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ABSTRACT 
B-cell chronic lymphocytic leukemia (B-CLL) is the most common 

leukemia among the adult population in western countries and accounts 

for 30-40% of all leukemias. With survival time ranging from months to 

decades, the clinical course of individual CLL patients is highly variable. 

This heterogeneity and in the end the need for means to identify the 

patients with less favorable disease has encouraged the search for 

biomarkers that can predict the prognosis.  

Telomeres are repetitive structures protecting the chromosomal endings 

and shorten at each cell division. Telomere length (TL) has been 

indicated as a prognostic factor both in hematological malignancies and 

solid tumors. In B-CLL, TL is associated with mutation status of the 

immunoglobulin heavy chain variable (IGHV) gene and with clinical 

course. In the present thesis the main aim was to evaluate TL as a 

biomarker in B-CLL using a quantitative PCR-based method for TL 

determination. 

In paper I, TL was shown to be a prognostic factor for stage A and stage 

B/C patients, whereas IGHV mutation status predicted outcome only in 

stage A patients. Moreover, IGHV mutated CLL cases were subdivided by 

TL into two groups with different prognosis, a subdivision not seen for 

unmutated cases. Interestingly, the IGHV-mutated group with short 

telomeres had en overall survival close to that of the unmutated cases. 

Thus, a combination of IGHV mutation status and telomere length gave 

an improved subclassification of CLL identifying previously unrecognized 

patient groups with different outcomes. 

TL correlates with cellular origin of B-cell malignancies in relation to the 

germinal center (GC). In paper II different B-cell lymphoma/leukemia 

subtypes were analyzed. Shortest telomeres were found in IGHV 

unmutated CLLs, differing significantly from IGHV mutated cases. 

Contrary to this, mantle cell lymphomas (MCL) demonstrated similar TL 

regardless of IGHV mutation status. TL differed significantly between 

GC-like and non-GC-like diffuse large B-cell lymphomas (DLBCL) and 
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follicular lymphomas (FL) had shorter telomeres than GC-like DLBCL. 

Hairy cell leukemias, which display Ig gene intraclonal heterogeneity, 

had longer telomeres than FLs and non-GC-DLBCL, but shorter than GC-

DLBCL. In conclusion, TL seemed not to simply correlate with GC origin. 

Paper III presents a B-CLL cohort assessed for TL, genomic aberrations, 

IGHV mutation status, CD38 and ZAP-70 expression. An inverse 

correlation existed between TL and IGHV homology, CD38 and ZAP-70 

expression. The presence of genomic aberrations was similar among 

patients regardless of TL. In contrast, 13q deletion, a favorable 

biomarker, was more frequent in patients with long telomeres, while 

11q and 17p deletions (markers of less favorable outcome) were more 

frequent in the subgroup with short telomeres.  

In paper IV a large group of mainly indolent CLL cases from a population 

based cohort was studied again showing an association between TL and 

prognosis, especially in “good” prognosis cases as defined by other 

biomarkers. Multivariate analysis indicated a strong connection between 

IGHV mutation status, lipoprotein lipase (LPL) expression and TL. A 

comparison of TL in diagnostic and follow up samples demonstrated a 

significant correlation, and also in the follow samples TL constituted a 

significant biomarker for survival.  
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ABBREVIATIONS 
 

ALT  alternative lengthening of telomeres 

bp base pair 

CD cluster of differentiation (antigen markers on cells) 

CLL chronic lymphocytic leukemia  

DLBCL diffuse large B cell lymphoma 

DNA deoxyribonucleic acid 

FISH fluorescence in situ hybridization 

Flow-FISH quantitative FISH analyzed with flow cytometry 

FL follicular lymphoma 

GC germinal center 

HCL hairy cell leukemia 

Ig immunoglobulin 

LPL lymphoplasmacytic lymphoma 

MCL mantle cell lymphoma 

PCR polymerase chain reaction 

RNA ribonucleic acid 

TL telomere length 

TRF telomere restriction fragment 
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POPULÄRVETENSKAPLIG SAMMANFATTNING 
Telomerlängd som prognostisk parameter i kronisk lymfatisk leukemi 

(KLL). 

Telomerer är strukturer som finns längst ut på varje kromosom och som 

består av upprepade sekvenser av kvävebaserna TTAGGG. Telomerer 

skyddar arvsmassan som helhet och stabiliserar kromosomerna. Varje 

gång en cell delar sig kopieras kromosomerna. Denna process förmår 

inte att kopiera den yttersta änden på telomeren. Detta innebär att för 

varje celldelning blir kromosomerna något kortare. Då telomererna blir 

tillräckligt korta, uppfattar cellen det som en signal att sluta dela sig och 

dö i en planerad process som kallas apoptos. Cancerceller, som är 

odödliga, kan förlänga sina telomerer och på detta sätt undvika att gå i 

apoptos. Längden på telomererna har visats spela roll for prognos i olika 

cancersjukdomar.  

Kronisk lymfatisk leukemi (KLL) är den vanligaste leukemin bland vuxna 

västerlänningar. Män har två gånger högre risk att utveckla sjukdomen 

jämfört med kvinnor. I över 75 % av alla nydiagnosticerade fall är 

patienten över 50 år. Patienten söker ofta på grund av 

lymfkörtelförstoring, till exempel en svullnad på halsen. KLL upptäcks 

ofta av en slump då patienten lämnar ett rutinmässigt blodprov. Vissa 

nydiagnosticerade KLL-patienter har inga kliniska symptom alls. Andra 

känner sig ospecifikt sjuka, trötta, har låg feber, nattsvettningar, 

ledsmärtor, svullna lymfkörtlar, förstorad mjälte, återkommande 

infektioner, viktnedgång och aptitförlust. Sjukdomen kännetecknas av 

väldigt varierande förlopp. Många patienter lever länge med sjukdomen, 

ibland utan aktiv behandling, medan vissa får ett mer aggressivt förlopp 

och dör inom några månader efter att diagnosen ställts. På grund av 

detta är det viktigt att hitta markörer som kan hjälpa med att försöka 

bestämma prognos och planera behandling. 

Flera prognostiska faktorer för KLL är kända sedan tidigare. 

Telomerlängd har också undersökts och troddes vara en 

”surrogatmarkör”, dvs. en sådan som följer en annan, viktigare markör. I 
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denna avhandling presenteras arbete som hade som mål att djupare 

undersöka telomerlängdens roll i prognosen för KLL och samband mellan 

telomerlängd och andra markörer. Vi har visat att telomerlängd inte är 

en surrogatmarkör utan en oberoende faktor som ger viktig information 

gällande sjukdomsprognos. Patienter med långa telomerer har bättre 

överlevnad än de med korta telomerer. Vidare har vi demonstrerat att 

korta telomerer är vanligare hos de patienter som samtidigt har 

ogynnsamma genetiska förändringar eller andra markörer som redan 

sedan tidigare förknippas med sämre prognos. Dessutom har vi visat att 

med hjälp av telomerlängd kan man vidare indela de patienter som har 

gynnsamma prognostiska faktorer i 2 undergrupper som har olika 

prognos. På detta sätt hoppas man kunna förfina prognosbestämning 

och lättare hitta de patienter som behöver behandling. 
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INTRODUCTION 
 

The telomere 
Telomeres are specialized deoxyribonucleic acid (DNA) structures at the 

end of linear chromosomes that in conjunction with certain proteins 

called shelterin1 stabilize the chromosomal endings protecting them 

from erosion and end-to-end fusion.  

