal IIA + Breast F-unknown primary ca

560 I157T 43 Ductal IIA - None F-bones

570 R181C 59 Tubular I + None F-lung

576 L174F 55 Lobular & ductal IIB + None Negative

683 I157T 64 DCIS I n.d Colorectal M-uterine ca, MS-unspecified gynecological ca

The average age of all 673 breast cancer patients in the dataset was 55.1 years (mean 54 years) and 56.1 years (mean 53.5 years) in patients

carrying CHEK2 mutation. In the set of 673 analyzed breast cancer patients the estrogen receptor (ER) expression was positive in 74.9%, in

patients carrying any CHEK2 alterations the positivity was found in 76.9%

Abbreviations: ca—cancer; D—daughter; DCIS—ductal carcinoma in situ; DMS—daughter of mother’s sister; F—father; FS—father’s sister;

M—mother; MS—mother’s sister; n.d.—not determined; S—sister

Fig. 2 The localization of identified CHEK2 gene missense muta-

tions in analyzed patients and controls within human CHEK2 protein

sequence and corresponding sequences of other species showing that

all identified genetic changes are affecting highly conservative amino

acids. The newly described alterations and affected amino acids are in

red. Fragment of CHEK2 coded by exons 2–3 (aa 108–198) is shown.

The position of FHA domain (aa. 112–175) is marked by bold capitals

in protein sequences
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prostate cancer [25]. Missense mutation R180C was also

found in unaffected control individuals [21, 25].

In our analysis, we also characterized three intronic

variants (IVS1-5T [ A, IVS2 + 1G [ T, IVS2 + 24C [
T), each detected in one of breast cancer patients. The

IVS2 + 24C [ T transition was also identified in one

sample from control cohort. The IVS2 + 1G [ T trans-

version is located in the position where known splice site

frame-shifting mutation IVS2 + 1G [ A (fs154X) (not

detected in our set of 1,355 samples) occurs [21].

The age of breast cancer onset was not different in

carriers of CHEK2 alterations (average 56.1 years) com-

pared to non-carriers (average 55.2 years; Table 2). Only

three of 27 carriers of CHEK2 alterations with a positive

family history of breast cancer were found. In our analyzed

cohort no association between CHEK2 mutations and

breast cancer histological type, age of onset, or estrogen

receptor expression was found.

Discussion

The most frequently studied alteration in CHEK2 gene is

1100delC mutation leading to approximately twofold

increase in risk of breast cancer [13, 26]. Other two

mutations I157T and IVS2 + 1G [ A were analyzed less

frequently, and in studies involving hereditary, sporadic

and male breast cancer patients contradictory results were

reported. While studies from Germany and Belarus [27],

Finland [28] and Poland [2, 29] provided the data about

contribution of I157T to breast cancer development, the

studies from Italy [16], Germany [21], UK, The Nether-

lands and USA [23], and USA on multiethnic cohort [30]

failed to find such association. Mutation IVS2 + 1G [ A

was shown to be less frequent than I157T in all breast

cancer studies.

We performed the case–control study aimed at analysis

of the CHEK2 locus, that harbors I157T and IVS2 + 1

G [ A mutations. The frequency of I157T in our sporadic

breast cancer group was slightly higher than that reported

by Dufault et al. [21] in BRCA1/2 negative breast/ovarian

cancer patients (1.9%) and controls (1%) in Germany. On

the other hand, the frequency of I157T in our population

was substantially lower compared to Polish population.

Occurrence of I157T variant (17/683; 2.49%) in our control

group was comparable to the frequency found by Brenan

et al. [31] during independent analysis implementing

Czech control cohort (16/683; 2.51%). The risk of breast

cancer development in carriers of I157T mutation was

considered to be lower (OR = 1.4) compared to the risk of

1100delC mutation carriers [28]. The complete screening

of CHEK2 gene in cancer patients is limited to several

studies that, with some exceptions [21, 25] were performed

on small populations sizes. Interestingly, many of them

repeatedly reported diverse missense variants (alongside

the I157T) within sequence coding CHEK2 FHA domain

[21, 23–25, 30, 32, 33]. These variants accounted for

substantial proportion of identified types of CHEK2 alter-

ations in patients cohorts, however had occurred rarely in

analyzed control populations. We found four such altera-

tions (R117G, Y159H, T172A, and L174F); three of them

were novel gene alterations. These rare missense variants

with different population-specific spectra may indicate that

FHA domain is a subject of numerous genetic changes that

are evolutionally young. We have not detected the

IVS2 + 1G [ A transition that was identified as the sec-

ond most frequent frame-shifting CHEK2 alteration in

Polish [2], German [21, 27] and Belarus [27] populations

and was shown to contribute to the development of breast,

prostate stomach and thyroid cancers. In the same position,

we have detected previously undescribed IVS2 + 1G [ T

transversion in patient with bilateral breast cancer (diag-

nosed at the age of 50 and 63). It is probable, that this

mutation may also affect the splicing of CHEK2 pre-

mRNA, however, due to the lack of patients’ RNA samples

we were not able to prove this hypothesis. The other

alteration identified in intron 2 (IVS2 + 24T [ C) was

observed once in both breast cancer and control cohort,

whereas alteration identified at the end of intron 1 IVS1-

5T [ A was detected once in breast cancer patients group

only. We performed the analysis of putative cis-regulating

RNA elements within the site of these intronic alterations

using the ESE finder software [34]. In both cases, the in

silico prediction of analyzed intron alterations showed loss

of one splicing factor binding sites—SRp55 (SFRS6) for

IVS2 + 24T [ C and SRp40 (SFRS5) for IVS1-5T [ A.

However, at least the functional mRNA-based analysis of

these alterations is essential for definition of their impact

on CHEK2 mRNA splicing.

Mutation analysis demonstrated that the I157T mutation

is the most prevalent alteration of the CHEK2 gene in

Czech Republic, however, the frequency of this variant is

similar in a group of breast cancer patients and analyzed

controls. Also, the clinical and histopathological charac-

teristics of CHEK2 mutation carriers with breast cancer did

not differ significantly from non-carriers. We failed to

confirm strong co-segregation of I157T mutation with

development of lobular type of breast cancer recently

reported by Huzarski et al. [35]. Recently, Cybulski et al.

[2] suggested that different CHEK2 mutations might con-

tribute to the development of cancer in different organs.

