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Introduction 

Cancer is one of the most common causes of death in the western world and 
results in much suffering and is of large economical cost to society. In Swe-
den, the cancer incidence is around 50 000 per year and roughly 500 of these 
cases are attributed to chronic lymphocytic leukemia (CLL), thereby making 
it the most common form of leukemia.1,2 Although regarded as a single dis-
order, CLL is a clinically heterogeneous disease. Some patients have an 
asymptomatic disease, commonly do not require treatment and can live for 
many years with the disease and eventually die of unrelated causes. Other 
patients quickly develop an aggressive disease, require treatment, often de-
velop resistance to treatment and die within a few years. The reasons for 
these clinically heterogeneous courses are not fully known. There is however 
a number of clinical and molecular markers known to associate with progno-
sis which can be applied to discriminate between patients with diverse out-
come. In this thesis, I have focused on the use of prognostic markers in CLL 
and more specifically, my aim has been to analyze ribonucleic acid (RNA)-
based prognostic markers and their strength and applicability in prognostica-
tion in CLL, particularly in relation to already established markers. In the 
introduction of this thesis I will first outline the clinical features and etiology 
of CLL. I will then focus on why prognostic markers are important and de-
scribe some clinical prognostic markers in CLL. Furthermore, I will discuss 
on how novel prognostic markers can be discovered, and delineate some 
newly suggested markers in CLL, including the RNA-based markers. Finally 
I will describe how prognostic strength can be analyzed and discuss the re-
quirements for a marker to be of clinical use. 

Chronic lymphocytic leukemia 
CLL is characterized by monoclonal accumulation of neoplastic B-cells in 
the blood, bone marrow, spleen and lymph nodes. The disease is often in-
itially relatively indolent however symptoms like tiredness, weight loss, 
fevers, night sweats, anemia and enlarged lymphoid organs do occur as the 
disease progress. CLL is more commonly found by chance when, following 
a routine blood test, a high white blood cell count is detected. Diagnosis is 
set both morphologically from blood smears and by the presence of more 
than 5 billion lymphocytes per liter blood.3 In addition, patients are screened 
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for B-cells with an immunophenotype typical of CLL (i.e. positive for CD5, 
CD19 and CD23, and low levels of surface immunoglobulin and CD20).4 
The disease predominately affects elderly with a median age at diagnosis of 
70 years and is twice as common in males as females.2,4  

Disease progression and treatment 
Physicians monitoring CLL patients usually have a “watch and wait” ap-
proach and treatment decisions are taken upon disease progression. Studies 
have demonstrated that asymptomatic early-stage disease patients do not 
benefit from treatment unless they have evidence of disease progression.5 
Patient with intermediate stage disease are observed for progressive disease 
by monitoring symptoms, such as anemia and/or thrombocytopenia, enlarged 
spleen and/or lymph nodes, progressive increase of lymphocytes and devel-
opment of disease-related symptoms as described above.3 As the disease 
progresses, patients may develop immunodeficient symptoms and autoim-
munity. CLL patients often suffer from severe infections which is also one of 
the most common disease-related causes of death.6 
 
The alkylating agent chlorambucil has for many years been commonly em-
ployed as a treatment option in CLL and is still of use today. It is particularly 
applied in elderly, unfit patients, but has a low complete remission rate and 
is primarily given to reduce disease related symptoms.2,7,8 Treatment with the 
purine analog fludarabine has better overall response rates (60%) compared 
to alkylating agents, however no improvements in survival of patients has 
been demonstrated.8,9 When fludarabine is combined with cyclophosphamide 
an increase in response rate has been found (overall response rate of 94% )10 
and today this combination is regarded as the standard treatment of CLL. 
Rituximab is a monoclonal antibody against CD20 and has, when combined 
with fludarabine and cyclophosphamide, been demonstrated to improve pro-
gression free survival (PFS) and overall survival (OS)11  when used as first 
line treatment in CLL. Alemtuzumab, which is directed against CD52, is one 
of the few drugs that can be used in patients with TP53 aberrations4,12 and 
should be considered in patients who are not eligible for allogeneic stem cell 
transplantation2.  
 
