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This is not the end. 
It is not even the beginning of the end. 

But it is, perhaps, the end of the beginning. 
 

Winston S Churchill 
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ABSTRACT 
 

TELOMERE ANALYSIS OF NORMAL AND NEOPLASTIC HEMATOPOIETIC CELLS 
- STUDIES FOCUSING ON FLUORESCENCE IN SITU HYBRIDIZATION AND  

FLOW CYTOMETRY 
 

Magnus Hultdin, Department of Medical Biosciences, Pathology, Umeå University, SE-90185 
Umeå, Sweden 

 
The telomeres are specialized structures at the end of the chromosomes composed of the 

repeated DNA sequence (TTAGGG)n and specific proteins bound to the DNA. The telomeres 
protect the chromosomes from degradation and end to end fusion. Due to the end-replication 
problem, the telomeric DNA shortens every cell division, forcing the cells into senescence at 
a critical telomere length. This process can be counteracted by activating a specialized 
enzyme, telomerase, which adds telomeric repeats to the chromosome ends leading to an 
extended or infinite cellular life span. Telomerase activity is absent in most somatic tissues 
but is found in germ cells, stem cells, activated lymphocytes and the vast majority of tumor 
cells and permanent cell lines. Hence, telomerase has been suggested as a target for cancer 
treatment as malignant cells almost exclusively express the enzyme and in that context 
telomere length measurements will be of great importance. 

Telomere length is traditionally measured with a Southern blot based technique. A new 
method for telomere analysis of cells in suspension, called flow-FISH, was developed based 
on fluorescence in situ hybridization using a telomeric peptide nucleic acid (PNA) probe, 
DNA staining with propidium iodide and quantification by flow cytometry. Flow-FISH had 
high reproducibility and the telomere length measurements showed good correlation with 
Southern blotting results. The flow-FISH technique also allows studies of cells in specific 
phases of the cell cycle and the replication timing of telomeric, centromeric and other 
repetitive sequences were analyzed in a number of cells. Like previous studies, centromeres 
were shown to replicate late in S phase while the telomere repeats were found to replicate 
early in S phase or concomitant with the bulk DNA, which is opposite to the patterns 
described in yeast.  

In benign immunopurified lymphocytes from tonsils, high telomerase activity was 
found in germinal center (GC) B cells. This population also had high hTERT mRNA levels 
and displayed a telomere elongation as shown by flow-FISH and Southern blotting. Combined 
immunophenotyping and flow-FISH on unpurified tonsil cells confirmed the results.  

Chronic lymphocytic leukemia (CLL), the most common leukemia in adults, can be 
divided into pre-GC CLL, characterized by unmutated immunoglobulin VH genes and worse 
prognosis, and post-GC CLL, with mutated VH genes and better prognosis. In 61 cases of 
CLL, telomere length was measured with Southern blotting and VH gene mutation status was 
analyzed. A new association was found between VH mutation status and telomere length, 
where cases with longer telomeres and mutated VH genes (post-GC CLL) had better prognosis 
than CLL with short telomeres and unmutated VH genes (pre-GC CLL). A larger study of 112 
CLL cases was performed using flow-FISH. The same correlation between telomere length 
and VH mutation status was found but gender seemed to be of importance as telomere length 
was a significant prognostic factor for the male CLL patients but not in the female group. Age 
of the patients and spread of disease seemed to affect the prognostic value of VH gene 
mutation status. 
 
Key words: telomere, telomerase, fluorescence in situ hybridization, flow cytometry, flow-
FISH, replication timing, chronic lymphocytic leukemia, immunoglobulin gene, prognosis 
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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 
DNA    deoxyribonucleic acid 
DKC    dyskeratosis congenita 
FISH    fluorescence in situ hybridization 
Flow-FISH   quantitative FISH analyzed with flow cytometry 
G0     the gap 0 cell cycle phase 
G1     the gap 1 cell cycle phase 
GC     germinal center 
hTERT    catalytic subunit of telomerase 
hTR     RNA component of telomerase 
Ig     immunoglobulin 
M0     mortality stage 0 
M1     mortality stage 1 
M2     mortality stage 2 
p53     p53 protein  
PCR     polymerase chain reaction 
PNA     peptide nucleic acid 
pRB     retinoblastoma protein 
Q-FISH    quantitative FISH 
Q-FISHFCM   see Flow-FISH 
RNA    ribonucleic acid 
RNP     ribonucleoprotein 
S phase    the synthesis phase of the cell cycle  
TPE     telomere position effect 
TRAP    telomeric repeat amplification protocol 
TRF     telomere restriction fragment 
VH     heavy-chain variable region 
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INTRODUCTION 
 
 

The chromosomes consist of deoxyribonucleic acid (DNA) and are the structures 
in cells that contain all genetic information. The telomeres are localized at the end of 
the linear chromosomes found in eukaryotes and have been implicated in the process 
of chromosomal organization in the nucleus. The telomeres protect the chromosomes 
from degradation, prevent end to end fusion and are essential in the control of cellular 
senescence.  

 
 

The chromosome ends 
 

The presence of specialized end structures at the tips of the chromosomes was 
first presented in a lecture given by Hermann J Müller in 1938 (Müller, 1938). In 
studies of the fruit fly, Drosophila melanogaster, he had noticed that each 
chromosome had to be sealed at the end by a specialized “terminal gene”. This 
structure was necessary for chromosomal stability and was given the name “telomere”, 
from the Greek words telos (end) and meros (part). A few years later, work done by 
Barbara McClintock on corn, Zea mays, showed that ends created by a chromosomal 
breakage were reactive and fused with other broken ends forming dicentric 
chromosomes whereas the normal ends were stable (McClintock, 1941). She also 
demonstrated that broken ends could be “healed”, presumably by acquisition of a new 
telomere. 

In the early 1970s, it was realized that the nature of DNA replication would make 
it impossible for cells to fully replicate the ends of linear DNA (Olovnikov, 1971 and 
1973; Watson, 1972). The properties of lagging-strand DNA synthesis prevent the 
DNA polymerase from completely replicating the 3’ end of linear DNA and cell 
division will lead to shortening of the telomeres as they are the ends of the 
chromosomes. This is referred to as the end-replication problem (figure 1). The first 
DNA sequence of telomeres was presented in the ciliated protozoan Tetrahymena 
thermophila in 1978 and found to be repeats of TTGGGG (Blackburn and Gall, 1978), 
quite similar to the telomeric sequences later described in other organisms (Moyzis et 
al, 1988; Meyne et al, 1989). The evolutionary conservation of the telomere DNA 
implicates that the telomeric structure is of importance for basic cellular functions. In 
humans, the telomeres consist of 5-15 kilo base pairs (kbp) of DNA with the 
hexanucleotide repeat TTAGGG and the sequence in other vertebrates is identical 
(Moyzis et al, 1988; Meyne et al, 1989; de Lange et al, 1990; Harley et al, 1990). In 
1985, an enzyme was identified which adds repeats to telomeres and counteracts the 
loss of DNA caused by the end replication problem (Greider and Blackburn, 1985). It 
was shown to be a ribonucleoprotein and was called telomerase (Greider and 
Blackburn, 1985 and 1987). Telomerase is present in humans and other organisms 
with telomeres (Morin, 1989). During the last decade, the research about telomerase 
and telomere function has been intensified. The importance of telomeres for 
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chromosomal stability and integrity have been one focus but perhaps the potential role 
for the telomere as a limit for cell division has attracted the major interest.  

 
 

Replicative senescence and immortalization 
 

In a lecture called “The duration of life” given in Salzburg, Austria, 1881, the 
German biologist August Weismann presented the hypothesis that somatic cells in 
humans and animals had a limited power of reproduction (Weismann, 1889). He 
thought that “death takes place because a worn-out tissue cannot for ever renew itself, 
because a capacity for increase by cell-division is not everlasting, but finite”. The 
persisting idea during the first half of the twentieth century was, however, that cells 
were immortal if cultured at optimal conditions (Carrel, 1913; Carrel, 1931). Alexis 
Carrel and Albert Ebeling had kept a population of chick heart tissue in serial 
cultivation for 34 years (Parker, 1961). These results were difficult to reproduce and a 
later, alternative explanation was that the chick embryo extract used as nutrient for the 
culture contaminated the cell strain with fresh embryonic cells (Hayflick, 1965). In 
contrast to the results presented by Carrel and Ebeling, Leonard Hayflick and Paul 
Moorhead found that human fibroblasts could only divide a limited number of times in 
vitro and that the cells eventually entered a senescent state, a feature not seen in 
transformed cells (Hayflick and Moorhead, 1961). Additional studies showed that 
normal fibroblasts could divide 50-60 times and Hayflick noted that “it could be 
argued that escape from the inevitability of ageing by normal cells in vivo and diploid 
cell strains in vitro is only possible when such cells acquire, respectively, properties of 
transplantable tumors or heteroploid cells” (Hayflick, 1965). The limited division 
capacity observed for normal human cells in vitro was later denoted “the Hayflick 
limit” (Burnet, 1974). 
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Figure 1. The end-replication problem. (A) A replication fork approaches the 
telomere end. Lagging strand DNA synthesis can not fully replicate the DNA at the 
3’-end. When the RNA primer is removed a gap remains. (B) Due to the end-
replication problem the telomere shortens every cell division.  
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Normal somatic cells have no telomerase activity and due to the end-replication 
problem they lose 50-200 base pairs (bp) per cell division in vitro. The telomere length 
of cells taken for culture affects their division potential and telomeres have also been 
shown to shorten with age (Harley et al, 1990; Harley et al, 1992; Allsopp et al, 1992; 
Levi et al, 1992). These observations supported the idea that telomere attrition affects 
the proliferation potential of normal cells in vitro and could be the biological 
mechanism behind the Hayflick limit (Harley et al, 1990; Harley et al, 1992) (figure 
2). At a critical telomere length, the cells enter a senescent state (Allsopp and Harley, 
1995) with low metabolic rate, morphological changes, long time viability, cell cycle 
arrest and expression of β-galactosidase (reviewed in Mathon and Lloyd, 2002). An 
average estimation of the critical telomere length is 5 kbp but fluorescence in situ 
hybridization (FISH) analysis has shown large heterogeneity of telomere length 
between different chromosomes and some telomeres may be very short at the time of 
senescence (Henderson et al, 1996; Lansdorp et al, 1996; Martens et al, 1998). It 
seems as if the shortened telomeres can no longer maintain the structural requirements  
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Figure 2. Schematic view of the telomere hypothesis of cellular aging and immorta-
lization. The relationship between cell division (or time) and telomere length is presented. 
Lines are shown for (A) normal somatic cells lacking telomerase activity, (B) somatic cells 
with transient expression of telomerase, such as stem cells, activated lymphocytes and 
epithelial cells with high reproductive demand, and (C) germ cells with constitutive 
telomerase expression. At a certain telomere length, normal cells reach M1, replicative 
senescence. M1 can be by-passed through p53 and pRB inactivation, allowing continued 
growth. M2, crisis, is characterized by massive cell death and occur when the cells have 
critically short telomeres. Surviving cells (S) have a mechanism for telomere maintenance, 
usually telomerase, and are immortal. Based on Harley et al (1990) and Harley (2002).  
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for a functional capped chromosomal end and that these changes lead to senescence 
(Karlseder et al, 2002). The cell cycle arrest in senescent cells is caused by signals 
activating pRB and p53 (Shay et al, 1991; Smogorzewska and de Lange, 2002). This 
irreversible growth arrest is called replicative senescence or mortality stage 1 (M1) 
(Wright et al 1989; Wright and Shay, 1992). Inactivating p53 and pRB by introduction 
of viral oncoproteins, such as human papillomavirus (HPV) E6 and E7 or simian virus 
40 (SV40) large T, into cells before they reach M1 allows extended cell division. The 
replicative senescence checkpoint is by-passed and as the cells grow, the telomeres 
become shorter (Shay et al, 1991; Wright and Shay, 1992). The requirements for p53 
and/or pRB inactivation may differ between cell types (Wynford-Thomas, 1997). 
Approximately 20-30 population doublings (PD) after M1, the cells reach a second 
proliferative border, termed crisis or mortality stage 2 (M2). Crisis is characterized by 
widespread cell death and extremely short telomeres (Counter et al, 1992). At this 
stage, the telomeres fail to protect the chromosomes from end to end fusion and 
degradation, resulting in genomic instability and aneuploidy. Surviving cells are rare, 
less than one in a million, and they have an immortal phenotype with telomerase 
activity and stabilized telomeres (Counter et al, 1992).  