The presence of distinct chromosomal end structures was first described 

 y  ermann     ller in 1938 and subsequently by Barbara McClintock in 

1941. They observed that naturally occurring chromosome ends, in spite 

of being the physical end of a linear, duplex DNA molecule, do not 

behave as double-stranded DNA  reaks. This ‘’terminal gene’’, or 

telomere (derived from Greek telos, end, and meros, part)2 was 

necessary for chromosomal stability and prevented bridge-fusion-

breakage cycles.3  

During cell division, DNA polymerase replicates chromosomal DNA in 5’ 

to 3’ direction,  ut is una le to completely replicate the lagging strand, 

leaving the 5’ end shorter with each cell cycle. This end-replication 

problem was first described in the early 1970s by James Watson4 and 

Alexey Olovnikov.5 In his ‘’Theory of  arginotomy’’ Olovnikov suggested 

that this progressive shortening of terminal DNA might be responsible 

for the loss with age of different cell clones and thus causing various 

disorders of ageing multicellular organisms.6  

The first telomere sequence to be revealed was that of a ciliated 

protozoa Tetrahymena termophila in 1978 and found to be repeats of 

TTGGGG7 rather similar to the TTAGGG sequence later found in 

humans.8 Analysis of 91 vertebrae species ranging from bony fish 

through reptiles to mammals proved that the telomeric sequence is 

highly conserved emphasizing the essential role of telomeres in cellular 

biology.9 
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Telomere length (TL) in humans declines with age, but there is a large 

variation both regarding telomere loss10 and telomere length. TL in 

normal individuals ranges between 5 and 15 kbp. TL varies not only 

between individuals but also between different organs and tissues 

(reviewed by Samassekou et al.11).  

During each cell division, human telomeres shorten with 50-200 bp. 

Telomere shortening leads to uncapping of chromosome ends. That is 

perceived as DNA damage and triggers p53 activation leading to 

senescence and apoptosis.12 The first stage in cell division arrest can be 

bypassed if p53 and Rb1 proteins are inactivated.13;14 Telomere 

shortening continues, which leads to bridge-fusion-breakage cycles and 

genomic instability. This in turn can result in further mutations and cell 

cycle arrest (crisis). Some cells can circumvent this problem by activating 

telomere length maintenance mechanism, either using telomerase or 

alternative lengthening of telomeres (ALT).  

Telomerase is a specialized reverse transcriptase that synthesizes 

telomeric repeats onto chromosomal ends.15;16 This enzyme is 

inactivated in most somatic cells and seems to be limited to certain 

types of cells such as germ-line and proliferating cells in self-renewal 

tissues. Telomerase activity is detected in about 85-90% of human 

tumors and its impact on prognosis has been shown in a range of 

malignancies.17-19 

Approximately 10% of human malignancies do not possess telomerase 

activity and use instead another telomere maintenance mechanism 

called alternative lengthening of telomeres or ALT.20 ALT cells show 

heterogeneous telomere lengths.21 Although not fully elucidated, the 

mechanism for telomere elongation by ALT appears to involve 

recombination events.22-24  
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Telomere length 

Methods of assessment 

Southern blot (SB) is a method routinely used in molecular biology for 

detection of a specific DNA sequence in DNA samples. It combines 

transfer of electrophoresis-separated DNA fragments to a filter 

membrane and subsequent fragment detection by probe hybridization. 

The method is named after its inventor, the British scientist Edwin 

Southern.25 

Southern blot has for long been the golden standard for telomere length 

measurement.26 Specific restriction endonucleases are used to cut DNA 

in the subtelomeric regions producing telomere restriction fragments 

(TRF). DNA is separated on agarose gel, transferred to a nitrocellulose 

membrane and hybridized to a telomeric probe, often labeled with a 

radioactive isotope. Using densitometry, peak and mean TRF values can 

be assessed for all chromosome ends in the sample. However well 

established and used in countless studies, the method presents some 

disadvantages. It is labor- and time-consuming, requires a relatively 

large amount (3-10 µg) of DNA, it is unable to detect small variations in 

telomere length and the subtelomeric region is included in the analysis. 

The length of subtelomeric DNA is estimated to be 2-4 kbp27 and is 

included in estimated length without possibility to assess the factual 

telomere length. Since there is a number of algorithms used for 

computing of peak and mean TRF and no common approach for this 

calculation exists, it is hard to compare TL values from different 

laboratories. Furthermore, SB is not a sufficient method for measuring 

long telomeres, for instance those of ALT-cells. For this purpose pulse 

field electrophoresis can be used.  

Slot blot method can be used for TL assessment from DNA samples 

extracted from paraffin embedded specimens, where Southern blot is 

unusable because of poor DNA quality.28;29 
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Quantitative fluorescence in situ hybridization (Q-FISH) is used to 

visualize telomeres and quantify TL using peptic nucleic acid probe and 

measuring the fluorescence signal in metaphase spreads or interphase 

cells.30;31 This method can be used to determine TL in paraffin sections, 

moreover, individual cells can be selected for examination.  

Non-dividing cells can be analyzed by flow cytometry with 

fluorochrome-labelled telomeric probe (flow-FISH). It is very useful in TL 

determination in hematopoietic cells in suspension.32;33 

TL determination by methods based on PCR amplification had long been 

presumed impossible due to the repetitive sequence of the telomeres 

where only primer-derived product were expected. In 2002 Richard 

Cawthon described Telomere-PCR (Tel-PCR) method where primers with 

flapping 3’ ends were used, which minimized the risk for primer-derived 

products.34 This method has gained a lot of interest since it requires 

small amounts of DNA and large set of samples can be analyzed 

relatively fast. In another paper by Cawthon35 from 2009 a multiplex 

version of Tel-PCR was described. This modification allows even higher 

throughput and reduced costs.  

 

Telomere length as biomarker 

The interest for investigating telomere length as potential clinical 

biomarker has grown noticeably in recent years and TL has been 

proposed as prognostic indicator in a plethora of disorders, both 

malignant and benign. The importance of TL in hematological 

malignancies has been previously reviewed.36;37 In myelodysplastic 

syndrome (MDS) short TL was associated with higher frequency of 

genomic aberrations and more rapid clinical course.38;39 According to 

two studies, acute myeloid leukemia (AML) has shorter telomeres than 

controls and cases with the shortest telomeres have high frequency of 

multiple genomic aberrations.40;41 In chronic myeloid leukemia (CML) 

short telomeres are linked with progressive disease.42-44 Short telomeres 

are associated with cytogenetic aberrations45;46 and poor prognosis46 in 



16 
 

multiple myeloma. A summary on TL as prognostic factor in CLL can be 

found further down in this work. 

The role of TL as possible biomarker has been investigated also in solid 

tumors. For instance, short telomeres were linked to poor outcome in 

breast cancer,47;48 sarcoma49 and prostate cancer.50;51 More on the 

subject can be found in a review by Bisoffi et al.52 

In addition to analyzing TL in tumor samples, blood telomere length is 

proposed as potential predictor for cancer risk and prognosis. As an 

example, short peripheral blood telomeres has been suggested to be 

associated with increased cancer risk in lung,53;54 bladder,54;55 renal,54;56 

head and neck54 and oesophagus57 neoplasias. These results have been 

however disputed.58 

Moreover, TL seems to have implications in non-malignant disorders. 

Several studies have been published reporting short peripheral blood 

telomeres in patients with cardiovascular diseases.59-62 Short telomeres 

have been associated with mood disorders,63-65 rheumatoid arthritis66 

and osteoporosis.67;68 This matter is however controversial.69 

 

Chronic Lymphocytic Leukemia 

Introduction 

Chronic lymphocytic leukemia (CLL) is the most common leukemia in the 

adult western population.70;71 CLL affects predominantly elderly people, 

accounting for 40% of all leukemias in individuals over the age of 65. 