Despite we failed to find association between breast cancer

development and mutations in FHA domain, we charac-

terized a set of probable population-specific CHEK2

alterations that may be relevant for population specific

cancer development.
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A B S T R A C T

Checkpoint kinase 2 (CHEK2) gene codes for an important mediator of DNA damage

response pathway. Its mutations increase risk of several types of cancer. We analysed

selected CHEK2 mutations in 631 Czech colorectal cancer (CRC) patients.

The increased risk of CRC was associated with mutations in CHEK2 gene region involving

fork head-associated domain [39/631 (6.2%) cases versus 19/683 (2.8%) controls; odds ratio

(OR) = 2.3; 95% confidence interval (CI) = 1.3–4.0; p = 0.003], and with the most frequent

I157T mutation [30/631 (4.8%) cases versus 17/683 (2.5%) controls; OR = 2.0; 95% CI = 1.1–

3.6; p = 0.03]. Prevalence of 1100delC mutation in CRC patients (4/631) did not differ from

that in the control population (2/730; p = 0.4). The deletion of 5395 bp was not found in

any of the successfully analysed CRC cases. We observed no association of analysed muta-

tions with CRC family history. We conclude that the I157T and other alterations in its prox-

imity predispose to sporadic but not to familial CRC in the Czech population.

� 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Colorectal cancer (CRC) is the most frequent cancer diagnosed

in adult population in the Czech Republic ranking our country

at the second place in the world incidence of CRC (incidence

in 2005 = 77.9 per 100,000 persons).1 The vast majority of CRC

diagnoses arise in the form of sporadic disease; however, the

hereditary predisposition to CRC could be found in about 5%

of cases.2 The causal role of mutations in APC gene (OMIM

175100) or mismatch repair genes (OMIM 120435) in CRC is

now well established. In contrast, the role of mutations in

low penetrance genes is not clear and is currently intensively

studied. In comparison to the major predisposing genes, the

low penetrance alleles display several distinct characteristics.

Alongside the mild elevation of cancer risk (increase in

RR � 2), the substantial regional differences in distribution

0959-8049/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ejca.2008.09.022
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and frequency (and hence clinical importance), and predispo-

sition to wider spectrum of cancer diagnoses are frequently

noted. Recently, mutations in checkpoint kinase 2 [CHEK2,

Chk2, (OMIM 604373)] were shown to increase the susceptibil-

ity for CRC development.3,4

CHK2 is a nuclear phosphoprotein involved in genome

integrity maintenance, and regulation of cell cycle, apoptosis

and senescence (reviewed in [5]). Activation of CHK2 is initiated

by its phosphorylation by ataxia-telangiectasia-mutated (ATM)

kinase following DNA damage.6 Three distinct structural/func-

tional domains within CHK2 polypeptide were characterised.

The N-terminal SQ/TQ domain (residues 20–75) contains the

Thr68 targeted by ATM kinase.7 The conservative fork head-

associated domain (FHA; residues 112–175) promotes homodi-

merisation of CHK2 following Thr68 phosphorylation.8 Auto-

catalytically activated kinase domains (residues 225–490) of

CHK2 homodimer catalyse phosphorylation of CHK2-targeted

downstream effectors.9 The substrates of CHK2 kinase activity

include several critical cell cycle and apoptosis regulators and

DNA repair proteins (p53, PML, E2F1 and BRCA1).

Mutation analyses indicate that CHEK2 acts as the multior-

gan cancer susceptibility gene contributing to the develop-

ment of numerous cancers, including breast, colorectal,

prostate, ovarian, thyroid and kidney cancer.10–13 The frame-

shifting 1100delC mutation leading to the translation of trun-

cated protein product lacking kinase activity (fs381X) has

been the most studied gene alteration in CHEK2, especially

in patients with breast cancer. Its occurrence varies substan-

tially among different populations being highly incident in

Northern and Western Europe14 and in Russia,15 but rare in

Southern Europe,16 South America17 or Asia.18 Three other

founder mutations in CHEK2 were primarily shown to influ-

ence the development of breast cancer.19 The c.470T>C

(I157T) affects CHK2 FHA domain and reduces CHK2 activa-

tion in response to DNA damage.7 The IVS2+1G>A (fs154X)

leads to splicing aberration resulting in frame shift and syn-

thesis of truncated protein 20 The large deletion of 5395 bp

causes synthesis of protein with truncated kinase domain.11

Previously, we have shown that 1100delC, IVS2+1G>A and

I157T mutations are not significantly associated with breast

cancer development in the Czech population; however, we

characterised several rare alterations within or flanking to

FHA-coding sequence of CHEK2.21,22 Here, we summarise the

results of analyses of CHEK2 gene loci harbouring selected

mutations including I157T, and other alterations in its neigh-

bourhood, 1100delC, IVS2+1G>A and the 5395 bp deletion in

CRC patients from the Czech Republic.

2. Patients and methods

2.1. Patients

The study involved 631 CRC patients and 683 unrelated non-

cancer individuals. All CRC cases and controls were of Czech

origin. CRC patients (367 males and 264 females) were re-

cruited from six oncology departments throughout the Czech

Republic since September 2004 to February 2006. This study

was coordinated by the Department of Oncology, General

Teaching Hospital and 1st Faculty of Medicine Charles Univer-

sity in Prague. Histologically, confirmed CRC diagnosis was

the only inclusion criterion for group of cases. Data on per-

sonal and family history, clinical and histological characteris-

tics of disease and its therapy were retrieved from medical

records. A family history of cancer was available in 576 of

631 analysed cases. Positive family history (at least one cancer

case in the first or second degree relative) was recorded in 279

patients (48.4%); history of CRC in at least one in the first or

second degree relative was present in 100 patients (17.4%).

Control group consisting of two populations – 524 non-

cancer controls and 159 blood donors – was described previ-

ously, including the results of mutation analysis of CHEK2

fragment containing FHA domain-coding exons 2–3.22 Briefly,

the subgroup of non-cancer control population (250 males

and 274 females), aged 59.0 ± 16.6 years (mean ± SD), con-

sisted of randomly selected adult persons examined at the

Department of Clinical Biochemistry and Laboratory Medi-

cine, General Teaching Hospital in Prague between January

2003 and November 2005 excluding those with primary can-

cer diagnosis. Control blood donors subgroup comprised ran-

domly chosen fully anonymised healthy individuals (69

females and 90 males) enrolled between April 2006 and Au-

gust 2006 in the Department of Blood Transfusion of the

Thomayer Faculty Hospital in Prague. The frequency of

1100delC mutation in control group was also assessed in

our previous report.21 This group (consisting of 730 non-can-

cer individuals) represented enlarged set of samples of the

above-described control group of 524 non-cancer controls.