CLL is regarded as an incurable disease and all patients will eventually re-
lapse after conventional treatment.13 As patients are treated, subclones carry-
ing genetic alterations which confer a resistance to therapy-induced apopto-
sis can be selected for and increase in size, thereby enhancing the risk of the 
patient to develop treatment resistance. For younger and/or more fit patients 
with poor-risk CLL who develop treatment resistance, allogeneic stem cell 
transplantation can be used in order to eliminate the CLL clone.14 This is the 
only potential curative treatment in CLL. However, due to rather serious 
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risks for transplantation-related morality this alternative should only be con-
sidered for patients with a very aggressive disease.  

The CLL cell 
Normal B-cells are effectors of the adaptive immune response and can pro-
vide humoral immunity against extracellular pathogens through antibody 
production.15 B-cells harbor B-cell receptors (BCR) to which antigens bind 
and thereby activate the cell. To elucidate the origin of the CLL cell, one 
first has to understand normal B-cell development, maturation (Figure 1) and 
the rearrangement of the immunoglobulin (IG) genes. 

The B-cell receptor 
The BCR consists of the membrane bound IG molecule and a signal trans-
mitting unit comprising the two co-receptors CD79A and CD79B. The IG 
molecule is build up by two heavy chains (HC) and two light chains (LC). 
Each HC and LC comprises a variable (V) and a constant (C) domain, where 
the V domain takes part in antigen-binding whereas the C region specifies 
the isotype of the IG. The genes that built up the V domain of the HC and 
LC rearrange during B-cell maturation and generate the first step of the great 
diversity and antibody specificity that the BCR is capable of.16 The V region 
of the HC is formed by the immunoglobulin heavy variable (IGHV), diversi-
ty (IGHD) and joining (IGHJ) genes and there are around 38-46 functional 
IGHV genes, 23 IGHD genes and 6 IGHJ genes clustered in the IGH locus. 
In turn, the V domain of the LC is built up by V and J genes and these genes 
rearrange at the IG kappa (IGK) or IG lambda (IGL) locus.17  
 
Rearrangement of the genes occurs through site specific deoxyribonucleic 
acid (DNA) recombination. First the IGHD and IGHJ genes recombine fol-
lowed by rearrangement of the IGHV gene to the IGHD-J segment.18,19 Rear-
rangement of the LC genes starts at the IGK locus and, if no functional rear-
rangements are formed, is followed by recombination at the IGL locus.20 
These rearrangements function through presence of recombination signaling 
sequences, flanking the IG genes, and expression of the recombination-
activating genes RAG1 and RAG2.21,22 The regions in the V domain that inte-
ract directly with the antigen are called the complementarity determining 
regions (CDRs), of which the heavy CDR3 (HCDR3), located at the junction 
of the IGHV, IGHD and IGHJ genes, is the most hypervariable.16 

Normal B-cell maturation  
B-cell differentiation takes place in bone marrow where lymphoid precursor 
cells differentiate through interactions with bone marrow stromal cells to 
precursor B-cells (pre-B-cells).23 During the maturation of pre-B-cells, gene 
rearrangement of the IGH locus occurs whereby the HC associates with a 
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surrogate LC, composed of the VpreB and 5 proteins, forming a temporary 
pre-BCR (Figure 1).24 Upon differentiation to an immature B-cell, the LC 
genes rearrange and along with the HC, are expressed as surface IgM.23 

Figure 1. Normal B-cell differentiation and maturation. B-cells differentiate in 
bone marrow where they acquire a unique IG molecule, part of the BCR. When 
encountering an antigen, the activated B-cell can either undergo T-cell independent 
maturation or T-cell dependent maturation, which takes place in germinal centers. 
Both marginal zone B-cells and follicular B-cells can go through somatic hypermu-
tation, although it is still uncertain by which pathway this occurs in marginal zone 
B-cells. 