Telomerase is active in almost all established immortal cell lines and about 90% 
of all malignancies, indicating the importance of stabilized telomeres for sustained cell 
growth (Kim et al, 1994; Shay and Bacchetti, 1997). The key role of telomeres and 
telomerase in replicative senescence and immortalization was shown in 1998 when 
experimental activation of telomerase through transfection of the catalytic unit of 
telomerase, hTERT, allowed fibroblasts and retinal pigment epithelial cells to avoid 
senescence (Bodnar et al, 1998; Vaziri and Benchimol, 1998). It has also been 
observed that introduction of hTERT into cells, previously forced through M1 by viral 
oncoproteins, leads to immortalization and escape from M2 (Counter et al, 1998; Zhu 
et al, 1999). Since 1998, a large number of somatic cells have been immortalized by 
introduction of hTERT (reviewed in Harley, 2002). These studies provided evidence 
for the role of telomeres in replicative senescence and supported the idea that 
telomerase expression, or other ways for telomere maintenance, are essential for 
cellular immortality. 

Epithelial cells have attracted special interest since they, after 10-15 PD in vitro, 
often show a scenescent-like phenotype, called mortality stage 0 (M0) (Kiyono et al, 
1998; Dickson et al, 2000). M0 is independent of telomere length and emergence from 
this transient growth arrest is correlated with repression of p16Ink4A, a cyclin-dependent 
kinase inhibitor. Immortalization of epithelial cells has been suggested to require both 
loss of p16Ink4A expression and hTERT transduction (Kiyono et al, 1998; Dickson et 
al, 2000). There are, however, indications that the M0 phenomenon could be a culture 
artifact as epithelial cells grown on feeder layers only need transfection of hTERT for 
immortalization (Ramirez et al, 2001; Herbert et al, 2002). Still, it can not be ruled out 
that various cell types might behave differently during the process of immortalization.  

In normal human cells, telomerase activity has been found in germ cells from 
testes and ovary and in most embryonic tissues before 20 weeks of gestation (Wright 
et al, 1996; Ulaner and Giudice, 1997). In some aspects the germ cells behave as 
immortal cells maintaining long, stable telomeres through generations (figure 2). 
Telomerase is absent in most somatic tissues but the enzymatic activity can be found 
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in cells with high demand for renewal, e.g. stem cells in bone marrow, activated 
lymphocytes and proliferating cells in skin, hair follicles, gastrointestinal tract and 
endometrium (Broccoli et al, 1995; Counter et al, 1995; Hiyama et al, 1995; Chiu et 
al, 1996; Härle-Bachor and Boukamp, 1996; Norrback et al, 1996; Taylor et al, 1996; 
Yasumota et al, 1996; Weng et al, 1996; Ramirez et al, 1997; Yokoyama et al, 1998; 
Tanaka et al, 1998; Bachor et al, 1999). Even though these cell types may express 
telomerase, the levels of activity are not sufficient to maintain the telomeres at a steady 
state. As a consequence, the cells lose telomeres over time, although not as fast as 
telomerase negative cells.  

 
 

The telomere structure 
 

While most of the telomeric DNA has a double stranded configuration, a single 
stranded 3’-overhang is present at the end. In mammals, this TTAGGG-overhang has a 
length of 100-200 nucleotides (Makarov et al, 1997; Wellinger and Sen, 1997; Wright 
et al, 1997) and is thought to be a result of the end-replication problem although 
exonuclease processes might also be involved (Levi et al, 1992; Wellinger et al, 1996; 
Bailey et al, 2001; Ohki et al, 2001). The overhang is the substrate to which 
telomerase add telomeric repeats. The telomeres have been suggested to end in a large 
loop where the G-rich overhang invades the duplex telomeric DNA, displacing one 
strand and hybridizing to the complementary strand (Griffith et al, 1999). This 
telomere structure, called the T-loop, has also been found in mice and protozoa 
(Griffith et al, 1999; Munoz-Jordan et al, 2001) (figure 3). The T-loop model provides 
a mechanism for protection of the 3’-overhang which otherwise could activate DNA 
damage checkpoints and DNA repair enzymes (Greider, 1999; Collins, 2000). 
Telomere elongation by telomerase can also be prevented as the 3’-overhang is hidden 
(Griffith et al, 1999). At present, the T-loop is the prevailing model for telomere 
organization but the presence of other intermediate states or structures can not be ruled 
out. 

An increasing number of proteins have been reported as telomere binding and a 
variety of functions have been attributed to them (figure 3, table 1). The proteins are 
important for telomere stability, are involved in telomere length regulation and have 
been implicated in the protection against chromosomal end to end fusion. Some of 
them seem essential for the strand specific processing after S phase and take part in the 
T-loop formation. Although much knowledge of the telomere binding proteins has 
been gained during the last decade the functions of many of them are still uncertain.  

A number of telomere binding proteins, including TRF1, TRF2, TIN2, TANK1 
and hRAP1, have been shown to have effects on telomere length when overexpressed 
(table 1). The ways these proteins act and are controlled are not known. In normal 
telomerase negative cells, a large heterogeneity of telomere length exists between 
different chromosome ends (Henderson et al, 1996; Lansdorp et al, 1996; Martens et 
al, 1998). Immortalized cells have stabilized their telomeres but at highly variable 
lengths comparing different cell lines. A prerequisite for an immortal phenotype is 
telomerase activity, or other means for telomere preservation, but no association 
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between the level of telomerase activity and telomere length has been found. Hence, 
an increase of telomerase does not necessary lead to longer telomeres. The 
mechanisms by which cells regulate the length of individual telomeres and stabilize 
the overall length at immortalization are so far to a large extent unknown. 

 
 

Telomere replication  
 

Heterochromatic DNA has been assumed to replicate late in S phase after the 
synthesis of euchromatin since most housekeeping genes are localized to euchromatic 
regions (Taylor, 1960; Lima De-Faria and Jaworska, 1965; Craig and Bickmore, 
1993). The telomeres are generally thought to be heterochromatic and in yeast 
(Saccharomyces cervisiae) the telomeres have been shown to replicate late in S phase 
whereas yeast centromeric DNA replicated in early S phase (McCarrol and Fangman, 
1988). In humans, studies in a limited number of cell lines using various techniques 
have indicated that telomeres can be replicated throughout S phase (Drouin et al, 1988; 
Ten Hagen et al, 1990). Some studies have demonstrated that telomere sequences can 
delay the initiation of replication of neighboring genes and silence the gene expression 
through a telomere position effect (TPE), a pattern also seen in yeast (Ferguson and 
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Table 1. Telomere associated proteins 
Protein Function 
TRF 1 Binds double stranded TTAGGG repeats, negative regulator of 

telomere length, present in T-loops, promotes pairing of 
telomeres (Chong et al, 1995; van Steensel and de Lange, 1997; 
Griffith et al, 1999) 

TRF2 Binds double stranded TTAGGG repeats, negative regulator of 
telomere length, present in T-loops, possibly involved during T-
loop formation, loss of function leads to end to end fusion, loss 
of function leads to p53- and ATM-mediated apoptosis and 
senescence, possibly involved in strand specific processing 
after S phase (Bilaud et al, 1997; Broccoli et al, 1997; van 
Steensel et al, 1998; Karlseder et al, 1999; Smogorzewska et al, 
2000; Bailey et al, 2001; Stansel et al, 2001; Karlseder et al, 
2002; Smogorzewska and de Lange, 2002) 

Pot1 Binds single stranded TTAGGG repeats, necessary for telomere 
protection (Baumann and Cech, 2001; Baumann et al, 2002). 

TIN2 TRF1-binding protein, acts as a negative regulator of telomere 
length, enhance the TRF1-dependent pairing of telomeric 
repeats (Kim et al, 1999) 

TANK1 (tankyrase1) Inactivates TRF1 by poly(ADP-ribo)sylation, causes telomeric 
elongation (Smith et al, 1998; Smith and de Lange, 2000) 

TANK2 (tankyrase2) TRF1-binding protein, function not clear (Kaminker et al, 
2001) 

hRAP1 TRF2-binding protein, acts as a positive regulator for telomere 
length (Li et al, 2000) 

PINX1 TRF1-binding protein, implicated as a telomerase inhibitor 
(Zhou and Lu, 2001) 

Heterogeneous nuclear 
ribonucleoproteins 
(hnRNPs) 

hnRNP A1/UP1, A2-B1, D and E bind single stranded 
TTAGGG repeats, function not clear, hnRNP A1 is involved in 
telomere maintenance in mice (McKay and Cooke, 1992; 
Ishikawa et al, 1993; Erlitski and Fry, 1997; Sarig et al, 1997; 
LaBranche et al, 1998; Dallaire et al, 2000) 

DNA dependent protein 
kinase (DNA-PK)  
(Catalytic subunit DNA-
PKcs and the Ku70 and 
Ku80 proteins) 

Involved in DNA double strand repair by non homologous end 
joining (NHEJ) and in VDJ recombination, possibly involved in 
strand specific processing of telomeres after S phase, role in 
telomere capping, Ku-proteins interact with TRF1 and TRF2 
(Smith and Jackson, 1999; Bailey et al, 1999; Hsu et al, 1999; 
Samper et al, 2000; Song et al, 2000; Bailey et al, 2001) 

Rad50/Mre11/Nbs1 DNA-repair complex that binds to telomeres, association 
mediated at least partly by TRF1 and TRF2 (Wu et al, 2000; 
Zhu et al, 2000) 

BLM and WRN Members of the RecQ family of DNA helicases, implicated in 
telomere structure/function, role not clear (Wyllie et al, 2000; 
Yankiwski et al, 2000) 
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Fangman, 1992; Ofir et al, 1999; Smith et al, 1999; Stevenson and Gottschling, 1999; 
Baur et al, 2001). The mechanisms of TPE are not clear but the presence of a telomeric 
structure seems to downregulate neighboring genes. Several techniques have been 
used to analyze timing of replication of specific DNA sequences during S phase. Early 
studies were performed using dynamic banding methods analyzed at the light 
microscopic chromosomal level (Drouin et al, 1988). Experiments have also been 
done with density labeling and specific replication origins can be analyzed with 2D-gel 
techniques (Brewer and Fangman, 1987; McCarrol and Fangman, 1988). The 
replication of specific sequences has been studied using fluorescence in situ 
hybridization (FISH) based methods (Selig et al, 1992; Ofir et al, 1999; Smith et al, 
1999). 

 
 

Telomerase 
 

The human telomerase is a large ribonucleoprotein (RNP) complex (Morin, 
1989; Collins and Mitchell, 2002) and its activity is usually measured with the PCR-
based telomeric repeat amplification protocol (TRAP) assay (Kim et al, 1994; 
Piatyszek et al, 1995). The main components of the RNP are the 451-nucleotide 
human telomerase RNA (hTR) (Feng et al, 1995) and the protein with catalytic 
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activity (hTERT) (Meyerson et al, 1997; Nakamura et al, 1997; Harrington et al,  
 1997a). In addition, there are a number of other proteins which are important for the 
function of telomerase and are more or less involved in the RNP complex (figure 4A, 
table 2).  