All examined individuals were asked to read and sign the In-

formed Consent in agreement with the requirements of the

Ethical Committee of the General Teaching Hospital.

2.2. DNA extraction

Genomic DNA was isolated from peripheral blood lympho-

cytes by the phenol/chloroform extraction method or using

Wizard DNA extraction blood kit (Promega) according to the

supplier’s instruction. DNA samples were stored at –20 �C.

2.3. Genotyping

2.3.1. Analysis of CHEK2 gene fragment containing coding
sequence for FHA domain
The PCR-amplified CHEK2 gene fragment (covering FHA-coding

exons 2 and 3 with adjacent intronic sequences of introns 1 and

3, and whole sequence of intron 2) was analysed using denatur-

ant high-performance liquid chromatography (DHPLC; WAVE

3500; Transgenomic) as described in details previously.22 Both

I157T and IVS2+1G>A alleles were screened in this analysis.

Samples showing aberrant DHPLC chromatograms were bi-

directionally sequenced from independently amplified sam-

ples using ABI 3130 sequencer (Applied Biosystems).

2.4. Analysis of 1100delC mutation

Mutation 1100delC was detected by DHPLC as we reported

previously.21 Analysis involved DNA amplification using

nested PCR (to avoid random coincidence of numerous pseu-

dogenes with high homology to CHEK2 sequence) followed by

DHPLC analysis. Presence of mutation was confirmed by DNA

sequencing.
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2.5. Analysis of large deletion of 5395 bp

For the assessment of the large deletion (del5395), method

previously published by Walsh and colleagues was used with

minor modifications.19 Briefly, two primers flanking the dele-

tion (CHEK2delUSF primer located in intron 7 and CHEK2de-

lUSR primer located in intron 9) were used for PCR

identification of 1325 bp fragment indicating the large dele-

tion in CHEK2. Separate PCR with primers CHEK2delUSF and

CHEK2delUSR2 (annealed to the sequence in intron 7 lost in

the case of deletion) amplified the wild-type CHEK2 sequence,

and served as a positive control of PCR (1195 bp fragment).

Horizontal 1% agarose gel electrophoresis stained with ethi-

dium bromide was used for visualisation of fragments. Sam-

ples with deletion were verified by DNA sequencing.

2.6. Statistical analysis

Crude odds ratios (ORs) were calculated from 2 · 2 tables by

Mantel–Haenszel statistics (unconditional, df = 1). Two-sided

Fisher’s Exact Test was used for the evaluation of significance

of results. The differences in clinical and histopathological

characteristics between mutation carriers and non-carriers

were calculated using Pearson’s chi-square test and ANOVA.

The p value lower than 0.05 was considered significant. Anal-

yses were performed by Win SPSS v 13.0 program (SPSS Inc.,

Chicago, IL, USA).

3. Results

3.1. Analysis of CHEK2 gene fragment containing coding
sequence for FHA domain

Seven different CHEK2 alterations (Table 1) were found in 39 of

631 CRC patients (6.2%) contrary to only two alterations found

within the same gene fragment in 19 of 683 controls (2.8%)

analysed previously using the same method.22 The presence

of any alteration elevated the risk of CRC in the group of pa-

tients more than twofold (OR = 2.3; 95% confidence interval

(CI = 1.3–4.0; p = 0.003). Alongside the most frequent

c.470T>C (I157T) mutation, and four alterations described pre-

viously (R181C, IVS1-5T>A, IVS2+1G>A and IVS2+24C>T) we

characterised two novel gene variants – the missense variant

c.434G>A (R145Q) and the intronic variant IVS2-55C>T (Fig. 1).

The missense variant R180C was detected in one of 683 con-

trol samples only. The prevalence of I157T mutation was sig-

nificantly higher in CRC patients – 30/631 (4.8%) than in

controls [17/683 (2.5%); p = 0.03]. The inheritance of I157T

mutation enhanced the risk of CRC twofold (OR = 2.0; 95%

CI = 1.1–3.6; Table 1). The prevalence of other alterations de-

tected in the CHEK2 gene region containing FHA domain-cod-

ing sequence was also found to differ significantly between

CRC patients and controls (10/631 versus 2/683; p = 0.02),

and the risk of CRC associated with the inheritance of these

allelic variants was enhanced accordingly (OR = 5.6; 95%

CI = 1.2–25.7; Table 1). The inheritance of any CHEK2 missense

variant within FHA-coding sequence enhanced the risk of

CRC more than twofold (OR = 2.1; 95% CI = 1.2–3.7; p = 0.02; Ta-

ble 1). Both I157T and IVS2+24T>C variants were detected in

one CRC patient.

3.2. Analysis of c.1100delC mutation

Truncating mutation 1100delC was found in four of 631 CRC

patients (0.6%). Compared to previously analysed controls

(2/730; 0.3%), the difference in frequency of 1100delC was

not statistically significant (OR = 2.3; 95% CI = 0.4–12.8;

p = 0.4).21 The average age of CRC diagnosis in 1100delC carri-

ers was 60.5 ± 8.5 years (mean ± SD). Positive familial history

of cancer was scored in one of the four patients carrying

Table 1 – Frequency of alterations in the CHEK2 gene region covering coding sequence of FHA domain.