The naïve B-cell then migrates to peripheral lymphoid organs where it can 
become activated through association with an antigen for which its BCR has 
affinity. The antigens can be either major histocompatibility complex 
(MHC) restricted protein antigens, which require T-cell help for activation of 
the B-cell, or non-protein antigens such as polysaccharides and glycoprote-
ins, for which the B-cell activation is T-cell independent.15 Marginal zone B-
cells reside in spleen, and are capable of rapid activation and differentiation 
upon encounter of MHC-independent antigens.15 The T-cell dependent sti-
mulation takes place in germinal centers in lymph nodes where the follicular 
B-cells, upon T-cell mediated activation, undergo proliferation and a process 
called somatic hypermutation. In this process, antibody affinity is increased 
through incorporation of mutations in the V domain of the IG further in-

Somatic hypermutation not obligatory
No isotype class switch
Proliferation

With or without V gene mutations With V gene mutations

Somatic hypermutation obligatory
Isotype class switch
Proliferation
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creasing the diversity and specificity of the IG.25-27 Here, the B-cell can also 
undergo class switch recombination of its C domain, thereby changing from 
IgM to IgG, IgE or IgA. Class-switch recombination does not occur in mar-
ginal zone B-cells and these cells can proliferate with or without somatic 
hypermutations.28 However, due to the low levels of mutation evident in the 
IG genes of marginal zone B-cells, there is uncertainty whether these cells 
are of germinal center origin or not, as studies imply that somatic hypermu-
tations can occur outside the germinal center.29,30 Both types of maturation 
step result in the formation of plasma cells that produce large amounts of 
antibodies, and memory B-cells, long-living cells which reside in circulation 
and are activated upon a re-encounter of the antigen.28 

The CLL cell and its origin 
CLL patients harbor monoclonal B-cells expressing the surface markers 
CD5, CD19, CD23, and low levels of CD20 and surface IgM or IgD with 
restricted expression of either kappa or lambda light chains.31 Morphologi-
cally, CLL cells resemble small, mature lymphocytes, with a narrow border 
of cytoplasm and a dense nucleus with partly aggregated chromatin.3 The 
accumulation of neoplastic B-cells in CLL is probably a result of a combina-
tion of halted apoptosis, cell cycle arrest and continuous proliferation. In line 
with this, expression of genes in the BCL2 family have been demonstrated to 
be skewed towards an anti-apoptotic state in CLL32 and an up-regulation of 
p27klp1, contributing to cell cycle arrest, has been detected in CLL patients33. 
In vivo studies using heavy water incorporation in newly produced DNA 
have revealed a proliferation rate of 0.1–1.75% of the CLL clone per day, 
suggesting that up to 1012 new CLL cells are produced each day.34 
 
The normal counterpart of the CLL cell is still not known. Over 50% of CLL 
patients have IGHV genes with the presence of somatic hypermutations.35,36 
These patients often have an indolent disease while the remaining display 
unmutated IGHV genes and have poor clinical outcome. The dissimilarities 
in IGHV mutational status implied two entities of the disease, suggesting 
derivation from different B-cell compartments. Tentatively, the CLL cells 
with unmutated IGHV genes would be of pre-germinal center origin whereas 
cells with somatic hypermutations would originate from post-germinal cen-
ter cells which always go through somatic hypermutation (Figure 1). How-
ever, the gene expression profile and immunophenotype of both subgroups 
of CLL cells with unmutated and mutated IGHV genes was shown to more 
resemble antigen-experienced memory B-cells.37,38 Thus, both CLL with 
IGHV mutated and unmutated genes are currently believed to originate from 
antigen-experienced B-cells. In the maturation of marginal zone B-cells 
(Figure 1), somatic hypermutation is not obligatory, although it can occur 
and these cells also remain as candidates for the normal counterpart of CLL 
cells.39  
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Pathogenesis of CLL 
The cause of the formation of the malignant B-cell clones in CLL patients is 
not fully elucidated. However, large genome-wide association studies, in 
vitro experiments of cell to cell interactions and careful analysis of IG se-
quences from CLL cells have revealed insights into the pathogenesis of the 
disease. In addition, the occurrence of small B-cell clones in healthy individ-
uals is suggested as a possible pre-malignant state of CLL.  