Median age of presentation is approximately 65 to 70 years.72 The 

disease is more common in males, with male:female ratio 2:1.73 

In the course of the disease the clonal accumulation of CD5+ CD19+ B-

cells in peripheral blood, bone marrow and lymphoid organs leads to 

disruption of normal immune function. The diagnosis of CLL requires the 

presence of at least 5×109 lymphocytes /L peripheral blood, small 
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mature lymphocytes in blood or bone marrow smears, cell surface 

expression of CD19, CD5, CD23 and reduced levels of surface IgM, IgD 

and CD79b.74 

 The clinical course of CLL is highly variable, and survival from the time of 

diagnosis can range from months to decades. Early stage CLL is often 

asymptomatic at diagnosis, which is usually made following a routine 

blood test that reveals a high white blood cell count. Some patients can 

however present with enlarged lymph nodes, hemolysis and infection.  

Treatment 

In the majority of CLL cases, where a clinically indolent course is 

observed, asymptomatic patients with early stage disease are monitored 

without therapy.74;75 Approximately 40-45% of these patients will 

however progress to an advanced disease and require therapy.76 First-

line treatment is a combination of fludarabine and cyclophosphamide 

(FC) and results in approximately 70-95% overall response rate and a 

complete remission in approximately 30% of cases.77;78 In patients that 

are elderly, weak or otherwise unable to tolerate FC treatment, 

chlorambucil is often used as therapy,76 although with poorer effect 

compared to FC regime.79 In addition to aforementioned strategies, 

certain monoclonal antibodies can be used as in treatment of CLL. 

Combination of FC and an anti-CD20 antibody, rituximab (FCR) has been 

reported to improve survival in several studies and recently 

implemented as the first line of treatment.80-82 A humanized monoclonal 

antibody that recognizes CD52, alemtuzumab, has been proposed as a 

single agent for first-line therapy.83 A lot of efforts have in recent years 

focused on allogeneic stem cell transplantation as curative treatment. 

Allotransplant in CLL is associated with significant mortality and 

morbidity due to graft-versus-host disease, which has to be weighed 

against the risk of the disease. Therefore, it should be reserved only for 

appropriate patients with unfavorable risk factors.84 



18 
 

 

Prognostic markers 

 

Scoring systems and clinical parameters 

Standard scoring systems for predicting survival and treatment 

requirements in use today were introduced over 30 years ago by Rai et 

al.85 and Binet et al.86 They depend on standard laboratory test (blood 

count) and clinical observation to assess hemoglobin and platelet values 

as well as the presence of organomegaly and lymphadenopathy. Both 

systems reflect the tumor burden and allow assessing the prognosis at 

the time of diagnosis and are widely used being simple and 

reproducible. Unfortunately, more than 80% of newly diagnosed CLL 

patients belong to low risk subgroups, rendering the staging unusable. 

Also, there is heterogeneity in the disease course within a single stage 

group, where some number of patients will in time develop a more 

aggressive disease. Staging fails to foretell this progression and is not 

able to predict the survival or the need for treatment. 

Table 1. Rai and Binet staging systems 

Rai stage   

Rai 0 Lymphocytosis Low risk 
 
 
 
 
 
High risk 

Rai I Lymphocytosis + lymphadenopathy 

Rai II Lymphocytosis + splenomegaly and/or liver enlargement 

Rai III Lymphocytosis Hb 11.0g/dL 

Rai IV Lymphocytosis platelets 100 x109/L 

   

Binet stage   

Binet A Hb > 10g/dL, platelets > 100 x109/L and < 2 lymph node areas 
involved (*) 

Low risk 
 
 
 
High risk 

Binet B Hb > 10g/dL, platelets > 100 x109/L and ≥ 3 lymph node areas 
involved (*) 

Binet C Hb < 10g/dL or platelets < 100 x109/L 

(*)Lymph node areas: 1. Head and neck (uni- or bilateral), 2. Axillar (uni- or bilateral), 
3. Inguinal (uni- or bilateral), 4. Splenomegaly, 5. Hepatomegaly 
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Another conventional marker for prognosis in CLL is bone marrow 

histology and cell morphology. Diffuse bone marrow infiltration with 

replacement of normal hematopoietic tissue and fat cells indicates 

shorter survival time.87;88 At the same time, poor prognosis is associated 

also with aberrant cell morphology.89 

Other clinical parameters associated with prognosis are gender, age and 

performance status.90 

 

Genetic abnormalities 

Like many other neoplastic disorders, CLL also is marked by genetic 

aberrations. Although there is no single genetic abnormality that can be 

found in every CLL case, chromosomal aberrations can be found in more 

than 80% of cases.91;92 The most frequently observed abnormalities are 

losses of chromosomal material, with deletions in band 13q14 being the 

most common, followed by deletions in 11q22-q23, deletions in 17p13 

and deletions in 6q21. The most common gains of chromosomal 

material are trisomies 12q, 8q and 3q.91 A hierarchical prognostic model 

by Döhner et al92 (confirmed later by other studies93-95) defines five 

categories: del17p, del11q, trisomy 12, normal karyotype and del13q as 

sole abnormality. Median overall survival times for these subgroups 

were 32, 79, 114, 111 and 133 months, respectively. Significant 

differences in disease progression were found between subsets; median 

treatment free survival was 9, 13, 33, 49 and 92 months, respectively.  

The most common aberration, del(13q14) is found in 40-60% of CLL 

cases. The affected gene remains to be determined, but there exists 

some evidence that the deleted region codes for miR15a and miR161, 

two micro-RNA genes that are involved in down-regulation of the anti-

apoptotic B cell lymphoma 2 (BCL-2) gene.96;97 As a consequence, Bcl-2 

protein is often overexpressed in CLL cells.98 As a sole abnormality, 

deletion 13q is associated with indolent disease.92;99;100 
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Deletion in the long arm of chromosome 11, del11q, is identified in 15-

20% of all cases and is linked to poor outcome and bulky 

lymphadenopathy.92;101 The affected region contains, among others, 

ataxia telangiectasia mutated (ATM) gene that codes for a protein that 

operates upstream of p53 in the DNA damage response pathway.102 

ATM mutations are linked to unfavorable outcome in CLL.103;104 It has 

also been suggested that ATM mutation can be involved in pathogenesis 

of CLL, since it can be present in the germline.105;106 

The third most common aberration in CLL is trisomy 12. Detected in 11-

16% of cases,92-94 this abnormality is linked to intermediate survival 

time.92 No gene that has proven to play a role in pathogenesis of CLL has 

been yet identified. MDM2 (mouse double minute) oncogene and the 

cell cycle regulating cyclin D2 gene are localized in the region involved in 

trisomy 12, but their overexpression observed in CLL cells107-109 is not 

associated with this genomic aberration. 

Cases displaying deletion 17p are characterized by very short survival 

time as well as short time to treatment among CLL patients.92 The 

reported frequency of this aberration is roughly 10%.92 The affected 

gene has been identified to be p53 tumor suppressor gene. The poor 

outcome is therefore quite easy to comprehend since p53 plays a crucial 

role in inducing apoptosis or cell cycle arrest after DNA damage. 

 

Serum markers 

Several serum markers have been described for CLL as possible means to 

assess tumor burden and cellular activity. Those considered to be the 

most important are thymidine kinase (TK), lactate dehydrogenase (LDH) 

and beta2-microglobulin (β2-M). 