Exon/intron Genetic change Protein change CRC patients (N = 631) Controlsa (N = 683) ORb 95% CIc p Valued

e2 c.434G>Af R145Q 1 (0.2%) 0 –e

e3 c.470T>Cg I157T 30 (4.8%) 17 (2.5%) 2.0 1.1–3.6 0.03

e3 c.538C>T R180C 0 1 (0.2%) –e

e3 c.541C>Tg R181C 2 (0.3%) 0 –e

i1 IVS1-5T>Ag ? 1 (0.2%) 0 –e

i2 IVS2+1G>A fs154X 2 (0.3%) 0 –e

i2 IVS2+24C>Tg ? 3 (0.5%) 1 (0.2%) 3.4 0.4–32.4 0.4

i2 IVS2-55C>Tf ? 1 (0.2%) 0 –e

All alterations within coding sequence 33 (5.3%) 18 (2.6%) 2.1 1.2–3.7 0.02

Alterations excluding I157T 10 (1.6%) 2 (0.3%) 5.6 1.2–25.7 0.02

All alterations 39 (6.2%)h 19 (2.8%) 2.3 1.3–4.1 0.003

Note: Patients and controls were categorised as follows: (1) carriers of any alteration within coding sequence (R145Q, I157T, R180C, R181C); (2)

carriers of any alteration excluding I157T and (3) carriers of any alteration.

a The frequency of all alterations within analysed fragment in the control subgroups of hospital-based controls and blood donors was 2.9% (15/

524) and 2.5% (4/169), respectively (p = 0.8; ANOVA test for difference). The frequency of I157T mutation in the control subgroups of hospital-

based controls and blood donors was 2.6% (14/524) and 1.9% (3/169), respectively (p = 0.6; ANOVA test for difference).

b Mantel–Haenszel common odds ratio (OR) estimate.

c 95% confidence interval (CI).

d Fisher’s exact test, p (2-sided).

e Not performed due to the presence of 0 value in one group.

f Novel mutation.

g Alterations characterised in Czech breast cancer patients.22

h One patient carrier of both I157T and IVS2+24C>T was found.
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1100delC (father with gastric cancer diagnosed at the age of

50).

3.3. Analysis of 5395 bp deletion

The large deletion of 5395 bp was successfully screened in 522

of 631 CRC patients and 565 of 683 controls. Analysis failed in

17% of the samples due to poor DNA quality or due to the lack

of DNA sample. We have found no carrier of this mutation in

the group of CRC patients. One heterozygote carrier was iden-

tified in the control group (1/565; 0.2%).g

3.4. Association of CHEK2 gene I157T mutation and other
alterations in its proximity with clinico-pathological
characteristics of CRC patients

To analyse the impact of various CHEK2 allelic variants on

clinical and histopathological characteristics of colorectal tu-

mours, the group of CRC patients was categorised into sub-

groups containing (i) patients carrying any alteration within

fragment containing coding sequence for FHA domain, (ii)

carriers of I157T mutation and (iii) subjects with wild-type al-

leles (Table 2). Age at the diagnosis in 39 mutation carriers of

any CHEK2 mutation (59.4 ± 12.6 years; mean ± SD) and in 30

carriers of I157T mutation (60.1 ± 11.8) was similar to patients

without mutation (61.0 ± 10.6; p = 0.4 compared to any muta-

tion within analysed fragment). We did not note any relation-

ship between the presence of CHEK2 alteration and

localisation of primary tumour or clinical stage (AJCC). How-

ever, statistically significant difference between mutation car-

riers and patients without mutation was associated with

tumour grade (p = 0.0495 compared to any mutation carriers

and wild-type patients; Table 2).

The frequency of positive family cancer history (defined as

any cancer in the first or second degree relatives and index

case) did not differ between CRC patients carrying any CHEK2

alteration in analysed fragment containing FHA-coding se-

quence (18 of 39; 46.2%) and CRC patients with wild-type

CHEK2 alleles (261 of 576; 45.3%; Table 3). The most frequent

cancer diagnoses in 18 families of CHEK2 alteration carriers

were colorectal and lung cancers (both in six families) and

breast cancer (in three families). No association was observed

between the presence of CHEK2 alterations and hereditary

CRC. The increased frequency of patients carrying CHEK2

alterations was apparent only in the group of patients from

colorectal and lung cancer families (defined as lung cancer

in the first or second degree relatives and index case with

CRC). Six CRC and lung cancer families were identified among

39 carriers of any CHEK2 alteration and in 37 of 537 CHEK2

wild-type CRC patients (15.4% and 6.9%, respectively;

p = 0.051).

4. Discussion

We studied the impact of four CHEK2 founder mutations and

other sequence variants on the development of CRC in Czech

patients. The I157T mutation found in 30 of 631 CRC patients

(4.8%) was the most prevalent CHEK2 alteration. The occur-

rence of truncating mutations 1100delC and IVS2+1 G>A was

higher in analysed CRC patients (0.6% and 0.3%) than in con-

trols (0.3% and 0%); however, due to the low prevalence of

these alterations in the Czech population their role in CRC

Fig. 1 – Sequencing chromatograms show two novel alterations in CHEK2 gene (R145Q and IVS2-55C>T, marked by arrow) and

corresponding wild-type (WT) sequences. Position of predicted branch-site (5 0-TTCCCAC; Supplementary Fig. 2) affected by

IVS2-55C>T transition is underlined.

g Contrary to previously published description of 5395 bp deletion, we assume that the deletion of 5395 bp [c.909-
2028_1095+330del5395; (Supplementary Fig. 1)] affects coding exons 8 and 9 (not 9 and 10) and causes synthesis of protein with
truncated kinase domain (p.Met304Leufs15X).
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development is of limited clinical importance. The lack of the

5395 bp deletion in analysed CRC patients suggests that the

effect of this mutation may be limited to an increase in breast

cancer risk only. Moreover, recent studies showed limited rel-

evance of CHEK2 truncating mutations to CRC

development.4,23

According to our data, the I157T mutation associates with

an increased risk of CRC in the Czech population (OR = 2.0).

The frequency of I157T mutation in both CRC and control

groups of Czech origin (4.8% and 2.5%, respectively; OR = 2.0)

was lower compared to that reported by Kilpivaara and col-

leagues in Finland (7.8% and 5.3%, respectively; OR = 1.5)

and Cybulski and colleagues in Poland (7.1% and 4.8%, respec-

tively; OR = 1.5).24,4 The frequency of I157T mutation in con-

trol population similar to our observation was reported by

Brennan and colleagues in different control groups of Czech

origin (2.5%; 16/636) contributing to analysis of I157T preva-

lence in patients with tobacco-related cancers.11 Contrary to

the above-mentioned studies from Finland and Poland, we

did not find association of I157T with family history of CRC.

Table 3 – Selected characteristics of colorectal cancer patients analysed for the presence of allelic variants in the CHEK2
gene region covering coding sequence of FHA domain.