Genetic pre-disposition 
Although recurrent genomic aberrations occur in 80% of CLL cases40, no 
single genomic aberration or mutation has been found in all patients. How-
ever, results of epidemiological and genome-wide association studies impli-
cate genetic factors in the development of CLL. CLL is more common in the 
western world, with a dramatically decreased incidence in the Asian popula-
tion.41 Environmental factors might influence this skewed geographical pat-
tern, but it has been demonstrated that Asians adapting a western lifestyle 
also have a lower incidence of CLL.4 Relatives to CLL patients have a seven 
times increased risk of developing the disease.42 In recent genome-wide as-
sociation studies, 10 single nucleotide polymorphisms (SNPs) were identi-
fied and associated with increased risk of CLL.43-45 These regions may con-
tain genes of interest in CLL pathogenesis and need further characterization.  

Microenvironment 
CLL cells cultured in vitro undergo spontaneous apoptosis, thus indicating 
that other factors present in blood and lymphoid organs are necessary to 
support the survival of leukemic cells.46 The microenvironment that pro-
motes the survival of CLL cells is currently believed to consist of stromal 
cells/accessory cells, T-cells and soluble factors. Experimentally it has been 
demonstrated that co-culturing CLL cells with stromal cells prolongs the 
survival of the CLL cells.46,47 Similarly, in vitro survival is increased by co-
culturing CLL cells with T-cells.48 Interactions between T-cells and CLL 
cells can be found in structures known as proliferation centers in which, 
most likely, division of CLL cells takes place.49,50 In addition, CLL cells can 
produce soluble factors, chemokines, to attract growth-supporting cells and 
thereby increase their survival and proliferation.51  

Antigen stimulation  
Recently, the theory of antigen involvement in CLL pathogenesis has gained 
large support. As previously described, CLL cells are thought to be derived 
from antigen-experienced cells.37,38 In addition, the analysis of the BCRs in 
CLL patients has further strengthened this theory. The processes of IG gene 
rearrangement and affinity maturation of the IG molecule yield a large num-
ber of possible permutations. Despite this, CLL patients have been found to 
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overuse certain IG genes (e.g. IGHV1-69 and IGHV4-34) and multiple sub-
sets of patients have been found to harbor very similar HCDR3s.52-55 Patients 
with 60% or more similarity in their HCDR3 amino acid sequences were 
defined as belonging to “stereotyped” subsets.56 Today, up to 30% of all 
CLL cases are known to be assigned to one of over 100 known stereotyped 
subsets.57,58 This restricted BCR repertoire in CLL strongly supports in-
volvement of specific antigen activation of B-cells in CLL development. 
Notably, CLL cases belonging to different subsets also harbor distinctive 
prognoses. For example subset #4 patients carrying IGHV4-34 are signifi-
cantly younger than the typical CLL patient and display an indolent dis-
ease.57 In comparison, subset #2 patients with IGHV3-21 usage have an ag-
gressive clinical course.57,59 
 
Which are then the antigens that activate the precursor CLL cells and possi-
bly take part in selection and expansion of the malignant clone? Recent stu-
dies have revealed CLL BCRs to be autoreactive in that they target cytoske-
letal proteins, such as MYHIIA, vimentin, filamin B and cofilin-1, as well as 
oxidized low density lipoprotein (oxLDL).60,61 All of these antigens also 
appear to be exposed on the surface of apoptotic cells. In addition, CLL anti-
bodies have been found to react with conserved bacterial antigens.61 Hence, 
these recent findings imply that the CLL precursor cell may arise from B-
cells with a scavenger function recognizing both apoptotic debris and bac-
terial structures.39 