The serum LDH level is usually elevated in patients with neoplasia as a 

consequence of high cell turnover. In CLL, high LDL levels are linked to 

shorter survival time90 and markers of poor outcome, such as del17p,92 

high CD38110;111 and ZAP70110;111 expression. 
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TK is an enzyme involved in DNA synthesis. Serum levels can be used to 

assess tumor progression since TK levels correlate with proliferative 

activity. Already in the 1980s elevated serum TK levels were reported to 

correlate with progressive disease and advanced clinical stages.112;113 

β2-M is a membrane associated protein and a part of the class 1 major 

histocompatibility complex (MHC), expressed on all nucleated cells.114;115 

Elevated serum β2-M levels correlated with advanced clinical stage, 

bone marrow infiltration and progressive disease.116;117 Additionally, β2-

M levels are associated with CD38110;111;118;119 and ZAP70 

expression.110;120;121 

 

IGHV mutation status 

During the normal development of a B lymphocyte, B cells are 

stimulated by antigen and enter lymphoid follicles in the secondary 

lymphoid organs. Subsequently, a germinal centre (GC) is formed, where 

several gene rearrangements leading to affinity maturation take 

place.122;123  The rearrangement occurring during the GC reaction is 

somatic hypermutation (SHM) and consists of the introduction of 

random somatic mutations in the gene coding for the variable region of 

the heavy chain of the immunoglobulin gene. This process results in 

random changes of the antibody affinity for the antigen. In 

consequence, B lymphocytes have an enormous variation in their final 

immunoglobulin genes and every single B cell has its unique antibody 

structure. SHM can be perceived as a genetic mark that  the cell has 

entered the GC and it is generally accepted that B cell with mutated 

IGHV genes are post-GC, antigen-experienced cells.124  

The presence of SHM was evaluated in order to find the origin of B-CLL. 

At first, CLL was believed to be derived from prefollicular B cells,125 

especially since the early reports showed absence of IGHV mutations in 

CLL cells.126-128 In contrast to these papers, subsequent studies described 

the presence of a considerable number of CLL cases with mutated IGHV 
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genes.129-131 In one of the abovementioned studies, Oscier et al.129 

suggested that IGHV mutated cases were associated with deletion 

13q14 while cases with trisomy 12 showed low levels of SHM. Later, two 

independent groups described the association between IGHV mutation 

status and prognosis.132;133 The median survival of IGHV mutated CLL was 

around 25 years in contrast to only approximately 9 years in the 

unmutated subset. The prognostic value of the IGHV mutation status has 

since been confirmed in many independent CLL cohorts.95;134-143 

However, there are some exceptions to IGHV mutated-unmutated rule 

in CLL prognostication. CLLs demonstrating specific utilization of one 

particular IGHV gene, i.e. the IGHV3-21, belong generally to the mutated 

subset, but their survival is poor and comparable to that of the 

unmutated subgroup.139;144;145 They also show a higher rate of p53 

dysfunction.146 Also, a study from our group (Paper I)147 demonstrated 

that IGHV mutated cases with short telomeres had an overall survival 

close to that of the unmutated cases. In a study by Ricca et al., 

corresponding results could be observed in the unmutated group.148 

IGHV mutation status analysis is usually performed on DNA using PCR 

and gene sequencing. In order to standardize this analysis, a guideline 

has been published by a collaborative effort within the European 

Initiative on CLL (ERIC).149 The most common cutoff value for 

distinguishing between mutated and unmutated cases is 98% homology 

with the germ line,95;134;135;137-141;145;150 although other cutoff values have 

been proposed.136;142  

 

CD38, ZAP-70 and other molecular markers 

IGHV mutation status gives, as mentioned above, valuable insight in into 

the significant differences in disease course, clinical outcome and 

survival. Unfortunately, DNA sequencing, being expensive and time 

consuming, is not a method always available in clinical practice. 

Therefore, there has been an intensive search for reliable surrogate 

markers for IGHV mutation status. 
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CD38 

CD38 is a transmembrane protein with a molecular weight of ca 45 kDa 

and is a component in normal B-lineage differentiation. CD38 behaves 

simultaneously as an enzyme and as a receptor. The function of this 

molecule has been described in a review by Deaglio at al.151 In 1999, 

Damle et al.132 described a strong correlation between CD38 expression 

and IGHV mutation status. An empirical 30% positivity threshold was 

used, where 30% of CLL cells express CD38. Accordingly, low CD38 

expression (below 30% of cells) was linked to mutated IGHV genes and, 

conversely, high CD38 expression to unmutated IGHV genes. CD38 

expression level could predict IGHV mutation status with 92% accuracy. 

Given that assessment of CD38 expression levels is relatively simply 

accomplished using flow cytometry this biomarker had been given a lot 

of interest as a potential surrogate marker for IGHV mutation status. 

Later studies were however unable to verify the strong link between 

mutation status and CD38 expression level.142;152-154 CD38 is currently 

considered an independent prognostic marker in CLL.137;140;142;155 CD38 

expression has been linked to other biomarkers e.g. β2-M levels,111;118;119 

poor prognosis genetic aberrations,156-158 LDH levels111;159 and LDT.118;119  

There are, however, some important concerns to be considered. The 

best cut off value for determining CD38 positivity has been discussed. 

Instead of the initial threshold of 30%, lower cut off levels has been 

proposed (20%,111;136 7%142;153;156;160;161 and 5%162). In addition, CD38 in 

some CLL patients show a bimodal expression where CD38-positive and 

CD38-negative cell populations can be observed simultaneously.135 

Finally, some studies reported changes in CD38 expression during the 

course of the disease.137;158 

Despite these controversies, CD38 expression is considered to be a 

valuable prognostic factor in CLL.  
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ZAP70 

Zeta-associated protein of 70 kDa (ZAP70) is a protein tyrosine kinase, 

normally expressed in T-cells and NK-cells.163 Subsequent studies 

reported ZAP70 expression also in B-cells.164-167 In a paper by Rosenwald 

et al.168 comparative gene expression profiling revealed high ZAP70 

expression in IGHV unmutated CLL patients. Following work from the 

same group confirmed this finding, showing that ZAP70 expression 

levels predicted IGHV mutation status in 93% of cases.153  Furthermore, 

high ZAP70 levels were linked to unfavorable prognosis. 

Several other studies have confirmed association ZAP70 expression and 

IGHV mutation status121;169-172 as well as that between ZAP70 expression 

and outcome,121;169-174 but most of the investigations were unable to 

achieve more than 90% concordance with mutation status.  

TWIST2 

TWIST2 (also called DERMO1) was proposed as biomarker in CLL175. It 

was demonstrated that TWIST2 was predominantly methylated in CLL 

samples with mutated IGHV genes. Given the well-known role of TWIST2 

in silencing p53 in non-lymphoid cell lines176 and the high frequency of 

p53 dysfunction in patients with IGHV unmutated CLL it was not entirely 

surprising to find higher methylation frequency of TWIST (i.e. silencing 

of the gene) in the subgroup with undisrupted p53 pathway. However, 

the consequences of TWIST silencing are still uncertain. 

FCRL 

FCRLs (Fc receptor-like) are a group of molecules possessing tyrosine-

based immunoregulatory potential and are differentially expressed by 

subpopulations of B-lineage cells.177 The expression of a member of this 

family, FCRL2 was shown to be very strongly correlated with mutated 

IGHV status and to be able to predict clinical progression.178 
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Telomere length and telomerase activity 

In 1998, Bechter et al179 stated that CLLs with short telomeres had a 

higher telomerase activity, whereas those with longer telomeres 

generally showed low enzyme activity. In addition, high telomerase 

activity and short telomeres were linked to shorter median survival. 