Wild-type N (%) Any CHEK2 alteration N (%) p Value I157T N (%) p Value

CRC patients (N = 631) 592 (93.8%) 39 (6.2%) – 30 (4.8%) –

Males; N (%) 345 (94.0%) 22 (6.0%) – 16 (4.4%) –

Females; N (%) 247 (93.6%) 17 (6.4%) – 14 (5.3%) –

Age at diagnosis (range) in years 61.0 (23–86) 59.4 (28–78) – 60.1 (28–76) –

Family cancer history (N = 576)c

Positive 261 (93.5) 18 (6.5%) – 14 (5.0%) –

Age at diagnosis (range) in years 60.3 (23–83) 58.3 (28–78) – 57.9 (28–75) –

Negative 276 (92.9) 21 (7.1%) – 16 (5.4%) –

Age at diagnosis (range) in years 61.3 (26–86) 60.4 (28–76) – 62.1 (42–76) –

HCC 94 (94.0%) 6 (6.0%) – 5 (5.0%) –

Age at diagnosis (range) in years 60.4 (23–83) 56.5 (50–65) 0.4a 57.2 (50–65) –

CC&LC 37 (86.0%) 6 (14.0%) 0.051b 4 (9.3%) 0.2b

Age at diagnosis (range) in years 59.7 (35–74) 57.5 (41–78) – 56.5 (43–75) –

HCC – hereditary CRC (defined as CRC in the first or second degree relatives and index case); HBCC – hereditary breast cancer and CRC (defined

as breast cancer in the first or second degree relatives and index case); CC&LC – CRC and lung cancer (defined as lung cancer in the first or

second degree relatives and index case).

Note: patients carrying any alteration within analysed CHEK2 fragment covering exons 2 and 3, and patients carrying I157T were analysed

separately against patients with wild-type sequence.

a ANOVA test.

b Chi-square test.

c Cases, where family history of cancer was available.

Table 2 – Selected clinico-pathological characteristics of colorectal tumours in patients analysed for the presence of
mutations in the CHEK2 gene region covering coding sequence of FHA domain.

Wild-type N (%) Any CHEK2 alteration N (%) p Valuea I157T N (%) p Valuea

Location of primary tumour 0.6 0.6

Ascending colon 76 (91.6%) 7 (8.4%) 6 (7.2%)

Transverse colon 31 (100.0%) 0 (0.0%) 0 (0.0%)

Descending colon 43 (93.5%) 3 (6.5%) 2 (4.3%)

Sigmoid rectum 232 (93.2%) 17 (6.8%) 14 (5.6%)

Rectum 177 (93.7%) 12 (6.3%) 8 (4.2%)

Staging (AJCC) 0.4 0.6

Stage I 17 (94.4%) 1 (5.6%) 1 (5.6%)

Stage IIA-B 253 (95.1%) 13 (4.9%) 10 (3.8%)

Stage IIIA-C 139 (90.8%) 14 (9.2%) 10 (6.5%)

Stage IV 110 (92.4%) 9 (7.6%) 7 (5.9%)

Tumour gradeb 0.0495 0.06

G1 86 (90.5%) 9 (9.5%) 7 (7.4%)

G2 298 (95.5%) 14 (4.5%) 10 (3.2%)

G3 74 (89.4%) 9 (10.6%) 7 (8.3%)

Note: Patients carrying any alteration within analysed CHEK2 fragment covering exons 2 and 3, and patients carrying I157T were analysed

separately against patients with wild-type sequence.

a Chi-square test.

b Two grade 4 tumours (wild-type in analysed sequence) were excluded from the statistics.
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In its place we observed increased frequency of lung cancer in

relatives of I157T carriers with CRC [4/30 (13.3%) cases with

I157T versus 37/537 (6.9%) wild-type cases; p = 0.2]. This trend

turned even stronger when all alterations detected in the

gene fragment containing exons 2 and 3 were included [6/39

(14.0%) cases with CHEK2 alteration; p = 0.051]. However, we

are aware that interpretation of this association is limited

by the small sample size but it remains interesting, as the

I157T mutation was recently demonstrated to associate nega-

tively with sporadic lung cancer development.11,25 Our results

indicate that I157T moderately increases the risk of CRC, but

the alteration is not linked to familial CRC development in the

Czech Republic. Several genetic aspects can contribute to this

effect: (i) Genetic origin of CRC in patients not carrying dis-

ease-causing mutations in high-penetrant genes is multifac-

torial. Recently, Cybulski and colleagues reported the

cooperative increase of breast cancer and CRC risk in patients

carrying both c.326T>G (V109G) allele in p27 and one of I157T,

IVS2+1G>A, 1100delC or del5395 mutations in CHEK2.26 (ii) The

penetrance of these (so far poorly characterised or undis-

closed) multifactorial genetic loci varies in broad scale below

the threshold, in which it turns into the sine qua non condition

for cancerogenesis initiation. Because of usually low pene-

trance of contributing alleles (maximally �OR 2.0), their fre-

quencies could be quite high in population. However, they

may vary substantially among diverse populations (e.g. the

occurrence of 1100delC allele has been shown to decrease in

European countries in North-to-South direction). (iii) Current

evidences have shown that carriage of low penetrant alleles

influences the risk of particular cancer type. The I157T could

serve as an example, increasing the risk of CRC but protecting

against tobacco-related lung cancer.11 (iv) The individual ge-

netic cancer risk in cancer patients is probably driven by the

mutual interplay of risk factors. The multifactorial interplay

of numerous ‘low penetrant’ or ‘modifying’ alleles with di-

verse population frequencies could explain the association

to sporadic but not to hereditary CRC. CRC develops in a sub-

set of CRC patients that inherited ‘cancer-promoting collec-

tion’ of alleles (e.g. including I157T) from their parents. This

‘collection’ is assembled from two allele pools that were alone

incapable to evoke cancer in their parents (the cumulative OR

for CRC in each parent is lower than the cumulative OR of

combined genotype in their CRC-affected child). It should also

be considered that siblings of such CRC patient might be at an

increased risk. However, it is probable that the composition of

‘cancer-promoting collection’ will be diluted in descent of pa-

tient. We hypothesise that numerous (however limited) such

‘cancer-promoting collections’ may exist, and at least some

of them may have a population-specific character. We specu-

late that the I157T mutation (and possibly other alterations

within FHA domain-coding sequence) participates as one of

several genetic contributors to CRC development in our

population.

Alongside the I157T and IVS2+1G>A mutations, the analy-

sis of CHEK2 gene fragment containing the FHA-coding exons

2 and 3 with adjacent intronic sequences revealed the pres-

ence of five another alterations in eight CRC patients. The no-

vel c.434G>A transition (R145Q) found in one CRC patient

leads to the replacement of highly conservative Arg to Glu.