Monoclonal B-cell lymphocytosis 
Monoclonal B-cell lymphocytosis (MBL) has a prevalence of roughly 5% in 
people aged 60 years or older.62 The criteria for CLL-type MBL diagnosis 
are the presence of a stable monoclonal B-cell population in the blood with 
more than 25% of B-cells expressing low levels of surface IG, and a CLL-
specific immunophenotype, but with less than five billion B-cells per liter 
blood and no clinical manifestations such as enlarged lymphoid organs.63 In 
a prospective study from a large cohort of healthy subjects, 45 were subse-
quently diagnosed with CLL.64 All except one of these patients were demon-
strated to have B-cell clones up to six years ahead of diagnosis suggesting 
that MBL precedes the development of CLL. However, only 1% of MBL 
cases per year develop CLL.62 Hopefully, future studies of MBL may pro-
vide greater insight into CLL development. 
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Prognostic markers in CLL 
Why do we need prognostic markers in CLL? 
The heterogeneous clinical course of CLL, with some cases displaying indo-
lent disease while others suffer rapid disease progression, has lead to the 
search for markers which, at an early stage, can discriminate between these 
patients. The majority of CLL patients are diagnosed with low stage disease 
but it has been reported that half of them will eventually need treatment and 
one third will die of CLL related causes.5 However, as previously mentioned, 
early treatment of asymptomatic patients does not prolong the survival of 
patients.5 Ongoing randomized trials are investigating whether early treat-
ment is beneficial for early stage patients who display poor-risk markers.4,13  

 
By applying prognostic markers, individual patient risk assessment can be 
evaluated and be informative for both physicians and patients. Certain prog-
nostic markers are desirable in pretreatment evaluation of patients and al-
ways recommended upon enrollment in clinical trials.3 Recent prospective 
studies have demonstrated the significance of poor risk prognostic marker in 
predicting risk of progression after treatment, and thus validated the use of 
prognostic markers to inform physicians and patients of outcome.11,65 The 
practice of a watch and wait approach by physicians in CLL can cause pa-
tients to feel abandoned and result in unnecessary anxiety. In line with this, 
CLL patients have been demonstrated to have lower emotional well-being 
than the general population66 and over half of CLL patients have been re-
ported to think about their diagnosis daily67. Informing patients by calculat-
ing their individual risk using prognostic markers may increase understand-
ing between the physicians and patients and decrease the anxiety of the pa-
tient.68  

The use of prognostic markers to subgroup CLL patients and characterize 
patient material is also highly beneficial in research. In addition, the biologi-
cal function of markers is of interest as they often are found to be of impor-
tance for the pathogenesis of CLL, e.g. expression of oncogenes or involve-
ment in BCR signaling. Subsequently, discovery of prognostic markers can 
also yield new treatment targets. 

Clinical markers 
Staging systems in CLL – Rai and Binet 
In the 70’s, two independent staging systems were developed to provide 
prognostic information and aid treatment decisions for physicians working 
with CLL.69-71 Both of these systems are based on the overall tumor burden 
and symptoms of the patient and can be easily assessed by physical examina-
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tion and a blood cell count. The Rai staging system initially consisted of 5 
stages (0-IV) and Binet of 3 (A, B and C) (Table 1). The Rai staging system 
is now modified to three stages, low risk disease (stage 0), intermediate risk 
disease (stage I or II) and high risk disease (stage III and IV).3 These staging 
systems are still in use today and are determined at diagnosis and at follow-
up to observe disease progression.  

Table 1. Rai and Binet staging systems 

 Clinical characteristics3,72 Median survival 
(months)72 

Rai stage 

0 Lymphocytosisa >150 

I Lymphocytosisa and lymphadenopathyb 101 

II Lymphocytosisa and splenomegalyc or hepa-
tomegalyd 

71 

III Lymphocytosisa and anemiae 19 

IV Lymphocytosisa and thrombocytopeniaf 19 

Binet stage g 

A Hb 100 g/L. Platelets 100x109 /L. In-
volvement of <3 nodal sites.

Not reached 

B Hb  10 g/L. Platelets 100x109 /L. Involve-
ment of 3 nodal sites. 

84 

C Hb < 10 g/L. Platelets < 100x109 /L. Irrespec-
tively of enlargement of lymph nodes, spleen 
or liver. 

24 

aLymphocyte count in blood >15x109/L. 
Enlargement of blymph nodes, cspleen and dliver. 
eHb < 110 g/L.  
fPlatelets <100x109/L.  
gStages based on number of involved areas as defined by the presence of enlarged lymph 
nodes (>1cm in diameter) or organomegaly. Areas of involvement are head and neck includ-
ing the Waldeyer ring, axillae, groins including superficial femorals, palpable spleen and 
palpable liver. 
 