These data have been corroborated by several other studies.147;148;161;180-

182 Reports from our group indicate that TL might provide additional 

prognostic information. TL can identify subsets with different outcome 

within IGHV mutated group (paper I). This has been described also in 

paper IV not only with regard to IGHV mutation status but also CD38 

negativity and favorable cytogenetics. TL has also been linked to CD38 

and ZAP70 expression and the incidence of certain chromosomal 

aberrations (paper III). 

 

LDT 

Lymphocyte doubling time (LDT) reflects the proliferative capacity of 

leukemic cells. It is defined as the number of months it takes the 

absolute lymphocyte count to double in number. Studies have 

demonstrated that LDT can predict overall survival.183 LDT of 12 months 

or less was linked to significantly shorter survival. Subsequent 

investigations demonstrated the predictive value of the LDT with regard 

to disease progression.184 

LPL 

Lipoprotein lipase (LPL) gene expression levels differ significantly 

between IGHV mutated and unmutated subgroups. High expression of 

LPL predicts unmutated IGHV status, whereas low expression levels are 

significantly linked to mutated IGHV status.168;185 Additionally, LPL 

expression levels are associated with other prognostic factors such as 

ZAP70186;187 and CD38 expression,188 clinical stage189 and genomic 

aberrations.190 Several studies have demonstrated that LPL expression 

status is a strong indicator of unfavorable outcome.186-191 



26 
 

Other mature B cell leukemias/lymphomas (BCLs) 
 

Diffuse large B cell lymphoma (DLBCL) 

DLBCL is a common and aggressive lymphoma characterized by diffuse 

tumor cell infiltration of nodal or extranodal sites.192 Genetic aberrations 

are found frequently.193-195 DLBCL consists of three distinct subgroups 

with regard to cellular origin; GC-like, activated B cell (ABC)-like and type 

3 (with unknown cellular origin).196;197 GC-like DLBCL patients have the 

best outcome with a 60% 5 year survival rate while ABC-like and type 3 

DLBCLs reach 35% and 39%, respectively.196 IGHV genes are mutated in 

DLBCL, with intraclonal heterogeneity in the GC-like subset, but not in 

the ABC-like DLBCLs.198-200 A molecular classification based on staining 

with CD10, bcl-6 and MUM1/IRF4 separates DLBCL into two clinically 

relevant subsets; GC-like and non-GC-like, with 5 year survival rates of 

76% and 34%, respectively.201 

 

Hairy cell leukemia (HCL) 

HCL is a rare B cell leukemia characterized by indolent course and good 

response to treatment.202 Hairy cells proliferate at a low rate and their 

accumulation (found in the bone marrow, spleen and sometimes in 

peripheral blood) seems to be caused by extended cell survival. The 

tumor cell displays the marks of a mature B cell, with CD19, CD20, CD22 

and CD79a expressed on cell surface, and is characterized by the WHO 

classification as ‘’peripheral B cell of unknown post-GC stage’’.192  

 

Mantle cell lymphoma (MCL) 

MCL is an aggressive lymphoma that, in contrast to other BCLs, has been 

considered an incurable disease with current chemotherapy regimens. 

Recent developments give however hope for better results in the near 

future.203 Tumor cells are related to the cells of the mantle zone that 

surround the GC204 and thus the disease is postulated to derive from the 
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monoclonal expansion of a mantle zone B cell. MCL has 

immunophenotypic marks of a mature B cell, with similar 

immunophenotype as CLL except for being CD23-.192  

 

Follicular lymphoma (FL) 

FL is a common low grade lymphoma derived from follicle center cells – 

centrocytes and centroblasts of the GC. In consequence, FL displays 

heavily mutated IGHV genes and ongoing mutation process.205-208 BCL2 

upregulation, caused by genetic aberration t(14;18)(q32;q21) is found in 

up to 90% of cases.209 The median overall survival is reported from 8 to 

12 years.192;210;211 

 

Lymphoplasmacytic lymphoma (LPL) 

The entity is classified  y W O as LPL/Waldenström’s 

macroglobulinemia (WM), because of the frequent simultaneous 

occurrence of the clinical syndrome known as WM.192 LPL is an indolent 

disease characterized by tumor infiltration of the bone marrow, lymph 

nodes and spleen.192 The disease occurs predominantly in the elderly, 

with a median age at diagnosis of 69 years.212 Median survival times are 

reported to stretch between 5 and 10 years.212-214 The tumor tissue is a 

mixture of plasmocytoid cells, plasma cells and small B lymphocytes. The 

proposed normal cellular counterpart is a B cell that has been stimulated 

to differentiate into a plasma cell.192  
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AIMS 
 

The overall goal of the study was to investigate the value of telomere 

length as a prognostic factor in large cohorts of CLL patients. More in 

particular we had the following aims: 

 To evaluate telomere real time PCR as a method for telomere 

length assessment in cancer material 

 To investigate telomere length as a prognostic parameter in CLL 

and to some extent in other B cell malignancies 

o Impact on survival 

o Correlation with other biomarkers 
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MATERIAL AND METHODS 
 

Patients and tumor specimens 

Paper I 

310 CLL cases fulfilling the criteria for CLL (CD5+, CD19+, CD23+ and a 

weak expression of surface Ig) in the Royal Marsden scoring system 

were included in the study. The material consisted of 178 peripheral 

blood samples (58%), 91 bone marrow samples (29%), 32 lymph node 

samples (10%) and 9 spleen samples (3%). There were 216 male (70%) 

and 94 female (30%) patients with a male-female ratio of 2.3:1. Survival 

data were available for 296 patients from Swedish population and 

cancer registries. Staging according to Binet was performed for 201 

patients of which 110 was stage A and 91 stage B-C. The median age at 

diagnosis was 66 years (range, 32-88 years) and the median survival 

time (estimated by Kaplan-Meier method) was 85 months. Patient 

follow-up extended from 1 month to 189 months with a median value of 

61 months. 

Paper II 

The study cohort consisted of 223 lymphomas/leukemias; 93 de novo 

DLBCLs, 57 MCLs, 36 CLLs, 18 FLs, 12 HCLs and 7 LPL/WMs. Samples 

were obtained at or within 1 year from diagnosis. For FL, HCL and 

LPL/W , cases containing ≥50% tumor cells (demonstrated  y 

immunophenotyping) were selected. For DLBCL and MCL, only DNA 

extracted from lymph node biopsies was used in order to ensure a high 

percentage of tumor cells. CLL specimens were Binet A stage without 

clonal VH3-21 rearrangement. Clinical data and patient survival 

information was obtained from medical records and national cancer 

registries. 
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Paper III 

Samples from 152 CLL patients were enrolled in this study. Survival data 

were available for 147 patients. The median age at diagnosis was 56 

years (range, 25 to 79 years). Data on staging according to Binet were 

available for 140 patients (96 stage A and 44 stage B/C). The male to 

female ratio was 2,2. 

Paper IV 

265 patients from the Swedish part of the population-based case-control 

Scandinavian Lymphoma Etiology (SCALE) study215 were included. All 

samples were classified according to recently revised criteria74;216 and 

contained ≥70% of CLL cells expressing typical phenotype (CD5+, CD19+ 

and CD23+). The study included 96 women and 169 men, with median 

age at diagnosis of 63 years. Stage according to Binet was available for 

231 patients (181 stage A and 50 stage B/C). OS was known for all the 

patients and TTT for 234 cases (123 patients, 53% have been treated). 

For 119 cases follow up samples were available, taken 64 to 100 months 

after diagnosis. 

Telomere real time PCR 
Telomere length measurement was performed by real time PCR, a 

method  first described by Richard Cawthon in 200234.  The assay uses a 

new primer design minimizing the risk for primer dimer product. β2-

globin was used as a control gene to compensate for DNA loading. 