The cellular accumulation and stability of hTR requires specific RNA motifs, 
creating a hairpin-Hinge-hairpin-ACA (H/ACA) configuration, and the binding of the 
H/ACA motif associated proteins dyskerin, hNHP2, hNOP10 and hGAR1 (Mitchell et 
al, 1999b; Dragon et al, 2000; Mitchell and Collins, 2000; Pogacic et al, 2000). Proper 
assembly of hTR is important for telomerase function as shown in studies of diseases 
affecting hTR and dyskerin. Dyskeratosis congenita (DKC) is an inherited disease 
affecting skin, nails and mucosa. During progression of the disease, the patients suffer 
from bone marrow failure, which is the primary cause of mortality (reviewed by 
Dokal, 2000). The affected protein in the X-linked form of DKC has been identified as 
dyskerin. Cells from these patients have much shorter telomeres and about a fifth of 
the telomerase activity found in age-matched controls (Mitchell et al, 1999a and 
1999b; Vulliamy et al, 2001a). Patients suffering from autosomal dominant (AD) 
DKC have mutations and deletions in the hTR gene (Vulliamy et al, 2001b). These  
 
Table 2. Telomerase and telomerase associated proteins 
Components Function 
hTERT Catalytic subunit of telomerase (Meyerson et al, 1997; 

Nakamura et al, 1997; Harrington et al, 1997a) 
hTR (hTERC) RNA component of telomerase, template for telomere 

elongation, includes specific RNA motifs creating a hairpin-
Hinge-hairpin-ACA (H/ACA) configuration required for 
cellular accumulation (Feng et al, 1995; Mitchell et al, 1999a; 
Mitchell and Collins, 2000) 

dyskerin, hNHP2, hNOP10 
and hGAR1 

H/ACA motif associated proteins, bind to hTR, necessary for 
hTR accumulation (Mitchell et al, 1999b; Dragon et al, 2000; 
Mitchell and Collins, 2000; Pogacic et al, 2000) 

TEP1 (TP1) Interacts with hTR, not necessary for telomerase activity or 
telomere maintenance in vivo (Harrington et al, 1997b; Liu et 
al, 2000) 

L22, hStau, La Proteins binding to hTR, function unknown (Le et al, 2000; 
Ford et al, 2001a) 

Hsp90, p23 Molecular chaperones, associate with hTERT, important for 
telomerase assembly and function, can enhance the telomerase 
activity in extracts (Holt et al, 1999; Akalin et al, 2001) 

Heterogeneous nuclear 
ribonucleoproteins 
(hnRNPs) 

hnRNP A1/UP1, C1/C2 and D interact with telomerase, 
function not clear, hnRNP A1 is involved in telomere 
maintenance in mice and can bind telomerase and single 
stranded TTAGGG repeats simultaneously (LaBranche et al, 
1998; Eversole and Maizels, 2000; Ford et al, 2000; Fiset and 
Chabot, 2001) 

14-3-3 proteins Molecular chaperones that regulate intracellular localization, 
bind to the C-terminus of hTERT, required for efficient 
accumulation of hTERT in the nucleus (Seimiya et al, 2000). 
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patients also have reduced telomerase activity and shorter telomeres. In another 
disease, aplastic anemia, a small number of the cases also have been linked to 
mutations in hTR (Vulliamy et al, 2002).  

The preassembled hTR binds to hTERT to form the functional telomerase. The 
molecular chaperones Hsp90 and p23 associate with hTERT and have been suggested 
to be important for telomerase assembly and function (Holt et al, 1999). A large 
number of other proteins have been implicated in the telomerase complex although 
their roles are unknown at the moment (table 2). The 14-3-3 proteins bind to the C-
terminus of hTERT, an interaction required for efficient accumulation of hTERT in the 
nucleus (Seimiya et al, 2000). Adequate localization of telomerase seems to require a 
normal, functional C-terminus of hTERT protein (Counter et al, 1998; Ouellette et al, 
1999).  

 
 

Telomerase function 
 

Telomerase main function is to elongate the 3’ overhang with new TTAGGG-
repeats to counteract the telomere erosion caused by the end-replication problem 
(Greider and Blackburn, 1985 and 1987; Morin, 1989). The elongated TTAGGG-
overhang can then act as a template for the lagging strand DNA synthesis (figure 4B). 
The exact mechanism for the action of telomerase is only partly known. It seems as the 
telomerase complex works as a dimer in yeast and in humans it has been shown that 
two active sites are coupled to each other (Prescott and Blackburn, 1997 and 2000; 
Beattie et al 2001; Wenz et al, 2001). Besides its role in telomere elongation, 
telomerase has been suggested to act as a cap for the 3’ overhang, preventing DNA 
damage signaling and telomere fusions. This hypothesis has still to be proven in 
human and other mammalian cells (Chan and Blackburn, 2002; Blasco, 2002). 

There are some indications that telomerase, besides telomere maintenance, may 
have other cellular functions. In various rodent models telomerase activity has been 
shown to protect against apoptosis and promote transformation and proliferation 
independent of any telomere related restrictions for cell growth. (Broccoli et al, 1996; 
Gonzales-Suarez et al, 2000; Fu et al, 2000; Zhu et al, 2000; Gonzales-Suarez et al, 
2001; Oh et al, 2001). In a study on telomerase positive human breast epithelial cells it 
was found that the cells resisted the growth inhibiting and anti proliferative effects of 
TGF-β. The telomerase negative control cells were sensitive to TGF-β and ectopic 
expression of hTERT in these cells was sufficient to make them TGF-β resistant 
(Stampfer et al, 2001). In another recent study ectopic hTERT expression not only 
protected proliferating T lymphocytes from replicative senescence, but also conferred 
resistance to apoptosis (Luiten et al, 2003). Thus, there are several studies supporting 
the hypothesis that telomerase can counteract apoptosis and promote proliferation 
independent of telomere preservation.  
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Regulation of telomerase 
 
Mixing of the two main components of telomerase, hTERT and hTR, is sufficient 

to reconstitute telomerase activity in vitro (Beattie et al, 1998). The major rate-limiting 
step for this process in vivo seems to be expression of hTERT. While hTR can be 
found in most tissues, the presence of hTERT is more restricted (Meyerson et al, 1997; 
Nakamura et al, 1997; Harrington et al, 1997a). In lymphocytes and malignant cells, 
telomerase activity and hTERT mRNA levels are closely associated and hTERT 
introduction is sufficient to induce telomerase activity in normal cells and is required 
for in vitro transformation (Weng et al, 1997; Bodnar et al, 1998; Takakura et al, 
1998; Vaziri and Benchimol, 1998; Hahn et al, 1999a).  

Transcriptional control is thought to be important for hTERT regulation. The 
hTERT promoter can be activated by binding of the c-myc protein and/or the 
transcription factor Sp1 (Greenberg et al, 1999; Wu et al, 1999; Kyo et al, 2000). Mad 
proteins can act as antagonists to c-myc and reduce hTERT expression (Gunes et al, 
2000; Kyo et al, 2000; Oh et al, 2000). Retinoic acid receptor (RAR), cell cycle 
regulators, like E2F-1, and tumor suppressor proteins, such as p53, are implicated as 
repressors of the hTERT promoter (Kanaya et al, 2000; Xu et al, 2000; Crowe et al, 
2001; Pendino et al, 2001). Binding of estrogen receptor-α (ER-α) activates 
transcription of hTERT (Misiti et al, 2000) but as estrogen also increases c-myc levels, 
c-myc may contribute to the effect (Kyo et al, 1999).  

The hTERT promoter is GC-rich with large CpG-islands (Cong et al, 1999; 
Takakura et al, 1999; Horikawa et al, 1999) and DNA methylation have been 
suggested to repress hTERT. However, no generalized pattern has been found between 
methylation of the CpG-repeats in the promoter and hTERT gene expression 
(Devereux et al, 1999; Dessain et al, 2000; Bechter et al, 2002). Another way to 
regulate genes is histone acetylation and inhibition of enzymes involved in this process 
can induce hTERT expression in vitro (Cong and Bacchetti, 2000; Takakura et al, 
2001; Xu et al, 2001).  

Interesting questions have been raised as the hTERT gene has been mapped to 
chromosome 5p15.33, only a few hundred kbp from the telomere (Meyerson et al, 
1997; Bryce et al, 2000). The close association to the telomere at 5p makes the hTERT 
gene to a potential candidate for gene silencing by the telomere position effect (TPE) 
(Baur et al, 2001). It would be of interest to know if the telomere at chromosome 5p 
can repress the hTERT gene and if loss of telomeric DNA, and thus reduced TPE, 
leads to increased hTERT expression.  

Alternative splicing can be of importance in regulation of hTERT. Different 
splice variants of hTERT have been found in cancer cells and during different phases 
of embryonic development (Kilian et al, 1997; Ulaner et al, 1998) and at least one 
hTERT splice variant can have a dominant negative effect on telomerase activity 
(Colgin et al, 2000; Yi et al, 2000). Phosphorylation has also been implicated in 
hTERT regulation. Treatment with protein phosphatase 2A greatly reduced telomerase 
activity in cell lines (Li et al, 1997) and the Akt kinase and protein kinase C have been 
reported to mediate phosphorylation of hTERT, leading to increased telomerase 
activity (Kang et al, 1999; Li et al, 1998). There are also indications that 
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phosphorylation of hTERT could mediate translocation of the protein from the 
cytoplasm to the nucleus (Liu et al, 2001).  

The RNA component of telomerase, hTR, has more constitutive cellular 
prevalence than hTERT but hTR levels differ significantly in various tissues and cells. 
Malignant cells often have high levels of hTR and in normal tissues, more hTR is 
found in testes and germinal centers than in brain and muscle (Avilion et al, 1996; 
Yashima et al, 1998; Yi et al, 1999). These data and the observed consequences for 
patients with DKC, where low levels of functional hTR affect telomerase function, 
imply that hTR can have a regulatory function for telomerase activity. The hTR gene 
is mapped to chromosome 3q26.3 and hTR can be overexpressed by gene 
amplification in tumors (Soder et al, 1997). The transcription factors Sp1 and NF-Y 
increase hTR expression while transcription factor Sp3 acts as a repressor (Zhao et al, 
2000; Zhao et al, 2003). There are CpG islands in the hTR promoter, indicating that 
methylation could be a factor influencing hTR expression (Zhao et al, 1998) but no 
unambiguous pattern have emerged concerning this matter (Hoare et al, 2001; 
Guilleret et al, 2002).  

 
 

Alternative lengthening of telomeres (ALT) 
 

The vast majority of human tumors and immortalized cell lines utilize telomerase 
to maintain their telomeres. Some SV40 immortalized cell lines were, however, found 
to be telomerase negative but still manage to preserve or increase their telomere length 
(Murnane et al, 1994; Bryan et al, 1995). This alternative lengthening of telomeres 
(ALT) has been shown in a low frequency of malignant tumors, most commonly of 
mesenchymal origin (Mehle et al, 1996; Bryan et al, 1997). The characteristic features 
for human ALT cells are absence of telomerase activity, great heterogeneity in 
telomere size, ranging from short to extremely long telomeres within individual cells, 
and presence of ALT associated PML (promyelocytic leukemia) bodies (APBs) 
(Yeager et al, 1999; Grobelny et al, 2000). APBs contain specific proteins, which are 
not present in other PML bodies, like the telomere binding proteins TRF1 and TRF2, 
the Rad50/Mre11/Nbs1 complex, RAD51, RAD52, WRN, BLM, and RPA (Yeager et 
al, 1999; Henson et al, 2002). Telomeric DNA has also been found in APBs, 
consistent with previous findings that ALT cells can have extrachromosomal telomeric 
DNA (Ogino et al, 1998; Tokutake et al, 1998; Yeager et al, 1999). 