Although being strong factors in prognostication, the staging systems have 
their limitations. The majority of CLL patients are diagnosed with low stage 
disease (Rai 0 and Binet A) but around half of them will nevertheless devel-
op a more aggressive disease.5,73 These patients cannot be identified at an 
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early point using clinical staging. Furthermore, the prognosis is also depen-
dent on other patient characteristics, such as age, co-morbidity and response 
to treatment.72,74  

Lymphocyte doubling time 
Lymphocyte doubling time (LDT) is defined as the number of months it 
takes the absolute lymphocyte count to double. Monitoring LDT in CLL 
patients can reveal prognostic information as patients with an LDT of twelve 
or less months have significantly worse survival.75,76 The disadvantage with 
the use of LDT as a prognostic marker is that it is a retrospective measure-
ment and that time needs to pass before the LDT analysis can be performed.  

Serum markers 
In the 80’s and 90’s, expression levels of proteins present in the serum from 
CLL patients were found to be associated to disease progression and aggres-
sive disease. Levels of these markers can be assessed by sandwich immu-
noassays or radioassays and are reflections of the bulk of the disease and its 
cellular activity. For example, the expression levels of soluble fractions of 
the membrane protein CD23 have been found to predict OS and increased 
levels at follow-up correlates to progressive disease.77,78 Thymidine kinase 
(TK) is implied in DNA synthesis, and thus its activity is of importance in 
dividing cells. A longitudinal study of serum samples from CLL patients 
showed that transition to progressive disease was paralleled by increased TK 
levels.79 Serum TK levels have also been demonstrated to predict PFS in 
indolent CLL patients80 and to correlate with the IGHV mutational status81,82. 
Beta-2-microglobulin (B2M) is a component of the MHC class I molecule. 
Serum levels of B2M have been shown to predict PFS.83 Recently, B2M 
serum levels were demonstrated in a prospective trial as an independent 
marker of PFS and OS.65 

Novel markers 
In the last decade, many new putative molecular markers have been discov-
ered to be predictive of clinical outcome in CLL. These can be categorized 
in three groups, genetic markers, flow cytometry-based markers and RNA-
based markers. I will here outline some of the methods applied to discover 
novel markers followed by examples of each group. Some of these novel 
markers are already regarded as established prognostic markers in CLL, such 
as recurrent genomic aberrations and IGHV mutational status.  

How to find novel prognostic markers? 
Several different technologies have been applied in order to find novel mole-
cular markers in CLL prognostication. At the DNA level SNP genotyping 
has identified loci of potential prognostic significance in CLL84, although 
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many of these have not been validated in independent materials. Further-
more, SNP arrays, BAC arrays and oligonucleotide arrays have been applied 
to analyze the genomes of CLL patients for novel genomic aberrations and 
genomic complexity.85-89  
  
Gene expression arrays have been used to compare CLL patients with good 
and poor prognosis through subgrouping based on, for example; IGHV mu-
tational status37,90,91, IGHV3-21 usage92 or  CD38 expression93. Many of the 
differently expressed genes identified in these studies have been further ana-
lyzed in larger independent patient materials both at RNA and protein level. 
Furthermore, differences in protein levels of prognostic subgroups can be 
assessed using protein arrays or tissue microarrays. Recently, the use of me-
thylation arrays has revealed genes which display differential degrees of 
methylation among different prognostic subgroups in CLL.94,95 Also, surface 
antigen-expression profiling of CLL cells has identified markers of prognos-
tic relevance.96 
 
The next generation sequencing which uses massively parallel sequencing 
platforms to perform targeted, whole genome or whole transcriptome se-
quencing, can generate large amounts of genomic data. Applying these tech-
nologies to cancer genomes will not only be informative for the pathogenesis 
of the cancer and discovery of treatment targets but may also result in the 
finding of novel prognostic and predictive markers.  