Other missense variants affecting Arg145 [c.433C>T (R145W)

and c.434G>C (R145P)] were described elsewhere in patients

with Li-Fraumeni syndrome, breast and prostate cancer and

in CRC cell line HCT15.20,27–29 The R145W variant has been

shown to cause reduced ATM-dependent CHK2 phosphoryla-

tion and CHK2 kinase activity, and thus affecting the associa-

tion of CHK2 with other cellular proteins in response to DNA

damage.7,8,30 Therefore, it is possible that R145Q may also al-

ter CHK2 activation. The c.541C>T transition (R181C) detected

in two CRC patients affects non-conservative amino acid res-

idue located in proximity to C-end of FHA domain. This alter-

ation was earlier described by Dong and colleagues in one of

178 prostate cancer tumour samples. It was not found in any

of 298 men with familial prostate cancer, 400 men with spo-

radic prostate cancer or 423 unaffected men.20 We identified

recently R181C in one breast cancer patient from the Czech

Republic.22 The occurrence of intronic variants IVS1-5T>A

(identified in one CRC patient) and IVS2+24C>T (found in

three CRC patients and one control sample) was described

in previously analysed population of breast cancer patients.

Based on computer prediction, we deduced that both variants

might interfere with the binding of splicing factors.22 In this

study, we characterised another intronic variant IVS2-55C>T

in one CRC patient. The IVS2-55C>T transition alters the most

probable branching-site (based on software prediction in ESE

finder algorithm; Supplementary Fig. 2) in intron 2, and hence

may lead to aberrant mRNA splicing. However, this assump-

tion needs to be confirmed by analysis at mRNA level.

Clinical and histopathological characteristics in CRC pa-

tients with CHEK2 alterations and wild-type alleles were sim-

ilar, except for tumour grading in carriers of I157T. However,

instead of the clear trend showing increased mutation fre-

quency with higher grading, we detected uneven distribution

of grading with increased mutation frequencies in both grade

1 and 3 tumours. Thus, this observation may be a result of

limited size of analysed groups or due to multiple

comparisons.

In conclusion, the analysis of a gene fragment containing

coding sequence of CHEK2 FHA domain in CRC population

supports our previous observation in breast cancer patients

that exons 2 and 3 and flanking intronic sequences are sub-

ject to numerous population-specific genetic alterations.22

Alterations in this region enhanced the effect of I157T and to-

gether contributed to an increased risk of sporadic CRC devel-

opment (OR = 2.3) in the Czech population. Prevalence of

truncating mutation 1100delC is low in CRC patients, and play

clinically less important role in CRC tumourigenesis.

Conflict of interest statement

None declared.

Acknowledgements

This work was supported by the Research Project of the Min-

istry of Education, Youth and Sports of the Czech Republic No.

MSM0021620808 and Grant of Czech Science Foundation, No.:

310/07/1430. We thank our colleagues, namely Petr Turek from

the Department of Blood Transfusion of Thomayer Faculty

E U R O P E A N J O U R N A L O F C A N C E R 4 5 ( 2 0 0 9 ) 6 1 8 – 6 2 4 623



Hospital, and Drahomira Springer from the Department of

Clinical Biochemistry and Laboratory Medicine, and their pa-

tients, and volunteers for their collaboration.

Appendix A. Supplementary material

Supplementary data associated with this article can be found,

in the online version, at doi:10.1016/j.ejca.2008.09.022.

R E F E R E N C E S

1. Epidemiology of malignant tumors in the Czech Republic.
<http://www.svod.cz> [data obtained 2008-04-23].

2. Kwak EL, Chung DC. Hereditary colorectal cancer syndromes:
an overview. Clin Colorectal Cancer 2007;6:340–4.

3. Kilpivaara O, Alhopuro P, Vahteristo P, Aaltonen LA,
Nevanlinna H. CHEK2 I157T associates with familial and
sporadic colorectal cancer. J Med Genet 2006;43:e34–38.

4. Cybulski C, Wokolorczyk D, Kladny J, et al. Germline CHEK2
mutations and colorectal cancer risk: different effects of a
missense and truncating mutations? Eur J Hum Genet
2007;15:237–41.

5. Nevanlinna H, Bartek J. The CHEK2 gene and inherited breast
cancer susceptibility. Oncogene 2006;25:5912–9.

6. Prokopcova J, Kleibl Z, Banwell CM, Pohlreich P. The role of
ATM in breast cancer development. Breast Cancer Res Treat
2007;104:121–8.

7. Ahn JY, Li X, Davis HL, Canman CE. Phosphorylation of
threonine 68 promotes oligomerization and
autophosphorylation of the Chk2 protein kinase via the
forkhead-associated domain. J Biol Chem 2002;277:
19389–95.

8. Li J, Williams BL, Haire LF, et al. Structural and functional
versatility of the FHA domain in DNA-damage signaling by
the tumor suppressor kinase Chk2. Mol Cell 2002;9:1045–54.

9. Oliver AW, Paul A, Boxall KJ, et al. Trans-activation of the
DNA-damage signalling protein kinase Chk2 by T-loop
exchange. EMBO J 2006;25:3179–90.

10. Cybulski C, Gorski B, Huzarski T, et al. CHEK2 is a multiorgan
cancer susceptibility gene. Am J Hum Genet 2004;75:1131–5.

11. Brennan P, McKay J, Moore L, et al. Uncommon CHEK2 mis-
sense variant and reduced risk of tobacco-related cancers:
case control study. Hum Mol Genet 2007;16:1794–801.

12. Seppala EH, Ikonen T, Mononen N, et al. CHEK2 variants
associate with hereditary prostate cancer. Br J Cancer
2003;89:1966–70.

13. Thompson D, Seal S, Schutte M, et al. A multicenter study of
cancer incidence in CHEK2 1100delC mutation carriers. Cancer
Epidemiol Biomarkers Prev 2006;15:2542–5.

14. The CHEK2 Breast Cancer Case-Control Consortium.
CHEK2*1100delC and susceptibility to breast cancer: a
collaborative analysis involving 10,860 breast cancer cases

and 9065 controls from 10 studies. Am J Hum Genet
2004;74:1175–82.