The mechanism for maintenance of telomeres in ALT cells comprises 
recombination events involving telomeric sequences (Dunham et al, 2000). It has been 
proposed that the overhang of a telomere end can invade other telomeric DNA and 
anneal to the complementary sequence, which then acts as a template for DNA 
synthesis. Potential targets for the invading strand can be the proximal part of the same 
telomere via T-loop formation, telomeres of other chromosomes and, finally, linear or 
circular extrachromosomal telomeric DNA (Henson et al, 2002). So far, the steps in 
the ALT process are unknown but extrachromosomal telomeric DNA has been shown 
in ALT cells and there is evidence that telomerase negative yeast cells can use a 
rolling circle as template for telomere elongation (Natarajan and McEachern, 2002). 
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Repression of the ALT phenotype can be achieved by fusion of ALT cells with 
telomerase positive or negative cells (Perrem et al, 1999), but there are examples of 
the opposite where hybrids of ALT cells and telomerease positive cells repress 
telomerase activity (Katoh et al, 1998). When telomerase is expressed experimentally 
in ALT cells no uniform pattern is seen and the ALT phenotype can be either retained 
or lost (Cerone et al, 2001; Ford et al, 2001b; Grobelny et al, 2001; Perrem et al, 
2001).  

Hitherto, ALT has only been found in a few tumors or cell lines and not in 
normal human cells. Interestingly, in late generation knockout mice lacking the RNA 
component of telomerase (mTerc-/-), ALT-like cells have been shown among “normal” 
germinal center B cells (Herrera et al, 2000). In another study in mice, intriguing data 
concerning the difference between telomerase positive cells and ALT cells were 
recently presented. Cells from an ALT tumor from mTerc-/- Ink4a/Arf-/- mice were 
unable to generate lung metastases but reconstitution of mTerc in these cells led to 
capacity to form metastases (Chang et al, 2003). The reason why active telomerase 
was the limiting factor for the metastatic potential in these tumor cells is uncertain. 
Although ALT is sufficient for telomere maintenance in immortalized cell lines and 
tumors, there may be other functional differences between cells using telomerase or 
ALT.  

 
 

Telomeres, telomerase and tumors 
 

Telomere and telomerase seem to have dual roles in tumor growth and genetic 
stability (figure 5). The telomere length reduction in normal cells has been assumed to 
be tumor suppressive, limiting cell division and activating DNA damage checkpoints 
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which can induce apoptosis (Harley et al, 1990; Harley et al, 1992; Hackett and 
Greider, 2002). Telomere loss can, on the other hand, increase the genetic instability 
that promotes tumor formation (Counter et al, 1992; Blasco et al, 1997; Rudolph et al, 
1999). While chromosomal instability is thought to be an early stage in tumorogenesis 
(Shih et al, 2001), telomerase activation has been implicated as a later event 
(Chadeneau et al, 1995; Tang et al, 1998). Telomerase is present in almost 90% of all 
malignancies and a high level of telomerase activity has frequently been described as a 
negative prognostic marker (Kim et al, 1994; Shay and Bacchetti, 1997; Landberg et 
al, 1997; Roos et al, 1998; Hiyama and Hiyama, 2002). Telomerase facilitates 
immortality and tumor growth, perhaps partly by blocking apoptosis (Fu et al, 2000; 
Zhu et al, 2000; Oh et al, 2001; Luiten et al, 2003), but can also counteract 
chromosomal instability by healing the dysfunctional telomeres (Rudolph et al, 2001; 
Hackett and Greider, 2002). Telomerase can thus possibly prevent tumor development 
at an early stage by reducing the telomere erosion. 

In a recent study, telomere shortening was implicated as a predictive factor for 
overall survival, as high overall mortality was associated with short telomeres in 
peripheral blood cells from healthy individuals (Cawthon et al, 2003). Tumors often 
display shorter telomeres than normal tissue (de Lange et al, 1990; Hastie et al, 1990; 
Mehle et al, 1994) but only a few studies have found a link between survival and 
telomere length in malignant tumors. In chronic myeloid leukemia and 
myelodysplastic syndromes, short telomeres were associated with a worse prognosis, 
often through transformation to acute leukemia (Ohyashiki et al, 1994; Ohyashiki et 
al, 1999; Boultwood et al, 2000; Brümmendorf et al, 2000). In chronic lymphocytic 
leukemia (CLL), both short telomere length and high telomerase activity were 
associated with short survival (Bechter et al, 1998) and in a subgroup of myeloma 
cases, showing high telomerase activity levels combined with short telomeres, 
increased mortality was seen (Wu et al, 2003). 

 
 

Telomerase inhibition 
 

As mentioned above, telomerase activity is present in almost 90% of the 
malignant tumors in humans and restricted to a few types of normal cells (Kim et al, 
1994, Shay and Bacchetti, 1997). When telomerase activity was completely 
downregulated in permanent cell lines by a dominant negative hTERT mutant, the 
cells lost telomeres and finally died (Hahn et al, 1999b; Zhang et al, 1999). These 
features have made telomerase and the telomere structure attractive targets for cancer 
treatment and many strategies for treatment have been proposed (reviewed in Keith et 
al, 2002). The approaches for telomerase inhibition include interaction with transcrip-
tional control of hTERT and hTR, molecules interacting with hTR, hTERT mRNA, 
telomeres or telomerase, gene therapy directed at telomerase positive cells and 
immunotherapy (table 3). 

If telomerase inhibition becomes a therapeutic modality, a detailed analysis of 
telomerase activity, hTR and hTERT mRNA levels and telomere length of the tumor 
cells needs to be performed before treatment. Sufficient levels of telomerase activity  
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Table 3. Telomerase inhibition 
Approach Methods 
hTERT and hTR 
transcription 

Retinoids and anti-estrogen (e.g. tamoxifen) for 
downregulation of hTERT mRNA expression  
Potential inhibitors of different transcription factors  
(Aldous et al, 1999; Pendino et al, 2001; Keith et al, 2002) 

hTERT mRNA and hTR Modified oligonucleotides  
Specific hammerhead ribozymes  
(Corey, 2002; Keith et al, 2002) 

Telomerase Reverse transcriptase inhibitors 
Anti sense oligonucleotides directed at hTR  
Small molecules with specific inhibitory effects  
(Naasani et al, 1999; Damm et al, 2001; Corey, 2002; Keith et 
al, 2002) 

Telomere structure or 
telomere-telomerase 
interaction 

Molecules interacting with single or double stranded telomeric 
DNA 
(Keith et al, 2002) 

Gene therapy Viral transfection with the hTR or hTERT promoter coupled to 
DNA sequences for expression of toxic molecules, pro-drug 
converting substances, apoptotic mediators or enhancers of 
radiation therapy  
(Keith et al, 2002) 

Immunotherapy Cytotoxic T lymphocytes reacting against the hTERT molecule 
or fragments of it  
(Vonderheide, 2002) 

 
and/or expression of hTR and hTERT mRNA have to be shown and preferentially the 
telomeres should be short. Some of the therapeutic strategies, like gene therapy and 
immunotherapy, can have direct tumor cell killing effects but other therapies may need 
a lag time to inflict damage (Hahn et al, 1999b; Zhang et al, 1999; Keith et al, 2002). 
In the latter scenario, cells would have to divide a number of times to lose telomeres. 
Malignant cells often have short telomeres (de Lange et al, 1990; Hastie et al, 1990; 
Mehle et al, 1994) and would eventually reach crisis (M2). If the telomeres of the 
tumors are long, many divisions would be required to force the cells into M2 and other 
strategies may have to be applied for these malignancies. At crisis, increased genomic 
instability most probably will occur but as the cells no longer are telomerase positive 
and thus mortal, cell death will follow. Drug resistance can, unfortunately, not be ruled 
out and at crisis potential survivors with ALT phenotype can also emerge. Since a 
certain lag time is expected before the subsequent cell death, telomerase inhibitors 
could be applied after conventional treatment at remission or minimal residual disease 
(Keith et al, 2002). The remaining malignant cells could be targeted and forced into 
M2 before a potential tumor relapse. Most normal somatic cells are telomerase 
negative and would not be affected by treatment directed at telomerase. Still, there are 
telomerase positive normal cells like germ cells, stem cells, activated lymphocytes and 
proliferating cells in skin, hair follicles, endometrium and gastrointestinal tract, which 
would be potential targets for the therapeutic agents as well. The effects on stem cells 
could be minor, given their transient nature of telomerase expression in 
subpopulations, normal p53 and pRB checkpoints and relative long telomeres (Harley, 
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2002). Still, the consequences for normal tissue have to be taken into consideration 
before initiation of telomerase inhibition.  

 
 

Telomerase as a diagnostic marker 
 

As the frequency of telomerase positive tumors is high, telomerase analysis has 
been suggested as a diagnostic marker for malignancy (reviewed in Hiyama and 
Hiyama, 2002). Telomerase activity has been analyzed using the highly sensitive PCR-
based TRAP-assay in fine needle aspirations, biopsies, brush samples, secretions, urine 
samples and washings from a large number of tissues. The results have been 
encouraging with high detectable levels of telomerase activity in most diagnostic 
samples from malignancies. Still, there are some disturbing outcomes in some studies 
with high numbers of false negative samples, for instance in urine samples and 
cervical smears, where degradation or unspecific inhibition may cause the lack of 
telomerase activity (Jarboe et al, 2002; Müller, 2002). False positive results in normal 
samples also occur, possibly by contamination of telomerase positive basal epithelial 
cells, stem cells and activated lymphocytes. In the search for diagnostic tools, RT-PCR 
analysis of hTERT mRNA and hTR have also been used (Hiyama and Hiyama, 2002; 
Müller, 2002). The possible usefulness was demonstrated in urine samples but, like for 
the TRAP assay, false negatives have been found and false positive cases can be 
encountered. The reasons are presence of hTR in low levels in normal tissue, 
occurrence of hTERT splice variants lacking activity and, finally, the presence of 
normal telomerase positive cells. Antibodies against hTERT would enhance the 
diagnostic accuracy using e.g. immunohistochemistry or ELISA. The main limiting 
factor is, however, the fact that the hTERT mRNA and protein levels are very low 
even in tumor cells. Altogether, telomerase and its components are promising 
diagnostic markers with great potential, especially as a complement to the 
morphological methods. Most likely, telomerase based diagnostic tools will find their 
way into the clinical routine within a few years.  

 
 

Telomere length measurement 
 

Telomere length has traditionally been measured using Southern blotting 
(Allshire et al, 1989). Specific restriction enzymes cut the DNA in the subtelomeric 
regions and the DNA are hybridized to a telomeric probe, often labeled with a 
radioactive compound. Using densitometry, a peak and mean telomere length value of 
the telomere restriction fragments (TRF)s can be assessed for all cells, actually all 
chromosome ends, in the sample including a certain amount of subtelomeric DNA. 
The length of the subtelomeric DNA is estimated to be 2-4 kbp (de Lange, 1995) and 
is included in the estimated length. During the recent years, other DNA-based methods 
which rely on measurements of the relative amount of telomeric DNA in a sample 
have emerged (Bryant et al, 1997; Norwood and Dimitrov, 1998; Nakamura et al, 



 25

1999). So far, only a few publications using these methods exist but they could be of 
value as lower amounts of DNA are required than for ordinary Southern blotting.  