Genetic markers 
Genomic aberrations 
With the development of fluorescence in situ hybridization (FISH) it became 
possible to more accurately detect genomic aberrations in CLL, compared to 
conventional chromosome banding.97 In a study by Döhner et al using FISH, 
the presence of recurrent genomic aberrations was investigated in CLL and 
five categories were suggested upon statistical analyses of survival. Their 
clinical assignment is done according to a hierarchical order, as follows; 
del(13q), no detected recurrent genomic aberrations, trisomy 12, del(11q) 
and del(17p) (Table 2).40 These recurrent genomic aberrations have been 
shown to occur in roughly 80% of CLL cases. 
 
The most common genomic aberration is deletion of 13q14 which is present 
in around half of all CLL patients. As a sole aberration, del(13q) is asso-
ciated with good prognosis, superior to patients with no detected recurrent 
genomic aberrations.40 There is however evidence pointing to dissimilar 
clinical outcome in del(13q) patients based on the percentage of cells carry-
ing the aberration.98,99 Two genes encoding microRNAs (miRNAs), miR-15a 
and -16, which are located in the minimally deleted region, have been sug-
gested as candidate genes.100 These miRNAs were also demonstrated to re-
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duce the protein levels of the anti-apoptotic gene BCL2101, however other 
studies have demonstrated that the downregulation of these miRNAs were 
not paralleled by any significant changes in BCL2 protein expression102,103.  
 
Trisomy 12 is regarded as a marker of intermediate prognosis40, although 
there has been data reporting a similar OS for patients with trisomy 12 and 
del(11q)104. The minimally gained region has been limited to 12q13-q15 but 
potential candidate genes are still not known.72,105  
 
Deletion of 11q is the second most common genomic aberration and is corre-
lated to poor clinical outcome.40,106,107 The minimal consensus deletion con-
tains the tumor suppressor gene ataxia telangiectasia mutated (ATM) which 
is involved in cell cycle control and DNA repair through phosphorylation of, 
amongst others, p53.108 ATM is a large gene and consists of 62 coding exons 
(Ensembl database, http://www.ensembl.org/Homo_sapiens/Info/Index). 
CLL patients with deleted ATM have been demonstrated to, in some cases, 
harbor a mutated ATM on the second allele.109 Mutated ATM has furthermore 
been shown to independently predict clinical outcome in CLL and to be as-
sociated to refractoriness to DNA damaging chemotherapy.110  
 
Deletion of 17p is associated with particularly poor survival, probably due to 
the location of the tumor suppressor gene TP53 within the deleted re-
gion.40,111,112 This deletion is frequently accompanied by a mutated TP53 on 
the second allele.113,114 Patients carrying del(17p) are commonly resistant to 
chemotherapy such as alkylating agents and fludarabine which are dependent 
on functional p53.10,111 Therefore, this aberration is regarded as one of few 
predictive markers available in CLL and screening is desirable before initia-
tion of treatment.2,3 

 
In addition to the recurrent aberrations included in the CLL FISH panel, 
there are a few rare aberrations occurring in CLL. One of them is del(6q), an 
aberration suggested to be associated with intermediate prognosis and re-
garded as a progression marker.115,116 There are also reports of aberrations 
involving the long arm of chromosome 14, commonly harboring transloca-
tions involving the IGH locus.117,118 
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Table 2. Cytogenetics in CLL, prognosis and functionality  

Genetic aberration Frequency 
in CLL4 

Median OS 
(months)40  

Median TTT 
(months)40 

Candidate gene 
and its function 

del(13)(q14) 55% 133 92 miR-15a and -16 
– regulate 
BCL2?101 

No detected recur-
rent aberration 

18% 111 49 NA 

Trisomy 12 16% 114 33 Unknown 

del(11)(q22-23) 18% 79 13 ATM – cell cycle 
control and 
DNA repair108 

del(17)(p13) 7 % 32 9 TP53 – master-
regulator of 
apoptosis and 
genomic stabili-
ty119 

OS = overall survival TTT = time to treatment NA = not applicable 
 
In array-based evaluation of genomic aberrations in CLL, new recurrent 
alterations have been discovered such as gain of chromosome 2p.85,86,88,104 In 
a study by Gunnarsson et al using high-density SNP arrays, 90% of CLL 
cases were shown to carry copy number aberrations (CNAs) of which the 
majority carried 1-3 CNAs.104 The number and size of CNAs in CLL patients 
has been demonstrated to be associated with clinical outcome.86,104  
  