15. Chekmariova EV, Sokolenko AP, Buslov KG, et al. CHEK2
1100delC mutation is frequent among Russian breast cancer
patients. Breast Cancer Res Treat 2006;100:99–102.

16. Osorio A, Rodriguez-Lopez R, Diez O, et al. The breast cancer
low-penetrance allele 1100delC in the CHEK2 gene is not
present in Spanish familial breast cancer population. Int J
Cancer 2004;108:54–6.

17. Gonzalez-Hormazabal P, Castro VG, Blanco R, et al. Absence
of CHEK2 1100delC mutation in familial breast cancer cases
from a South American population. Breast Cancer Res Treat
2008;110:543–5.

18. Choi DH, Cho DY, Lee MH, et al. The CHEK2 1100delC
mutation is not present in Korean patients with breast cancer
cases tested for BRCA1 and BRCA2 mutation. Breast Cancer Res
Treat 2008;112:159–64.

19. Walsh T, Casadei S, Coats KH, et al. Spectrum of mutations in
BRCA1, BRCA2, CHEK2, and TP53 in families at high risk of
breast cancer. JAMA 2006;295:1379–88.

20. Dong X, Wang L, Taniguchi K, et al. Mutations in CHEK2
associated with prostate cancer risk. Am J Hum Genet
2003;72:270–80.

21. Kleibl Z, Novotny J, Bezdickova D, et al. The CHEK2 c1100delC
germline mutation rarely contributes to breast cancer
development in the Czech Republic. Breast Cancer Res Treat
2005;90:165–7.

22. Kleibl Z, Havranek O, Novotny J, Kleiblova P, Soucek P,
Pohlreich P. Analysis of CHEK2 FHA domain in Czech patients
with sporadic breast cancer revealed distinct rare genetic
alterations. Breast Cancer Res Treat 2008;112:159–64.

23. Kilpivaara O, Laiho P, Aaltonen LA, Nevanlinna H. CHEK2
1100delC and colorectal cancer. J Med Genet 2003;40:e110–113.

24. Kilpivaara O, Vahteristo P, Falck J, et al. CHEK2 variant I157T
may be associated with increased breast cancer risk. Int J
Cancer 2004;111:543–7.

25. Cybulski C, Masojc B, Oszutowska D, et al. Constitutional
CHEK2 mutations are associated with a decreased risk of lung
and laryngeal cancers. Carcinogenesis 2008;29:762–5.

26. Cybulski C, Gliniewicz B, Sikorski A, et al. Epistatic
relationship between the cancer susceptibility genes CHEK2
and p27. Cancer Epidemiol Biomarkers Prev 2007;16:572–6.

27. Grigorova M, Staines JM, Ozdag H, Caldas C, Edwards PA.
Possible causes of chromosome instability: comparison of
chromosomal abnormalities in cancer cell lines with
mutations in BRCA1, BRCA2, CHK2 and BUB1. Cytogenet
Genome Res 2004;104:333–40.

28. Bell DW, Varley JM, Szydlo TE, et al. Heterozygous germ line
hCHK2 mutations in Li-Fraumeni syndrome. Science
1999;286:2528–31.

29. Friedrichsen DM, Malone KE, Doody DR, Daling JR, Ostrander
EA. Frequency of CHEK2 mutations in a population based,
case-control study of breast cancer in young women. Breast
Cancer Res 2004;6:R629–635.

30. Wu X, Webster SR, Chen J. Characterization of tumor-
associated Chk2 mutations. J Biol Chem 2001;276:2971–4.

624 E U R O P E A N J O U R N A L O F C A N C E R 4 5 ( 2 0 0 9 ) 6 1 8 – 6 2 4

http://dx.doi.org/10.1016/j.ejca.2008.09.022
http://www.svod.cz


 

 

APPENDIX  V 

 

 

Mohelnikova-Duchonova B, Havranek O, Hlavata I, Foretova L, Kleibl Z, Pohlreich P, 

Soucek P. 

 

CHEK2 gene alterations in the forkhead-associated domain, 1100delC and del5395 do 

not modify the risk of sporadic pancreatic cancer. 

 

Cancer Epidemiol 2010; 34(5):656-8 (former name Cancer Detect Prev IF2009= 2,056; first 

two authors contributed equally) 



CHEK2 gene alterations in the forkhead-associated domain, 1100delC and
del5395 do not modify the risk of sporadic pancreatic cancer

Beatrice Mohelnikova-Duchonova a,b,1, Ondrej Havranek c,1, Ivona Hlavata a, Lenka Foretova d,
Zdenek Kleibl e, Petr Pohlreich e, Pavel Soucek a,*
a Toxicogenomics Unit, National Institute of Public Health, Srobarova 48, 100 42, Prague 10, Czech Republic
b 1st Faculty of Medicine, Charles University in Prague, Kateřinská 32, 121 08, Prague 2, Czech Republic
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1. Introduction

Pancreatic carcinoma (OMIM: 260350) is the fourth leading
cause of cancer-related deaths in the Czech Republic with a 5-year
survival rate less than 5% [1,2]. The majority of genetic changes,
identified in ductal pancreatic adenocarcinoma target the core
intracellular signaling pathways including apoptosis, cell cycle and
also DNA repair [3].

Checkpoint kinase 2 (CHEK2, CHK2, OMIM 604373) is a nuclear
phosphoprotein involved primarily in DNA repair signaling and
hence genome integrity maintenance, however, its activities also
contribute to cell cycle regulation, apoptosis and senescence [4].
Mutation analyses have been indicating that CHEK2 acts as a
multiorgan cancer susceptibility low or moderate penetrant gene
modifying the risk of sporadic and/or familial breast, colorectal,
prostate, ovarian, thyroid, kidney and lung cancers [5–8]. The role
of CHEK2 in sporadic pancreatic cancer development has not been
studied so far, however, it has been shown that the risk of
pancreatic cancer development is increased in several hereditary
cancer syndromes resulting from inherited mutations in genes

directly involved in DNA repair pathways (e.g. BRCA1, BRCA2) [9].
Our previous studies on the Czech population have shown
significant associations of alterations flanking to or localized
within the CHEK2 forkhead-associated (FHA) domain-coding
region (residues 112–175; containing the most prevalent CHEK2

mutation – I157T) with the increased risk of sporadic colorectal but
not breast cancer [10,11].