Fluorescence in situ hybridization (FISH) has been applied to visualize telomeres 
(Moyzis et al, 1988). This technique was eventually used with a quantitative approach 
to measure the fluorescence signal and estimate the telomere length (Henderson et al, 
1996; Lansdorp et al, 1996). The use of peptide nucleic acid (PNA) probes in 
quantitative fluorescence in situ hybridization (Q-FISH) lead to stable and 
reproducible results (Lansdorp et al, 1996; Zijlmans et al, 1997; Martens et al, 1998). 
PNA has an uncharged backbone of N-(2-amino ethyl) glycin units linked with peptide 
bonds instead of the charged ribose backbone of RNA and DNA. PNA is resistant to 
DNAse and RNAse and has been shown to hybridize with complementary 
oligonucleotide sequences with more stable duplexes than DNA-DNA, DNA-RNA 
and RNA-RNA (Nielsen et al, 1991; Egholm et al, 1993). With the Q-FISH method, 
the length of individual chromosomes can be measured in contrast to Southern 
blotting, where the profile of all chromosomes is analyzed. The Q-FISH evaluation is 
rather time consuming and an additional disadvantage is the requirement of metaphase 
spreads. At the initiation of the work with this thesis, an aim was the development of a 
quantitative FISH method, evaluated with flow cytometry. Flow cytometry is a rapid 
method for analysis of fluorescence levels in cells and allows studies of dividing as 
well as non-dividing cells. Immunophenotyping by flow cytometry is an established 
technique and the potential combination of FISH and antibody staining would lead to 
even wider applications including studies of cellular subpopulations. 

 
 

B lymphocytes and the germinal center reaction 
 

Lymphocytes are generated from stem cells in the bone marrow. During the early 
stages of B cell development, recombination of the immunoglobulin (Ig) genes occurs. 
These events are found in the Ig gene locus for the heavy chain (H) of the antibody 
and in the two loci for the light chains (L). In the IgH locus multiple variable (V), 
diversity (D) and joining (J) genes are rearranged at random (Tonegawa, 1983; Alt et 
al, 1984). As a consequence, the B lymphocytes have an enormous variation in their 
final Ig genes and every B cell has its own unique VDJ-rearrangement and antibody 
structure.  

Mature naïve B lymphocytes express both IgD and IgM antibodies with low 
affinity for foreign antigens on their surface. These B cells can be activated by 
antigens which induce two different categories of response, T cell dependent and T 
cell independent. The T cell independent activation of B cells results in creation of 
plasma cells producing low affinity IgM antibodies and no development of 
immunological memory (Tarlington et al, 1994; Melchers et al, 1995). Most antigens, 
however, require a T cell dependent response with interaction between antigen 
presenting cells and T helper cells, resulting in formation of germinal centers (Liu et 
al, 1991; MacLennan, 1994). The germinal center (GC) reaction is CD40/CD154-
interaction dependent and in the GC there is a polyclonal expansion of activated B 
lymphocytes. The GC formation can be seen in lymph nodes, tonsils, spleen and in 
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aggregates of lymphocytes in the gastrointestinal tract, skin, salivary glands etc and is 
surrounded by small B lymphocytes creating the mantle zone (figure 6). Initially, there 
is an expansion of pre-GC blasts of B cell type which eventually develop into 
centroblasts, proliferating in the dark zone of the GC (Liu et al, 1991; MacLennan, 
1994). The centroblasts mature into centrocytes and migrate into the light zone. During 
the GC reaction, somatic mutations occur at a relative high frequency in the Ig genes 
of the activated B cells and these mutations either increase or decrease the affinity of 
the antibody-antigen interaction (Jacob et al, 1991; Choi et al, 1997). The GC B cells 
have a life or death competition for the binding to follicular dendritic cells, which 
present antigens and deliver survival signals to binding B cells. Only the lymphocytes 
with the best antibodies on their surface will be rescued while the others are destined 
for apoptosis. (Mandel et al, 1980; Liu et al, 1989; Lindhout et al, 1993; MacLennan, 
1994; Arpin et al, 1995). In the germinal center isotype class switching also occurs 
toward expression of IgG, IgA or IgE antibodies. It is believed that centrocytes can 
recirculate and become centroblasts for additional rounds of affinity maturation (Han 
et al, 1995; Oprea and Perelson, 1997) but finally they leave the germinal center and 
develop into plasma cells and memory B lymphocytes (Liu et al, 1989; MacLennan, 
1994; Arpin et al, 1995). The memory cells can be quickly activated upon exposure to 
the same antigen in the future. The post-GC B cells have somatic mutations in their Ig 
genes and this feature can be used to distinguish pre- and post-GC B cells.  
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Chronic lymphocytic leukemia 
 

B cell chronic lymphocytic leukemia (CLL) is a chronic clonal lymphoprolifera-
tive neoplasm manifested by accumulation of monomorphic small, immunologically 
incompetent mature B lymphocytes. The cells generally have a low proliferation rate 
and prolonged cell survival (O’Brien et al, 1995; Foucar, 2001). The malignant cells 
are found in blood, bone marrow and lymphoid tissues. In some cases the neoplastic 
cells are only present in lymph nodes and then the term small lymphocytic lymphoma 
is used. CLL is the most common leukemia in adults with approximately 400 cases per 
year in Sweden. The majority of patients are more than 50 years old and the male to 
female ratio is 2:1. The CLL cells are typically expressing CD5, CD23, CD19 and low 
levels of monoclonal surface immunoglobulin (Matutes et al, 1994). The CLL cells 
were previously supposed to originate from naïve mature B lymphocytes of the mantle 
zone but recent studies of the Ig heavy-chain variable region (VH) gene have defined 
two subsets of CLL, comprising cases with somatically mutated and unmutated VH 
genes (Fais et al, 1998; Damle et al, 1999; Hamblin et al, 1999; Maloum et al, 2000). 
The mutated cases are considered to originate from post-GC B cells and the unmutated 
from pre-GC B cells. CLL patients with mutated VH genes have a better prognosis than 
cases with unmutated VH genes, indicating that CLL can be separated into at least two 
entities with different clinical outcome (Fais et al, 1998; Damle et al, 1999; Hamblin 
et al, 1999; Maloum et al, 2000; Thunberg et al, 2001).  
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AIMS OF STUDY 
 
 
 

The aims of the present study were: 
 

- To develop a method for telomere length analysis using fluorescence in situ 
hybridization and quantification by flow cytometry (flow-FISH). 

 
- To analyze the replication pattern of telomere sequences using flow-FISH. 

 
- To study telomere dynamics in normal B lymphocytes during the germinal 
center reaction. 

 
- To study the prognostic implication of telomere length in chronic lymphocytic 
leukemia and the potential correlation between telomere length and 
immunoglobulin VH gene mutation status.  
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MATERIALS AND METHODS 
 
 

Materials 
 

In paper I, 17 established hematopoietic cell lines and cell suspensions prepared 
from six benign tonsils, six normal bone marrows, five lymphomas, five leukemias 
and one sample diagnosed as myelodysplastic syndrome were studied. The cell lines 
were 1301 (T cell lymphoblastic leukemia), 1301-U1 (subline of 1301), 1301-U2 
(subline of 1301), CCRF-CEM (T cell lymphoblastic leukemia, parent line to 1301), 
Molt 4 (T cell lymphoblastic leukemia), Jurkat (T cell lymphoblastic leukemia), Raji 
(Burkitt´s lymphoma), Daudi (Burkitt´s lymphoma), CB-M1-Ral-Sto (B cell 
lymphoblastoid), U-937 (histiocytic lymphoma), BL-42 (Burkitt´s lymphoma), K562-4 
(erythroleukemia), DG-75 (lymphoma), M3 (B cell, malignant, not classified), U-266 
(myeloma), HDLM-2 (Hodgkin´s disease) and L428 (Hodgkin´s disease).  

In paper II, eleven established, hematopoietic cell lines, cell suspensions from 
five benign, hyperplastic tonsils and two normal bone marrow samples were analysed. 
The cell lines were 1301, CCRF-CEM, CB-M1-Ral-Sto, Molt 4, U266, K562-4, BL-
42, JM-1 (pre-B acute lymphoblastic leukemia), DG-75, U937 and M3. 

In paper III, the 1301 cell line and benign hyperplastic tonsils were analyzed.  
In paper IV, frozen cell pellets from 61 patients with CLL were studied. The 

tumor material (43 men and 18 women) was collected between 1981 and 1998 and 
represented bone marrow (29), peripheral blood (26), spleen (5) and lymph node (1).  

In paper V, 112 CLL samples frozen in DMSO were analyzed. The tumor 
material (74 men and 38 women) was collected between 1981 and 2001 and obtained 
from bone marrow (27), peripheral blood (54), lymph node (28) and spleen (3). In 
control experiments 19 benign and malignant samples from bone marrow (13), tonsil 
(4) and lymph node (2) were used. The 1301 cell line was included in all flow-FISH 
analyses.  

 
 

Separation of cells 
 

In paper II and III, subsets of lymphocytes were purified (Liu et al, 1989; 
Norrback et al, 1996; Dahlenborg et al, 1997). Briefly, the lymphocyte fraction was 
collected from minced tonsil tissue after Ficoll Isopaque density gradient 
centrifugation. After removal of T cells using neuraminidase-treated sheep red blood 
cells, the T cell depleted fraction was separated into high and low density B cells using 
a discontinuous Percoll gradient. The low-density fraction was collected and depleted 
of IgD and CD39 expressing cells using magnetic beads in order to obtain germinal 
center B cells. Germinal center B cells were defined as low density, CD39-, CD19+, 
IgD- and CD38high. The T cell fraction was obtained after lysis of the sheep 
erythrocytes. In paper III, centroblasts and centrocytes were obtained using cell sorting 
based on CD44 expression present on the centrocytes. Using the Annexin V kit (R & 
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D Systems Europe Ltd, Abingdon, UK) the apoptotic cells could be detected as 
annexin positive and propidium iodide negative using flow cytometry. 

 
 

Morphology and immunophenotyping 
 
In paper IV and V, classification was performed on sections, imprints and smears 

and by immunophenotyping using flow cytometry. The CLL cells expressed CD5, 
CD19, CD23 and weak expression of immunoglobulin according to the Royal 
Marsden scoring system (Matutes et al, 1994). For details see paper IV and V. 

 
 

Peptide nucleic acid probes 
 

All peptide nucleic acid (PNA) probes were synthesized by DAKO A/S 
(Glostrup, Denmark) and Boston Probes Inc (Bedford, MA). The telomeric PNA probe 
(C3TA2)3 was fluorescein labeled in paper I, II, III and V and Cy5 labeled in paper III. 
In paper II the following fluorescein labeled probes were used as well: the telomeric 
(T2AG3)2T2AG2 , a probe recognizing a unique repeat centromeric sequence found in 
all human chromosomes and the “pan-chromosomal” (CAC)6, (AC)7, (CT)7, (AC2)5, 
(ATA)5, (ACT)5, (CAT)5, (CGT)5, (A2C)5, (TCT)5, (C2T)5 and two types of Alu 
repeats.  