Genomic DNA samples diluted to 1,75 ng/µl were incubated at 95˚C, 

cooled on ice, centrifuged briefly at 730g and analyzed in triplicates 

using 96 well plates. Two separate PCR runs were performed for each 

sample, the first to determine the cycle threshold (Ct) value for telomere 

amplification (plate 1), and the second to assess the Ct value for control 

gene amplification (plate 2). A standard curve was generated in each 

run, consisting of reference DNA (CCRF-CEM cell line) diluted serially, to 

test the efficiency of the PCR reaction. The Ct values generated in both 

runs were used to calculate relative telomere single copy gene ratio 

(T/S) according to the formula: T/S=2-ΔCt (where ΔCt=Cttelomere – Ctcontrol). 

Relative T/S values were obtained by calculating ratio between sample 
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T/S value and T/S value for reference DNA except for in Paper IV where 

crude T/S values were used. 

Mean inter-assay coefficient of variation (CV) for this method was in our 

hands 3,96% when a separate series of blood samples was analyzed 

twice by two different investigators. 

 

Paper I 

Primers Tel1, Tel2 and Hbg1, Hbg2 were used for telomere and β2-

globinamplification, respectively (Table Y). All genomic DNA samples 

were diluted in TE buffer and distributed to 2 PCR plates, 35 ng/well.  

Table 2. Primers for telomere PCR. 

Name Sequence 5’-3’ Final conc. 

Tel1 GGTTTTTGAGGGTGAGGGTGAGGGTGAGGGTGAGGGT 270 nM 

Tel2 TCCCGACTATCCCTATCCCTATCCCTATCCCTATCCCTA 900 nM 

Hbg1 GCTTCTGACACAACTGTGTTCACTAGC 400 nM 

Hbg2 CACCAACTTCATCCACGTTCACC 400 nM 

Tel1b CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT 100 nM 

Tel2b GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT 900 nM 

HBG3 TGTGCTGGCCCATCACTTTG 400 nM 

HBG4 ACCAGCCACCACTTTCTGATAGG 400 nM 

 

Two master mixes of PCR reagents were prepared, mix 1 for the 

telomere amplification and mix 2 for the control gene amplification. 30 

µl of master mix 1 were added to every well on plate 1 and the same 

volume of master mix 2 was added to each well on plate 2. Except for 

the primers the composition of the mixes was identical. The final 

concentrations of the PCR reagents were 1.25 U AmpliTaq Gold DNA 

polymerase (Applied Biosystems), 150 nM 6-ROX and 0.2x Sybr Green I 

(Roche Diagnostics GmBH), 50 mM KCl, 2 mM MgCl2, 0.2 mM of each 

dNTP (Fermentas), 5 mM DTT, 1% DMSO and 15 mM Tris–HCl pH 8.0. 

PCR amplification was performed on a Prism 7000 sequence Detection 
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System (Applied Biosystems). Cycling conditions for telomere run 

comprised initial incubation step at 95°C for 10 min to activate the 

AmpliTaq Gold DNA polymerase, followed by 35 cycles of denaturation 

at 95°C for 15 s and annealing/extension at 54°C for 2 min. The single 

copy gene amplification began also with incubation at 95°C for 10 min. 

followed by 40 cycles of 95°C for 15 s and 58°C for 1 min. ABI Prism 7000 

SDS Software v 1.0 was used to analyze the results. 

 

Paper II and III 

Genomic DNA was diluted to a concentration of 1,75 ng/µl in TE buffer 

containing Escherichia coli DNA (at a concentration of 4 ng/µl; carrier 

DNA without telomeres). Primers Tel1b and Tel2b were used for 

telomere reaction and Hbg3 and Hbg4 for control gene reaction (Table 

Y). The components in both telomere and control gene PCR reactions 

were 50 mM KCl, 20 mM Tris–HCl pH 8.4, 0.2 mM of each dNTP 

(Fermentas), 2.5 mM DTT, 1% DMSO, 1.25 U AmpliTaq Gold DNA 

polymerase (Invitrogen), 150 nM 6-ROX and 0.4x SYBR Green I (Roche 

Diagnostics).  In addition, the telomere PCR mix also contained 1.7 mM 

MgCl2, 100 nM tel 1b primer and 900 nM tel 2 . The β2-globin PCR mix 

also contained 2 mM MgCl2, 400 nM HBG3 primer and 400 nM HBG4 

primer. Template DNA and dH2O was added to a final volume of 50 µl for 

each PCR reaction. Telomere sequences were amplified in a Prism 7000 

sequence Detection System (Applied Biosystems) using the following 

conditions: 95°C, 10 min, followed by 25 cycles of 95°C for 15 s and 56°C 

for 1 min. The conditions for HBG gene amplification were: 95°C, 10 min 

followed by 40 cycles of 95°C for 15 s and 54°C for 1 min. Data was 

analyzed using ABI Prism 7000 SDS Software v 1.0. 

Paper IV 

Telomere length assessment was performed as described in Paper II and 

III with minor changes in reactant concentrations, but crude T/S values 

(not related to reference DNA) were used. 
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Southern blotting 
In paper I telomere length of 43 CLL samples was also analyzed by 

Southern blotting. Hybridization with  telomeric DNA probe (TTAGGG)4 

was performed and mean telomere restriction fragment (TRF) length 

was calculated as previously described217. The lambda DNA/Eco1 

Styl/Mlu1 marker (MBI Fermentas) and the DNA molecular marker X 

(Boehringer Mannheim Gmbh) were used as molecular weight 

standards. The peak TRF value was estimated as the length 

corresponding to the highest optical density within the TRF profile. 

Fluorescence in situ hybridization and flow cytometry 

(flow-FISH) 
In Paper I, 87 CLL samples were analyzed regarding telomere length 

using a previously described flow cytometric method33. The specimens 

had been frozen suspended in DMSO at sampling and preserved in liquid 

nitrogen until analyzed. In situ hybridization with a fluorescein-labeled 

PNA probe (C3TA2)3, DNA staining with propidium iodide and flow 

cytometry analysis (FACS Calibur; Becton Dickinson, San Jose, CA) were 

performed. A tetraploid T-cell line 1301 with very long telomeres was 

used as an internal control. Telomere length value was estimated based 

on the ratio between signal intensity of the control and the sample 

where the signal of the control 1301 was set to 1. 

IGHV gene mutation status 
In paper I IGHV mutation status analysis was performed as described in 

Li et al.218 Cut off value was set at 98% to discriminate between mutated 

and unmutated cases. In paper II, assessment of mutation status was 

carried out as previously described for MCL219;220 and CLL.147 Cut off 

value was set at 98% for both subsets. In paper III the method used is 

described in Kröber et al.142 IGHV sequence showing less than 98% 

homology with the corresponding germ line was regarded as mutated. 

In paper IV the threshold was set also at 98% homology with germ line.  
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Analysis of genomic aberrations 
In Paper III, the analysis of genomic abnormalities was carried out using 

FISH as previously described92. The aberrations studied were 

del(17)(p13), +12q, del(11)(q22-q23) and del(13)(q14). In paper IV, SNP 

arrays were performed in order to detect del17p, +12, del11q and 

del13q as well as other copy number alterations as previously 

described.221  

ZAP-70 expression analysis 
ZAP-70 expression analysis in paper III was performed as previously 

described.172 Cut off value was set at 20%. 