We aimed to assess the relevance of the previously identified
cancer risk-modifying CHEK2 alterations including alterations
encompassing the FHA domain-coding region, c.1100delC mutation,
and the large genomic deletion of 5395 bp (del5395) in exons 8 and 9
[12] for pancreatic cancer risk in the Czech population.

2. Patients and methods

2.1. Subjects

A total of 953 individuals of Czech Caucasian ancestry were
included into the study in the period between January 2003 and
February 2009. The cases included 270 incident pancreatic cancer
patients. The design, eligibility criteria, and characteristics of the
cases were described in detail previously [13].

Randomly selected controls represented 683 unrelated non-
cancer individuals from the same catchments area as the cases.
Characteristics and recruitment criteria of the control group
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including the results of mutation analysis of CHEK2 FHA domain,
del5395, and c.1100delC were previously described [11,12,14].

All participants gave their informed written consent to
participate in the study approved by the Ethical Committee of
the First Faculty of Medicine, Charles University in Prague and
Masaryk Memorial Cancer Institute, Brno, Czech Republic.

2.2. Mutation analyses

Genomic DNA was isolated from peripheral blood lymphocytes
by published protocols [13,14]. The analyses of CHEK2 alterations
in FHA domain-coding exons 2 and 3 (with adjacent intronic
sequences of introns 1 and 3 and whole sequence of intron 2) and
the c.1100delC mutation were based on denaturing high-perform-
ance liquid chromatography (DHPLC WAVE system 3500) and
sequencing of samples with aberrant chromatograms, whereas the
del5395 mutation was resolved by fragment analysis of long-range
PCR products on agarose gel electrophoresis as we described in
details recently [11,12,14].

2.3. Statistical analyses

Two-sided Fisher’s Exact Test was used for evaluation of
significance of results. Crude odds ratios (OR) were calculated from
2 � 2 tables by unconditional Mantel–Haenszel statistics using
Win SPSS v 15.0 program (SPSS Inc., Chicago, IL, USA).

3. Results and discussion

We analyzed the impact of CHEK2 alterations to the development
of sporadic pancreatic cancer in 270 Czech patients. The c.470T>C
(p.I157T) mutation affecting the FHA-coding domain was the most
prevalent CHEK2 alteration in pancreatic cancer cases found in six
out of 269 analyzed cases (2.2%). However, this frequency was
similar to that noted in controls (2.5%) resulting in non-significant
association with the pancreatic cancer risk (p = 0.815; Table 1). The
occurrence of other alterations within the CHEK2 FHA domain-
coding sequence (IVS2+1G>A) or those localized in its proximity
(IVS1-5T>A, IVS2+24C>T, IVS2-55C>T, c.538C>T) was in our study
higher among cases (4/269; 1.5%) compared to controls (2/683;
0.3%) but the association with the pancreatic cancer risk was non-
significant (p = 0.057; Table 1). All four intronic alterations
characterized in this CHEK2 fragment were described previously
in breast and/or colorectal cancer cases from the Czech Republic
[10,11]. Except the mutation IVS2+1G>A demonstrably altering the
CHK2 protein structure (fs154X), the biological relevance of the
others remains unknown in vivo. Based on computer prediction, we
previously deduced that intronic variants IVS1-5T>A and
IVS2+24C>T may interfere with binding of splicing factors [11],
whereas IVS2-55C>T may affect the most probable branching site
[10]. The c.538C>T (R180C) found in one control individual occurs in
the less conservative coding sequence flanking to C-terminal

proportion of the FHA domain and it has been described previously
in several cancer patients representing rare, probably neutral
polymorphism [10]. Analyses of other CHEK2 hot-spot regions in
our set of pancreatic cancer patients revealed no carrier of either
CHEK2 c.1100delC mutation or the del5395 (described as Czech
founder mutation in breast cancer cases) [12]. The frequency of
c.1100delC in the Czech population is low (0.3%) and our results
indicate that this alteration unlikely contributes to the sporadic
pancreatic cancer development [14]. One heterozygote carrier of
del5395 was previously identified in the control group only (1/565;
0.2%) and thus the del5395 remains relevant exclusively for breast
cancer families [11,12]. However, the overall number of detected
variants in our study was relatively small, and some associations
may have been missed as a result of limited study power.

The role of CHEK2 alterations in sporadic pancreatic cancer has
not been studied so far. Bartsch et al. identified one 1100delC
mutation carrier among 35 German familial cancer patients and
suggested a possible contribution of this alteration to onset of
familial pancreatic cancer [15]. Miyasaka et al. indicated that DNA
damage checkpoint activation occurs at an early stage of
intraductal papillary mucinous neoplasms of pancreas (IPMNs)
and prevents their progression [16]. Disturbance of this pathway
due to CHK2 inactivation or TP53 mutation was suggested to
contribute to carcinogenesis of IPMNs.

Due to the limited sample size, the effect of familial etiology could
not have been discerned but it remains an interesting task for future
studies as the I157T was recently demonstrated to positively
associate (OR = 2.1; p = 0.0004) with mismatch repair-negative
hereditary non-polyposis colorectal cancer in Polish population [17].

In conclusion, our data suggest that in contrary to breast and
colorectal cancers, alterations in the CHEK2 FHA domain-coding
region, c.1100delC and del5395 do not significantly modify the risk
in sporadic pancreatic cancer.
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Identified alterations in sequence surrounding the CHEK2 FHA domain.

Cases, N (%) Controls, N (%) ORa 95% CIa pa

No alterationsb 259 (96.3) 664 (97.2) Reference (1.00)

c.470T>C (I157T) 6 (2.2) 17 (2.5) 0.89 0.35–2.29 0.815

c.538C>T (R180C) 0 1 (0.1) – – –

IVS1-5T>A 1 (0.4) 0 – – –

IVS2+24C>T 1 (0.4) 1 (0.1) – – –

IVS2+1G>A (fs154X) 1 (0.4) 0 – – –

IVS2-55C>T 1 (0.4) 0 – – –

Alterations excluding I157T 4 (1.5) 2 (0.3) 5.14 0.94–28.23 0.057

All alterations 10 (3.7) 19 (2.8) 1.35 0.62–2.94 0.451

a Common odds ratio (OR) estimate with 95% confidence interval (CI) and significance p by 2-sided Fisher’s Exact Test.
b Alterations were not determined in one case due to the absence of PCR product in the sample.
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Central Military Hospital, Czech Republic and their co-workers for
recruitment of patients and clinical data into the study.
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