 
 

Fluorescence in situ hybridization (FISH) 
 
The procedure was partly based on previous Q-FISH protocols for metaphase 

spreads (Lansdorp et al, 1996; Ziljmans et al, 1997) and the method described below 
was used in paper I, II, III and V. For a detailed description, see paper I. The cells 
were washed and resuspended in in phosphate-buffered saline (PBS). After counting in 
Bürker chamber, the cells were mixed 1:1 with 1301 cells to a total of 2 x 106 cells. 
The cells were fixed and permeabilized (Fix & Perm, Caltag Laboratories, 
Burlingham, CA or Intrastain, DAKO A/S, Glostrup, Denmark). After PBS washes 
and counting, 5x105 cells were incubated in the hybridization mixture (70% 
formamide (Fluka BioChemika, Buchs, Switzerland), 1 % Blocking Reagent (Roche 
Molecular Biochemicals, Mannheim, Germany) and 4 nM PNA probe in 10 mM Tris 
pH 7.2). After 10 minutes in waterbath at 87° C, the tubes were placed in the dark at 
room temperature overnight. Thereafter the cells were washed twice in 70% 
formamide, 0.1% BSA (Sigma BioSciences, St. Louis, MO) and 0.1% Tween 20 
(Sigma Chemical CO, St. Louis, MO) in 10 mM Tris pH 7.2 and then in 1 ml 0.15 M 
NaCl, 0.1% BSA, 0.1% Tween 20 in 50 mM Tris pH 7.5. The cells were resuspended 
in 0.5 ml PBS and propidium iodide was added to the suspensions to a final 
concentration of 0.1 µg/ml. The tubes were kept in dark at +4° C for at least 30 
minutes until flow cytometric analysis. In paper I, 20-30 µl of the suspension was 
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taken before the propidium iodide step and used for cytocentrifugation onto glass 
slides and covered by Mounting Medium (Sigma Diagnostics, St. Louis, MO) 
containing 0.025 - 0.1 µg/ml propidium iodide and 2.5% DABCO (Sigma Chemical, 
CO). The cytospin preparations were analysed using a Sarastro 2000 CLSM confocal 
microscope (Molecular Dynamics, Sunnyvale, CA). 

In paper III, a method for simultaneous analysis of immunophenotype and 
telomere length was developed. After the hybridization and wash steps the cells were 
incubated with primary antibody directed at CD3, CD20, CD45RO or CD79a (all 
antibodies from DAKO A/S) followed by PBS washes and incubation with a FITC-
conjugated antimouse antibody (DAKO A/S). After additional wash steps the 
suspension was incubated in propidium iodide as described above.  

 
 

Flow cytometry 
 
The flow-FISH analyses in paper I, II, III and V were performed using a FACS 

Calibur flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA) 
with the FL1 channel for detection of fluorescein signal and the FL3 channel for 
propidium iodide. In combined flow-FISH and immunophenotyping (paper III) the 
dual-laser system was used with the FL1 channel for the FITC-antibody signal, the 
FL3 channel for propidium iodide and the FL4 channel for Cy5 signal. No 
compensation was set on the instrument. List mode data from 104 cells were collected 
in each experiment and analysed using the CELL-Quest software (Becton Dickinson). 
The DNA index was estimated separately for each individual sample after propidium 
iodide staining according to Vindeløv (Vindeløv et al, 1983) using chicken and trout 
erythrocytes as internal controls.  

 
 

Southern blotting 
 
Southern blotting and hybridization with telomereic DNA probe (TTAGGG)4 

were performed and mean and peak telomere restriction fragment (TRF) length was 
calculated in paper I, III, IV and V as previously described (Mehle et al, 1994) The 
lambda DNA/Eco1 Styl/Mlu1 Marker (MBI Fermentas Inc, Amherst, NY) and the 
DNA molecular weight marker X (Boehringer Mannheim Gmbh, Mannheim, 
Germany) 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.  

 
 

Telomerase activity measurements 
 

In paper III, telomerase activity was measured using the TRAPeze kit (Oncor, 
Gaithersburg, MD). Preparation of extracts was performed and a ribonuclease inhibitor 
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was added to the lysis buffer to protect against endogenous ribonuclease activity 
(Norrback et al, 1996 and 1998). The telomerase activity was analyzed according to 
the manufacturer’s protocol (Oncor) and the enzymatic activity was defined as the 
mean of two or more analyses at 500 cells per assay. Linearity was confirmed between 
62.5 and 2000 cells per assay for the cells used in the study.  

 
 

hTERT mRNA analysis 
 

In paper III and IV, hTERT mRNA levels were analyzed by real-time PCR using 
previously described primers (Ulaner et al, 1998). Total RNA was extracted using 
standard procedures and PCR products were separated by agarose gel electrophoresis 
and visualized by ethidiumbromid staining. The level of hTERT mRNA was 
quantified using the Light Cycler Telo TAGGG hTERT Quantification kit (Roche, 
Basel, Switzerland). The amount of hTERT mRNA was described as a ratio between 
the expression level of hTERT mRNA and the RNA of the housekeeping gene 
porphobilinogen deaminase according to the manufacturer’s protocol (Roche).  

 
 

PCR-amplification and analysis of VH, D and JH sequences 
 
High molecular weight DNA was prepared and VH gene family specific PCR 

amplification was performed in paper IV and V using six VH and one JH primer (Li et 
al, 1999). Monoclonal PCR products were distinguished from polyclonal by single 
strand conformation polymorphism analysis using polyacrylamid gel or GenePhor 
electrophoresis (Amersham Pharmacia Biotech, Uppsala, Sweden) and the clonal PCR 
products were sequenced directly with the BigDye Terminator Cycle Sequencing 
Reaction kit (Perkin-Elmer, ABI, Fostercity, CA). VH, D and JH sequences were 
aligned to IgH sequences from the BLAST database (National Center for 
Biotechnology Information, USA), the V-BASE database (MRC, Centre for Protein 
Engineering, Hills Road, Cambridge, UK) and the Immunogenetics database 
(http://imgt.cines.fr:8104, initiator and coordinator: Marie-Paule Lefranc, Montpellier, 
France) and analyzed. A VH gene sequence deviating more than 2% from the 
corresponding germline gene was defined as mutated (Matsuda et al, 1993). 

 
 

Statistical analyses 
 
Nonparametric correlation was calculated according to Spearman rank 

correlation. Pearson Chi-square and independent samples t-test was used when 
comparing different groups. Kaplan-Meier survival curves and the log rank test were 
performed to study prognostic significance.  
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RESULTS AND DISCUSSION 
 
 
Since the first observations of telomere shortening in aging cells and the 

requirement of telomere maintenance for an immortal cell phenotype, telomere length 
measurements have been of interest (Harley et al, 1990; Bodnar et al, 1998; Vaziri and 
Benchimol, 1998) The mechanisms controlling telomere length have so far been 
elusive, although a number of telomere binding proteins have been shown to have 
influence on telomere length. In most cases the telomere erosion in malignant cells is 
counteracted by telomerase but no obvious correlation between telomere length and 
telomerase activity levels exists. Telomerase has been suggested as an attractive target 
for cancer treatment as malignant cells almost exclusively express the enzyme. In that 
context telomere length measurements will be of great importance as the telomere 
length of the tumor cells most likely would affect the outcome of telomerase 
inhibition. 

Telomere length assessment is traditionally performed by Southern blotting and 
densitometry, giving a mean and peak telomere restriction fragment (TRF) for the total 
cell population studied. The method is reliable but one disadvantage is contribution of 
2-4 kbp of subtelomeric DNA in the TRF (de Lange, 1995). Telomere length of 
individual chromosomes can be measured using quantitative FISH (Q-FISH) on 
metaphase spreads with image analysis (Lansdorp et al, 1996). This evaluation is, 
unfortunately, rather time consuming and only actively growing cells can be analyzed 
as metaphase spreads are required. Flow cytometry is an established method for rapid 
measurements of fluorescence signals of individual cells and has been applied in FISH 
studies (Trask et al, 1985; van Dekken et al, 1990; Kwak et al, 1994; Arkesteijn et al, 
1995). We used this approach for telomere analysis with FISH of cells in suspension 
and quantification by flow cytometry, called Q-FISHFCM or flow-FISH (paper I).  

 
 

Flow-FISH (Paper I) 
 
A key feature of our flow-FISH protocol is the use of an internal standard, the 

1301 cell line, which has very long telomeres and is near tetraploid. The 1301 cells 
serve as a length standard and are mixed with the cells to be analyzed prior to fixation 
and hybridization to compensate for potential day to day or tube to tube variation. In 
our initial hybridizations we used the telomeric PNA probe (CCCTAA)3 concentration 
of 55nM (0.3 µg/ml) as described in previous studies on metaphase spreads (Lansdorp 
et al, 1996; Zijlmans et al, 1997). Bright fluorescence signal was observed in the 
microscope but after extensive testing of different PNA probe concentrations the 
optimal resolution between test cells and 1301 was achieved at 2-6 nM. At higher 
concentrations the fluorescence was brighter but due to accompanying background 
fluorescence the signal ratio was impaired. The number of cells was also important but 
at the probe concentration of 4 nM optimal and reproducible results were obtained 
using between 2.5 and 7.5 x 105 cells in the hybridization solution. In all future 
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experiments, 4 nM of probe and 5 x 105 cells was used. To get the correct probe signal 
value, the autofluorescence of each cell population, detected in parallel runs with no 
probe added, was subtracted from the fluorescence signal with the PNA probe. No 
difference in fluorescence signal was observed between the autofluorescence and the 
signal from hybridizations with an unspecific PNA probe. Furthermore, a 
compensation for ploidy had to be made as the number of chromosomes and thus 
telomere ends, is strongly correlated to DNA index calculated from DNA histograms 
(Mandahl et al, 1993; Rapi et al, 1996). The DNA index was estimated separately for 
each cell sample. The definition of telomere fluorescence signal, the so called flow-
FISH or Q-FISHFCM value, is described in figure 7. 
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Figure 7. (A) Flow-FISH analysis of a lymphocyte sample (test) with the 1301 cell 
line (1301) as internal control. The contour plot (left) shows telomere probe fluores-
cence vs. DNA content and in the histograms (right) the effects of G0/G1 gating are 
displayed. (B) The flow-FISH value is an arbitrary value for the telomere length of 
the test sample derived from the ratio between the signal intensity in G0/G1 gates 
from the test sample and the 1301 cell line (internal control) after compensation for 
autofluorescence and DNA index. 
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Figure 7. (A) Flow-FISH analysis of a lymphocyte sample (test) with the 1301 cell 
line (1301) as internal control. The contour plot (left) shows telomere probe fluores-
cence vs. DNA content and in the histograms (right) the effects of G0/G1 gating are 
displayed. (B) The flow-FISH value is an arbitrary value for the telomere length of 
the test sample derived from the ratio between the signal intensity in G0/G1 gates 
from the test sample and the 1301 cell line (internal control) after compensation for 
autofluorescence and DNA index. 
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During the experimental procedures, single cells were maintained in solution 
with <50% loss of cells and no selective change of cell composition was observed 
when comparing DNA histograms obtained before and after the FISH. The use of a 
PNA probe and the inclusion of an internal standard were of outmost importance for 
the accuracy of the flow-FISH analysis of telomere length, as pointed out in later 
evaluations of different protocols for telomere length analysis (Lauzon et al, 2000; 
Saldanha et al, 2003). During our initial experiments, DNA probes were used with 
poor results but the hybridizations with the PNA probe were very consistent. The use 
of an internal standard was essential for optimizing the conditions of the experimental 
procedures and a key feature for the stable and reproducible results. The tetraploid 
1301 cell line with very long telomeres is a suitable internal standard as it is easy to 
discriminate from other cells in the flow cytometer.  

The flow-FISH values of 10 cell lines and 10 patient samples, benign and 
malignant, were compared with results obtained by Southern blotting using the same 
samples. A high correlation (r2=0.51, p=0.002) was found using Spearman rank 
correlation. By extrapolating the regression line, the flow-FISH value of 0 
corresponded to 3.2 kbp in Southern blotting, representing the mean subtelomeric 
DNA length. In paper V, an even better correlation (r2=0.84, p<0.001) was found when 
flow-FISH and Southern blotting of 19 benign and malignant patient samples were 
analyzed with 3.0 kbp as the estimated mean subtelomeric DNA. The higher 
association in the second analysis could be caused by the fact that no cell lines were 
included. As cell lines can acquire various chromosomal abnormalities over time, they 
could possibly impair the correlation analyses. The subtelomeric value of 3-3.2 kbp is 
in good agreement with previous estimations of subtelomeric DNA using Southern 
blotting after Bal31 digestion (de Lange, 1995). Non-telomeric (TTAGGG)n sequences 
have been described and with flow-FISH potential intrachromosomal telomeric repeats 
will be included in the signal (Meyne et al,1990; Wells et al, 1990; Weber et al, 1991; 
Azzalin et al, 1997). Yet, these repeats have been found to be few and short using the 
sensitive Q-FISH method with a PNA probe (Martens et al, 1998). These data and the 
good correlation with Southern blotting support the idea that intrachromosomal 
telomere sequences are of less significance for the total hybridization signal detected 
by flow cytometry. The reliability of the method is also emphasized by results 
obtained from another, rather similar flow-FISH protocol (Rufer et al, 1998). 