CD38 expression analysis 
In paper III, CD38 expression was analyzed as previously described.172 A 

cut off value at 7% was used. The same threshold was applied in paper 

IV, using previously described method of CD38 expression analysis.154  

Data and statistical analysis 
Paper I and III. Statistical Package for the Social Sciences (SPSS) software 

was used for statistical analysis. Survival curves were plotted using 

Kaplan-Meier method. Log-rank test was performed to study differences 

in survival between subsets. Differences between groups were analyzed 

with Pearson Chi-square (paper I) and Man-Whitney U-test (paper III). 

For multivariate analysis, the Cox proportional hazards regression model 

was used.  

Paper II and IV. The statistical analysis was performed using Statistica 

(StatSoft). In paper II, differences in TL between groups were analyzed 

using Kruskal-Wallis ANOVA and Man-Whitney U-test. Kaplan-Meier was 

employed to calculate median survival and log-rank test was used to 

determine differences in survival between subsets. In paper IV, receiver 

operating characteristics (ROC) curve analysis and survival data were 

used to identify the optimal threshold value for TL. Differences between 

groups and associations between TL and other markers were 

investigated  y Student’s t-test and one-way ANOVA. Kaplan-Meier 
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method was used to plot survival curves and log-rank test was used to 

assess differences. Cox proportional hazards model was applied for 

multivariate analysis. Pearson’s correlation was employed to investigate 

correlations between markers in diagnostic and follow-up samples. 
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RESULTS AND DISCUSSION 

Paper I 
Telomere length as a prognostic parameter in chronic lymphocytic 

leukemia with special reference to VH gene mutation status. 

IGHV gene mutation status can be used to separate CLL into 2 subsets, 

which consist of cases with somatically mutated or unmutated IGHV 

genes, with significantly better prognosis for the IGHV mutated, GC-

experienced cases.95;131-133;142;143;154;180 In Paper I, this subdivision was 

again confirmed in our large cohort of CLL cases. Additionally, the clinical 

value of telomere length measurement in CLL was demonstrated using a 

recently described quantitative PCR method.34 A significant correlation 

was found between telomere length and IGHV gene mutation status, 

with longer telomeres in the IGHV mutated subset (p<0.001); a finding in 

line with those previously described.180;222 Accordingly, there is a 

connection between IGHV mutation status and telomere length, which 

can be explained by the fact, that during the GC reaction (when somatic 

hypermutation in IGHV genes takes place) telomerase is strongly 

upregulated, leading to considerable telomere elongation.223-225   

Furthermore, IGHV-mutated cases with less than 95% homology to germ 

line had significantly longer telomeres compared with the cases with 

95% to 98% homology (p<0.01). We were also able to confirm a 

significant difference in survival between the IGHV mutated and IGHV 

unmutated subsets (120 vs. 68 months, p<0.001) as well as between the 

groups with long respectively short telomeres (121 vs. 78 months, 

p<0.001). For Binet stage A patients both IGHV mutation status and 

telomere length were significant indicators of OS (p<0.001 and 

p=0.0206, respectively). For stage B/C patients telomere length was able 

to predict outcome (p=0.0177) whereas IGHV status did not show any 

significant difference (p=0.1225).  
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Interestingly, the study could show that the IGHV gene mutated CLL can 

be further stratified according to telomere length resulting in significant 

difference in prognosis (p=0.0031). IGHV mutated cases with short 

telomeres had slightly better prognosis than unmutated cases (mean 

survival time 87 and 73 months, respectively; not significant) but 

significantly worse than IGHV mutated cases with longer (above median) 

telomeres (p=0.001). By combining those two biomarkers an improved 

subclassification of CLL can be achieved, identifying previously 

unrecognized patient subsets with different outcomes. Moreover, this 

finding shows that long telomere length is not merely a ‘pseudo marker’ 

for GC-experienced, IGHV-mutated B-cells. 

Paper II 
Telomere length and correlation with histopathogenesis in B-cell 

leukemias/lymphomas. 

In a study published in 2004 Ladetto et al226 analyzed 123 samples 

representing a panel of mature B-cell lymphoproliferative disorders, 

reporting telomere length to correlate with histopathogenesis of B-cell 

malignancies. Short, long and intermediate telomere lengths were 

observed in pre-GC, GC and post-GC-derived tumors, respectively. In 

Paper II, 223 samples from B-cell tumors were analyzed for telomere 

length by quantitative PCR. The malignancies analyzed were DLBCL 

(n=93), CLL (n=36), MCL (n=57), FL (n=18) HCL (n=12) and LPL/WM (n=7). 

The ratio of telomere (T) copy number to single (S) copy gene number 

(the T/S value) was obtained for all 223 B-cell malignancies. Differences 

in telomere length were observed between the overall entities. CLL and 

MCL had the shortest telomeres (median T/S 0.46 and 0.47, 

respectively), DLBCL and FL had somewhat longer telomeres (0.53 for 

both) while HCL and LPL/WM displayed the longest telomeres (0.62 and 

1.04, respectively). However, more distinct differences were observed 

when the entities were subdivided. IGHV mutation status was used to 

separate CLL, MCL and HCL into subgroups. CLL, as previously 

described,147;180;226;227 had significantly longer telomeres in the IGHV-

mutated subset (0.63) compared to the IGHV-unmutated subset 
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(0.33)(p=0.004). However, MCL displayed no significant difference in 

telomere length when stratified by IGHV mutation status. Therefore, if 

IGHV-mutated MCL has a different cellular origin than IGHV-unmutated 

MCL, this was not shown on the basis of telomere length. DLBCL was 

separated into GC-like (n=47) and non-GC-like (n=46) cases based on 

staining patterns with CD10, bcl-6 and MUM1/IRF-4 as described,201;228 

and a remarkable difference was observed with GC-like DLBCL displaying 

longer telomeres (0.73) compared to non-GC-like DLBCL (0.43) 

(p=0.002), further emphasizing the heterogeneity between these 

subsets. Survival analysis of DLBCL, CLL and MCL showed a significant 

association between T/S values and prognosis only in CLL; T/S value 

higher than the median for CLL (0.46) correlated with better survival 

than lower T/S values (p=0.03), but IGHV mutation status seemed to be 

a considerably stronger prognostic factor (p=0.0005). 

Aforementioned results support the separation of DLBCL with regard to 

GC histopathogenesis, as previously proposed.226 However, while 

telomere length is variable and can reveal differences in subsets of B-cell 

malignancies, such as DLBCL and CLL, and also show the homogeneity 

between putative subsets, such as in MCL, it does not clearly correlate 

with cellular origin with respect to the GC. A reason for this discrepancy 

might be that the cell of origin for some entities is not fully clarified and 

the entities themselves cannot be straightforwardly classified as pre-, 

post- or GC-derived.  

Paper III 
Short telomeres are associated with genetic complexity, high risk 

genomic aberrations, and short survival in chronic lymphocytic 

leukemia. 

In CLL, short telomeres are linked to shorter survival time.147;179;180;229 

Telomere shortening is associated with genetic instability in cell culture, 

and in solid tumors telomere dysfunction triggers extensive DNA 

fragmentation and leads to chromosome abnormalities.230 A well known 

feature of CLL is occurrence of genetic aberrations which can be 
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detected in approximately 80% of the cases.92;231 The most frequent 

aberrations are: del13q (present in over 55% of cases, associated with 

indolent disease92;99;100), del11q (12-18% of patients, indicator of pour 

outcome92;99;100), trisomy 12 (frequency of 11-16%, correlated with an 

intermediate prognosis92;99) and del17p (found in 5-10% of CLL patients, 

indicates pour outcome99). In paper III, we investigated the connection 

between telomere length and genetic abnormalities, IGHV gene 

mutation status, ZAP70 and CD38 expression in a cohort of 152 CLL 

samples. A clear correlation existed between telomere length and 

staging according to Binet (p=0.01), CD38 (p<0.001) and ZAP70 

expression (p<0.001). Multivariate analysis  of TFS including the  high-

risk parameters (short telomeres, Binet stage B/C, CD38 and ZAP70 

positivity, unmutated IGHV genes and presence of high-risk genomic 

aberrations) identified Binet stage B/C and short telomeres to be 

independent prognostic factors. Analysis excluding stage revealed high-

risk genomic aberrations as sole significant prognostic marker. 