Since the development of flow-FISH, other methods for telomere length 
measurements have been presented. Primed in situ labeling (PRINS) has been applied 
for telomere length assessment on metaphase spreads (Krejci and Koch, 1998) and 
telomere length analysis with PNA-FISH on interphase nuclei using image analysis 
has been described (De Pauw et al, 1998). Lately, a Q-FISH method adapted for 
formalin-fixed paraffin-embedded tissue using PNA probes was presented (Meeker et 
al, 2002; O’Sullivan et al, 2002). As large amounts of formalin-fixed paraffin-
embedded archival material exist, this method creates promising opportunities for 
future telomere research. A recently described protocol based on real-time PCR for 
quantification of telomeric repeats could also be of value as low amounts of DNA is 
required for analysis (Cawthon, 2002). 
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Replication of telomeres and other repetitive sequences (Paper II) 
 
A significant feature of the flow-FISH method is the simultaneous measurement 

of DNA content and telomere signal, allowing studies of cell populations in different 
phases of the cell cycle. The cells analyzed do not have to be dividing and telomere 
length can thus be measured with the same convenience in both proliferating and non-
proliferating cells. This aspect of the method also opens the possibility to study the 
replication patterns of telomeric DNA and other repetitive sequences without 
interfering with progress of the normal cell cycle. Heterochromatic DNA is generally 
considered to replicate late in S phase and in yeast (Saccharomycis cerevisiae) the 
replication timing of telomeres follows this pattern (McCarrol and Fangman, 1988). 
Studies from a limited number of human cell lines using various techniques have 
shown that the telomeres can be replicated throughout the S phase (Drouin et al, 1990; 
Ten Hagen et al, 1990; Wright et al, 1999). In paper I and II, the flow-FISH method 
was used for analysis of replication timing of telomeres, centromeres and other 
repetitive sequences. The PNA probe fluorescence and the signal from the propidium 
iodide in G0/G1 cells were defined as 1. The sequence studied was denoted as early 
replicating if the relative PNA probe fluorescence in approximately mid S phase was 
>10% stronger than the relative signal from the bulk DNA in the same gate. Late 
replicating sequences showed >10% weaker relative PNA fluorescence compared with 
the bulk DNA signal.  

Synthesis of TTAGGG repeats, representing the leading strand DNA synthesis of 
the telomeres, was analyzed with the (CCCTAA)3 PNA probe. Of 18 samples tested, 9 
were defined as early replicating and 9 followed the pattern of the bulk DNA in S 
phase. Studies of the synthesis of the complementary strand, that is the lagging strand 
DNA replication, was followed with the (TTAGGG)2TTAGG probe. Although some 
cases were early replicating, most cells showed the same pattern as ordinary DNA and 
one case was even late replicating. The results are in accordance with previous studies 
and clearly show that telomeres in humans differ from yeast in the timing of telomere 
replication. The reason for this characteristic is unclear. Early replication is a feature 
of housekeeping and tissue specific genes (Goldman et al, 1984; Hatton et al, 1988) 
and was not predicted for telomeres, normally considered as at least partly 
heterochromatic and lacking genes. One explanation could be that although the 
telomeres do not have any genetic activity, they have an important role in the 
biological system since a number of different proteins with various functions are 
associated with the telomeric DNA. The normal function of the telomere and these 
proteins might require an earlier replication in human cells than in yeast. An 
alternative explanation is that replication of telomeres in humans is a random event by 
firing of nearby localized origins of replication. This is, however, less likely as 
telomeres have been shown to have a position effect delaying replication and 
suppressing gene expression (Ofir et al, 1999, Smith et al, 1999; Baur et al, 2001), 
similar to what has been described in yeast (Ferguson and Fangman, 1992; Stevenson 
and Gottschling, 1999).  

In many cells, the synthesis of the (CCCTAA)n sequences was somewhat later 
than for the (TTAGGG)n repeats. These results are enigmatic. The (TTAGGG)n DNA 
represent the leading strand synthesis and (CCCTAA)n the lagging strand replication. 
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It is possible that the lagging strand synthesis might be slightly delayed in the 
telomeres by some unknown mechanism. A speculative hypothesis is that the single 
stranded (TTAGGG) DNA loop present at the replication fork for the lagging strand 
attracts not only replication protein A (Waga and Stillman, 1998) but also telomere 
binding proteins such as Pot1 and hnRNPs. These proteins might impair the lagging 
strand synthesis, which could explain the results obtained.  

Analysis of the centromeric sequence consistently showed a pattern where DNA 
sequence was replicated late in S phase which is in accordance with previous studies 
of human cells (Ten Hagen et al, 1990). Conversely, yeast (S. cerevisiae) centromeric 
sequences have been reported to replicate early in S phase (McCarrol and Fangman, 
1988). In contrast to yeast, which has point centromeres, human chromosomes have 
regional centromeres (Pluta et al, 1995) and this might explain the opposite patterns 
observed. Finally, with the (CAC)6 probe most cell types followed the replication of 
bulk DNA, a pattern also seen when the 1301 cell line was analyzed with 12 other 
PNA probes of dimeric, trimeric and Alu repeats. 

With flow-FISH, the intercellular variation in probe fluorescence could be 
determined. Studies of CV (coefficient of variation) for different cell types in G0/G1 
with various probes showed the lowest intercellular variation for the centromeric 
sequence. The (GTG)n repeats and both the telomeric sequences had higher variation 
and the cell to cell fluorescence signal was accordingly less homogenous. It is known 
that telomere length can vary considerably between different cells in the same 
population and between different chromosomes of the same cell (Martens et al, 1998) 
and the instability of satellite DNA, such as (GTG)n, have also been documented (Orth 
et al, 1994). Furthermore, in flow-FISH analyses with the centromeric and (CAC)6 
probes using the 1301 cell line as internal standard, the number of (GTG)n repeats in 
different cell types showed larger variation than the centromeric DNA sequence. The 
more homogeneous pattern for the centromeric repeats could be a consequence of the 
important role for the centromere in chromosome handling during the cell cycle, which 
would require a more strict control of the DNA replication.  

 
 

Telomere dynamics in the normal germinal center reaction (Paper III) 
 
Most somatic cells lack telomerase activity and lose telomere repeats as they 

divide. The only normal cell type with stable telomere length is germ cells, 
constitutively expressing telomerase and keeping a stable telomere balance over 
generations. Some cells, such as stem cells, activated lymphocytes and epithelial cells 
in gastrointestinal tract and skin, have higher proliferative demand and these cells have 
also been shown to be telomerase positive. Nevertheless, they lose telomeres over 
time, although not as fast as for telomerase negative cells, and the enzymatic activity is 
thus not sufficient to completely counteract the telomere erosion. In paper III, telomere 
dynamics were studied in subpopulations of lymphocytes purified from normal 
hyperplastic tonsils. Among resting naïve B cells, activated naïve B cells and memory 
B cells no or very low telomerase activity was observed. In contrast, the cells of the 
germinal center, centroblasts and centrocytes, had high levels of enzymatic activity. 
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Expression of mRNA of the catalytic subunit, hTERT, followed the telomerase levels, 
supporting the view that hTERT is a rate limiting factor of the telomerase 
ribonucleoprotein complex. The telomere length was increased during the B 
lymphocyte expansion in the germinal center. The TRF of the centroblasts was in 
average 2.9 kbp longer than for the naïve B cells when analyzed with Southern 
blotting. The centrocyte population was even longer with a mean increase of 0.7 kbp 
compared to the centroblasts. The same pattern was observed when tonsil 
subpopulations were analyzed with flow-FISH. The telomeres of the GC cells were 
significantly longer compared to resting B cells and the T cells.  

The flow-FISH technique was further developed for simultaneous analysis of 
telomere length and immunophenotype. Using the (CCCTAA)3 PNA probe labeled 
with Cy5 instead of fluorescein, the telomere signal could be analyzed in the FL4 
channel of the dual laser flow cytometer. The flow-FISH values of cells analyzed in 
FL4 with the Cy5 labeled probe was identical to the values obtained with the standard 
fluorescein labeled probe in FL1 (data not shown). Antibodies were added after the 
post-hybridization washes and were detected with FITC labeled secondary antibodies. 
The FITC signal was then analyzed in the FL1 channel. A large number of antibodies 
were tested and some of them, including the B lymphocyte markers CD20 and CD79a 
and T cell markers CD3 and CD45RO, were shown to work. Analysis of unpurified 
tonsil samples with this combined flow-FISH and immunophenotyping showed 
stronger telomere signal among the B cells than T cells, verifying the data obtained 
from immunopurified lymphocyte populations. These results also emphasized the 
usefulness of the flow-FISH method for telomere analysis of human cells. With 
simultaneous analysis of immunophenotype and telomere length, subpopulations of 
cells within a sample can be analyzed, increasing the application of flow-FISH even 
further (Batliwalla et al, 2001; Plunkett et al, 2001; Schmid et al, 2002).  

The increase of telomerase activity seen among the GC cells is in line with 
results previously obtained from studies of this type of cells (Norrback et al, 1996; Hu 
et al, 1997; Weng et al, 1997). Telomerase activity has been coupled to cell cycle 
progression in both B and T lymphocytes (Buchkovich and Greider, 1996; Igarashi 
and Sakaguchi, 1997) and the activity is most probably generated among the 
proliferating blast population. The reason for the increased activity found in the 
centrocyte population compared to centroblasts is uncertain. Telomerase have a long 
half-life (Holt et al, 1996) and the enzyme could be accumulated in the centroblasts 
which eventually maturate into centrocytes. Still, it can not be ruled out that the 
expression of telomerase is higher within the centrocyte population.  

The tonsil cells with higher telomerase activity had longer telomeres as shown by 
Southern blotting, flow-FISH and combined immunophenotyping and flow-FISH. In a 
previous study, the same type of telomere length pattern was found in the germinal 
center reaction (Weng et al, 1997). The telomere length changes could, theoretically, 
be the result of selection of naïve B cells with long telomeres in the GC reaction. 
However, as the proliferation in the germinal center is antigen driven, it is unlikely that 
all activated B lymphocytes should have long telomeres. A potential selection caused 
by critical telomere shortening is improbable as the tonsils came from young 
individuals and all had long telomeres. The TRF profiles of the naïve B cells and the 
GC cells were only partly overlapping and for that reason it seems unlikely that the 
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longer telomeres in the GC cells are a consequence of selection. ALT has been 
described in germinal centers in late generation mice lacking the RNA component of 
telomerase (Herrera et al, 2000). Still, ALT driven telomere lengthening among the 
tonsil cells seem less probable as the TRF profiles were not as heterogeneous as the 
ones found in ALT cells and a gradual increase of telomere length was found. The 
most plausible explanation for the telomere elongation observed is the telomerase 
activity, which also was shown among the cells with longer telomeres. 

The germinal center reaction is the only normal cellular reaction in vivo where a 
telomere elongation has been observed. The reason for lengthening and not just mere 
stable preservation of telomere length is unknown. One explanation could be that 
memory cells need a buffer of telomere length for further cell divisions. Support for 
the importance of telomere length maintenance for the immunological response has 
been presented in studies of mice lacking the RNA component of telomerase. In these 
mice an impaired GC reaction has been found (Herrera et al, 2000). Due to the age 
related decrease of telomere length in humans, older individuals could be at risk of 
reaching critical telomere shortening during the GC reaction. Patients suffering from 
syndromes with increased rates of telomere erosion, such as Mb Down and 
dyskeratosis congenita (DKC), could also face this problem (Vaziri et al 1993; 
Mitchell et al, 1999b; Vulliamy et al, 2001a and 2001b). Elderly and patients with Mb 
Down exhibit immunosenescence with impaired antibody maturation (Ben-Yehuda et 
al, 1992; Ugazio et al, 1990) and telomere shortening could offer a mechanistic 
explanation for these observations. Recently, results in support of this view were 
presented. Telomere length measurements of blood cells in individuals aged 60 years 
or older were performed and those with short telomeres had a more than eight-fold 
higher mortality rate from infectious diseases than the persons with long telomeres 
(Cawthon et al, 2003). 

 
 

Telomeres and VH genes in chronic lymphocytic leukemia (Paper IV and V) 
 
The germinal center reaction is, as described, the process where affinity 

maturation of the antibodies occurs. This process is based on activation of a somatic 
hypermutation mechanism which selectively acts on the immunoglobulin variable-
region genes in the centroblasts and on selection of high-affinity centrocytes by the 
follicular dendritic cells (Liu et al, 1989; Jacob et al, 1991; MacLennan, 1994; Choi, 
1997). In parallel to this process of somatically mutating the immunoglobulin gene, 
telomerase is upregulated and, despite a large number of cell divisions, a substantial 
telomere elongation occurs (paper III). Chronic lymphocytic leukemia (CLL) was 
originally assumed to originate from naïve B cells from the mantle zone. However, 
recent studies of the immunoglobulin heavy chain variable-region genes (VH) have 
defined two subsets of the disease, comprising of cases with somatically mutated or 
unmutated VH genes (Fais et al, 1998; Damle et al, 1999; Hamblin et al, 1999; 
Maloum et al, 2000; Thunberg et al, 2001). The unmutated cases have VH genes with 
>98% homology to germline genes and are considered to originate from pre-GC B 
lymphocytes while the mutated, with <98% homology to germline genes, are 
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presumed to be derived from post-GC B cells. CLL cases with somatically mutated VH 
genes (post-GC CLL) have a more favorable prognosis than CLL with unmutated VH 
genes (pre-GC CLL) (Fais et al, 1998; Damle et al, 1999; Hamblin et al, 1999; 
Maloum et al, 2000; Thunberg et al, 2001). The telomere status has also been reported 
to be of prognostic significance in CLL, as short median survival was associated with 
short telomeres (<6kbp) and high telomerase activity and vice versa (Bechter et al, 
1998). These results indicate that there might be a link between the VH gene mutation 
status and the telomere length in CLL, in parallel to the data obtained from the normal 
germinal center reaction.  

In samples from CLL patients, VH gene mutation status was analyzed and 
telomere length measured using Southern blotting (61 cases, paper IV) and flow-FISH 
(112 cases, paper V). A total of 34 (paper IV) respectively 47 (paper V) cases 
demonstrated unmutated VH genes and 27 (paper IV) respectively 51 (paper V) cases 
somatically mutated VH genes. Most interestingly, a significant association was found 
between telomere length and VH gene mutation status using Spearman rank correlation 
(r = -0.68, p<0.001, paper VI, and r = -0.302, p = 0.004, paper V). The average 
telomere length was almost 2 kbp longer in the CLL cases with mutated IgVH genes 
than in unmutated cases. The difference was even larger, approximately 4 kbp, when 
comparing CLL with no somatic mutations (100% as germline) and CLL with high 
mutation rate (<94% as germline) (paper IV). Nevertheless, this correlation between 
mutation status and telomere length was only found in the patients >69.5 years 
(=median age in paper V) (r = -0.467, p = 0.001) but not for patients <69.5 years (r = 
-0.233, p = 0.148) (paper V). Another quite surprising outcome was that the 
correlation between telomere length and mutation status was restricted to the male 
patients (r = -0.440, p = 0.001) and not observed in the female cohort (r = 0.003, p = 
0.990) (paper V). The sample site also seemed to be of relevance as the association 
between long telomeres and high frequency of VH mutations was found in blood and 
bone marrow material (r = -0.394 and -0.640, respectively, p = 0.01 for both) but not 
in specimens from lymph nodes (r = -0.008, p = 0.969) (paper V). No significant 
difference existed in number of mutated and unmutated cases depending on sample 
site but when the mutated cases were divided into two groups at 95% sequence 
homology (the median frequency of homology to germline for the mutated group) 
significantly fewer lymph node cases were found in the group with lower sequence 
homology than bone marrow and blood samples (p = 0.003). No significant differences 
in telomere length, gender or age were found concerning sample site.  

Survival curves were plotted according to Kaplan-Meier and in paper IV and V a 
significantly better overall survival (p<0.001 in both papers) was found in the group 
with mutated VH genes (median survival 138 and 120 months, respectively) compared 
to the unmutated group (median survival 55 and 50 months, respectively). These 
results support earlier studies showing the prognostic significance of VH gene mutation 
status (Fais et al, 1998; Damle et al, 1999; Hamblin et al, 1999; Maloum et al, 2000; 
Thunberg et al, 2001). The age factor was investigated and for patients below <69.5 
years mutation status was found to be a significant prognostic marker (p<0.001), but 
only close to significant for patients >69.5 years (p = 0.088) (paper V). No gender 
related difference was observed for the predictive value of VH mutation status. The 
female CLL cohort had better survival (median age 63.5 years, overall survival 103 
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months) than the male counterpart (median age 70.7 years, overall survival 68 months) 
but the difference was not significant (p = 0.08) (paper V). When analyzing VH genes 
in CLL from different sample sites, a significantly better survival was found for the 
mutated cases from bone marrow and blood (p = 0.003 and p = 0.001, respectively), a 
pattern not seen in lymph node samples (p = 0.35) (paper V). This observation was 
unexpected, as mutation status has been regarded as a uniform prognostic marker in 
CLL. It can not be ruled out that CLL cells engaging lymph nodes in some unknown 
aspects could differ from CLL in blood and bone marrow. More detailed analysis of 
various genetic and clinical parameters has to be done to fully evaluate the 
significance of the obtained data.  

Regarding telomere length, the CLL cases in paper IV were divided with a cut 
off at the median peak TRF value (4.57 kbp). A significant difference in overall 
survival was found (p=0.002) where the group with longer telomere had a mean 
survival of 159 months and those with shorter telomeres 59 months. No statistical 
difference could be found in paper V, where the CLL cases above the median flow-
FISH value had 92 months overall survival compared to 61 months for those below  
(p = 0.25). However, in the male cohort better survival was seen for cases with long 
telomeres (p = 0.03), but quite surprisingly this pattern was not observed among the 
female patients (p = 0.89). These results and the fact that VH gene mutation status was 
correlated to telomere length for men but not for women implicated that a difference 
related to gender exists (paper V). The male patients were, as mentioned above, older 
but the age difference could not fully explain the results. No bias regarding sample site 
distribution or VH gene usage was found in the male and female CLL groups. The 
divergent outcome for telomere length as prognostic factor for overall survival in 
paper IV and V is strange. The different number of lymph node samples analyzed, one 
(paper IV) and 28 (paper V), could be an explanation, as no association existed 
between mutation status and telomere length in lymphoid tissue. Still, for this group 
VH gene mutation status lacked prognostic information, indicating an even more 
complex picture (paper V). 

In 19 cases, hTERT mRNA levels could be analyzed, showing higher levels 
among the CLL cases with longer telomeres than in the group with shorter telomeres 
(paper IV), in line with telomerase data presented in an earlier study (Bechter et al, 
1998). The results suggested that the difference in telomere length between the two 
groups was unrelated to hTERT mRNA levels and thus most likely telomerase 
activity. Instead, the telomere length status seemed to reflect the stage of development 
for the B lymphocyte at the moment of transformation into a CLL cell (paper IV). 

CLL has been proposed to consist of two groups where the cells are of either pre- 
or post-GC origin, as determined by their VH gene mutation status, and with different 
survival rates (Fais et al, 1998; Damle et al, 1999; Hamblin et al, 1999; Maloum et al, 
2000; Thunberg et al, 2001). Telomere status has also been implicated as a marker for 
survival as CLL cases with long telomeres associated with lower mortality (Bechter et 
al., 1998). The suggested pre- and post GC background for the clonal cells in CLL 
could indicate that the telomere length patterns observed for the disease are reflections 
of the telomere dynamics occurring in the normal germinal center (Hu et al, 1997; 
Weng et al, 1997; paper III). The observed correlation between telomere length and 
VH gene mutations supported this hypothesis (paper IV and V). A gender related 
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discrepancy was however seen, as this pattern was not found among the female CLL 
patients. Although the women had a significantly better survival in cases with mutated 
VH genes, supporting the described GC-related origin in CLL, their telomere status 
was deviating from the one expected. No obvious explanation for these results exists 
and it appears as if additional factors are involved. Gender, age and spread of disease 
could be of importance and more extensive biological and clinical analyses have to be 
done to investigate these matters. 
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CONCLUSIONS AND SUMMARY 
 
 
The method developed for fluorescence in situ hybridization combined with flow 

cytometry (flow-FISH) was found to be convenient and reliable for telomere length 
analysis. The technique allowed studies of cells in different phases of the cell cycle, 
also facilitating investigations of the replication patterns of different repetitive DNA 
sequences. Using combined immunolabeling with antibodies and flow-FISH, the 
telomere length could be analyzed simultaneously in subpopulations of cells. 

 
Using flow-FISH, the replication of human telomeric repeats was showed to 

precede or be parallel to the synthesis of the bulk DNA which is in contrast to the 
pattern previously observed in yeast. Centromeric sequences were found to replicate 
late in S phase. 

 
During the normal germinal center reaction, telomerase was upregulated and a 

significant increase of telomere length was seen as shown by Southern blotting and 
flow-FISH. In parallel to the antigen driven somatic hypermutation of immunoglobulin 
genes occurring in the germinal center, the B lymphocytes were given a buffer of 
telomeres for an extended life span possibly of importance for the future 
immunological memory.  

 
In chronic lymphocytic leukemia, a new association was found between VH 

mutation status and telomere length, although this pattern was not seen for female 
patients, cases with lymph node samples and the youngest individuals. Cases with 
mutated VH genes (post-GC CLL) had better overall survival than CLL with 
unmutated VH genes (pre-GC CLL) in samples from blood and bone marrow but not in 
lymph nodes. CLL cases with long telomeres had a more favourable prognosis than the 
ones with short telomeres, at least for men. Hence, VH mutation status and telomere 
length were of importance for the outcome in CLL but differences in gender, age and 
spread of disease indicate a more complex picture to be elucidated in future studies.  

 



 44

EPILOGUE 
 

 
In just more than a decade the knowledge of telomeres and telomerase has 

increased tremendously. Telomerase, telomeres and telomere binding proteins are 
essential for chromosomal stability, replicative senescence and immortalization. The 
nearly exclusive presence of telomerase in tumor cells has identified the enzyme as an 
interesting potential target for cancer treatment. So far we have only understood small 
fragments of the telomere associated biological system and many of the basic 
questions concerning the telomere dynamics remain unsolved. More than 120 years 
have past since August Weismann held his lecture “The duration of life” in 1881 
(Weismann, 1889) but to a large extent I can agree with his concluding remarks as he 
noted “we come at last – as in all provinces of human research – upon problems which 
appear to us to be, at least for the present, insoluble. In fact it is the quest after 
perfected truth, not its possession, that falls to our lot, that gladdens us, fills up the 
measure of our life, nay!, hallows it”.  
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