Moreover, a significant difference in telomere length distribution was 

observed between patients with more than one genetic aberration 

compared with the patients with normal karyotype or only one 

abnormality (p<0.001).  

The novel finding of this study, i.e. association between short telomeres 

and unfavorable genetic aberrations as well as karyotype complexity in 

CLL, deserves a closer look.  The biological background for this fact may 

be explained on the basis of ‘‘mortality stages 1 and 2 ( 1/ 2) model’’. 

According to that model, a cell must overcome 2 mechanism in order to 

be immortalized, namely senescence induction (M1) and cell death due 

to critically short telomeres (M2).14;232 Stage M1 can be overridden by, 

for instance, p53 and Rb inactivation.14 Very short telomeres, genetic 

instability and high cell death characterize stage M2. Immortalization is 

usually achieved by up-regulation of telomerase activity, producing 

telomere length stabilization. Malignant tumors typically display active 

telomerase and shorter telomeres than their normal corresponding 
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tissue.37;44;233;234 Short telomeres may play role in tumorigenesis by 

promoting chromosomal rearrangements.235 

Short telomeres have been coupled to increased frequency of genetic 

alterations in hematopoietic malignancies.40;46;236 Our investigation 

demonstrated a parallel situation in CLL, where short telomeres were 

associated with higher number of genomic aberrations. This data 

generally supports the M1/M2 model. We propose following scenario: 

genetic alterations force cells to bypass senescence (M1), leading to 

further telomere attrition; then short telomeres induce genetic 

instability (M2). The most interesting observation was that short 

telomeres were coupled with del17p and del11q abnormalities, while 

patients with del13q as single abnormality had long telomeres. So, bad 

prognostic cytogenetic parameters were linked to short telomeres and 

god prognostic cytogenetics was associated with long telomeres. 

 

Paper IV 
Telomere length is a robust prognostic biomarker in early chronic 

lymphocytic leukemia patients. 

Telomere length and its impact on prognosis in CLL were investigated, 

this time in newly diagnosed patients from a population-based cohort. In 

agreement with previously published data, long telomeres were 

associated with IGHV mutated genes and normal karyotype or del13q, 

while short telomeres were linked with trisomy 12, del11q and del17p as 

well as with high copy number alteration (CNA). We could also show a 

correlation between TL and CD38 expression. Furthermore, we detected 

a significant correlation between TL and IGHV mutation frequency. TL 

assessed in diagnostic samples was a strong predictor of both OS and 

TTT. Furthermore, TL can subdivide patients of with good prognostic 

markers (defined as Binet stage A, mutated IGHV genes, favorable 

cytogenetics or CD38 negativity), into subsets with different outcome. In 

multivariate analysis including TL and established prognostic markers TL 
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was found to be an independent prognostic factor for OS, but was not 

significantly linked to TTT, probably because of strong association 

between TL and IGHV mutation status. When IGHV mutation status was 

excluded from analysis, TL was highly predictive also for TTT. There is a 

very scarce knowledge regarding TL change over time in CLL. In the 

present study, we assessed TL in sequential samples in a large cohort 

(n=119) from our population-based cohort with a long follow up, 

comprised mainly of CLL patients with indolent disease. We found a 

strong correlation between TL at diagnosis and at follow up, with high 

concordance between the sequential samples. Interestingly, TL in follow 

up samples using the diagnostic TL threshold was significantly linked to 

clinical outcome, indicating that TL can be used as prognostic parameter 

also when assessed later in the course of the disease.  
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CONCLUDING REMARKS 

Recently, Elizabeth H. Blackburn, Carol W. Greider and Jack W. Szostak 

were jointly awarded the Nobel Prize in Physiology or Medicine 2009 

"for the discovery of how chromosomes are protected by telomeres and 

the enzyme telomerase".237 It was a tremendous acknowledgment of the 

importance this particular field of knowledge deserves, but by any 

means an indication that this chapter is closed. On the contrary, almost 

every new finding brings new questions and opens possibility to unravel 

new aspects of telomere biology.  

In our, minuscule if compared with the whole telomere science, field of 

research on telomere length as prognostic factor in CLL an analogous 

situation can be observed. More than a decade ago, Bechter et al.179 

published the first report on telomere length and telomerase activity 

and their impact on prognosis in CLL. Subsequently, long telomeres were 

linked to mutated IGHV genes180;229 It is however safe to say, that in the 

 eginning telomere length was regarded merely as ‘’surrogate marker’’ 

for IGHV gene mutation status, being directly dependent on IGHV status 

and reflecting the origin of the clonal cells with regard to the GC 

reaction. In paper I we challenged this view for the first time, showing 

that telomere length varies among IGHV-mutated patients with 

considerable consequences for overall survival within this group. The 

reality is most probably more complicated than this. A couple of years 

later, Ricca et al.148 reported similar situation in the IGHV-unmutated 

group. This finding has not been confirmed by any other study yet and 

may be dependent on different methods used or reflect differences in 

the cohorts studied.  

Furthermore, telomere length was reported to correlate with 

histopathogenesis with reference to GC-reaction in mature B-cell 

malignancies.226 It has been established that during GC reaction 

telomerase activity increases substantially and the telomeres are 

elongated.223;225;238 Therefore it seems plausible that GC-inexperienced 

malignancies should have short telomeres, GC-derived tumors long 
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telomeres and post-GC derived malignancies – intermediate telomere 

length. In our study (paper II) we suggest a more complicated scenario, 

proposing that the measured telomere length is a snapshot reflection of 

the net result of telomere shortening and lengthening processes as well 

as variable proliferation rates in the tumor following malignant 

transformation. As such, TL cannot directly correlate with cellular origin.  

In addition to confirming the association between short telomeres and 

higher number of genetic aberrations in CLL we could in paper III 

demonstrate a strong link between telomere length and specific 

cytogenetic abnormalities. Our proposed explanation to that 

phenomenon rendered an appreciated comment by Jahrsdörfer and 

Weiner.239 The authors asking if short telomeres are ‘’the chicken or the 

egg’’ regarding the association with complex chromosomal a errations, 

see short telomeres as the consequence of genetic aberrations. 

Chromosomal defects directly result in a more rapid CLL cell turnover, 

which, in turn, induces short telomeres. This in contrast to our, as they 

perceive it, explanation, that short telomeres make CLL cells more prone 

to develop complex a errations.  Our answer to that is ‘’ oth’’, since we 

believe that our results are a cumulative effect of genetic alterations 

that by forcing cells to bypass senescence lead to telomere attrition, and 

short telomeres inducing genetic instability. 

In paper III and IV we could confirm our main finding from paper I, i.e. 

ability of TL to subdivide a CLL subset with good prognostic features in 

two groups with different outcome, this time demonstrating it not only 

with regard to IGHV mutation status but also CD38 negativity and 

favorable cytogenetics. Accordingly, TL can be a very useful biomarker in 

CLL prognostication that can identify indolent cases at diagnosis that are 

in risk of developing aggressive disease. Furthermore, we could 

demonstrate that thanks to TL stability over time TL determination can 

be useful for clinical purposes, i.e. assessment of prognosis at various 

stages of the disease, regardless of treatment. 
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