Clonal evolution of genomic aberrations occurs in CLL, both by gains of 
new aberrations and changes in the clone sizes that carry specific aberra-
tions. This seems to be more common in more aggressive CLL, i.e. patients 
with unmutated IGHV genes and in need of treatment.120  

IGHV mutational status and IGHV3-21 usage 
A decade ago, two independent studies demonstrated that the somatic 
hypermutation status of the IGHV genes was significantly associated with 
prognosis in CLL.35,36 Since then, the IGHV mutational status is commonly 
used to divide CLL into two distinct prognostic subgroups, with long surviv-
al of patients with mutated IGHV genes and a more aggressive clinical 
course of patients with unmutated IGHV genes.112,121,122 The IGHV muta-
tional status has been demonstrated as one of the strongest and most robust 
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markers in CLL prognostication.65,112,121 For cases with unmutated IGHV 
genes, a cut-off of 98% identity to the corresponding germline IGHV gene 
has been applied to rule out any polymerase errors or potential polymorphic 
variant sequences, however cases with 97-98% should be considered as bor-
derline mutated and interpreted with caution.123,124  

 
Interestingly, an exception to the differential clinical outcome of patients 
with IGHV mutated or unmutated genes was reported in 2002. Tobin et al. 
demonstrated that patients displaying mutated IGHV3-21 genes had poor 
survival compared to patients with unmutated IGHV genes.125 Studies of 
larger cohorts of CLL patients have there after confirmed that cases with 
IGHV3-21 usage displayed poor outcome irrespectively of their IGHV muta-
tional status.126,127 In addition, a high proportion of IGHV3-21 cases carried a 
similar or stereotyped HCDR3 (9 amino acid long), frequently in combina-
tion with a restricted light chain usage of the IGLV3-21 gene.126,127 In a large 
study of 90 IGHV3-21 cases from different countries, of which the majority 
were from Sweden and Germany, no differences in survival were seen be-
tween mutated vs. unmutated IGHV3-21 cases or cases with stereotyped vs. 
non-stereotyped HCDR3s.127 These results were confirmed by an Italian and 
an American report including 37 and 63 IGHV3-21 cases, respectively.128,129 
This is however in contrast to three Mediterranean studies in which mainly 
the cases with stereotyped HCDR3s were associated with progressive CLL 
(16 and 32 cases)57,59 and shorter time to treatment (TTT) (29 cases)130. 

Mutation screening of the TP53 gene 
TP53 was recognized early on in cancer as a tumor suppressor gene and it 
has become apparent that inactivation of this master regulator of apoptosis is 
very common in many cancer types. TP53 acts as a tumor suppressor gene 
through regulation of apoptosis, cell cycle arrest and DNA damage control. 
The p53 protein is a homotetramer, thereby consisting of four identical sub-
units. Presence of one mutated allele is therefore theoretically enough to 
render the protein to lacking in some or all of its activity in 15/16 proteins 
formed.119 

 
In CLL, mutations in TP53 occur in over 80% of patients carrying 
del(17p).113,114 The frequency of patients with TP53 mutations in absence of 
del(17p) varies between reports, probably due to differences in cohort selec-
tion. Mutated TP53 in the absence of del(17p) has also  been demonstrated 
to predict clinical outcome and chemorefractoriness in CLL.113,114,131-133 
 
Increase in the clone size carrying TP53 mutations and/or del(17p) has been 
seen upon treatment indicating that genetic characterization of TP53 in addi-
tion to screening for genomic aberrations should be performed before CLL 
patients are treated.113,132 In addition, the occurrence of novel TP53 muta-



 25

tions has been detected upon treatment.133 In newly diagnosed patients, the 
prevalence of TP53 mutations has been found to be low, suggesting that 
TP53 mutations arise during disease progression.134 

Analysis of telomere length 
The linearity of human chromosomes renders them sensitive to degradation 
and end-to-end fusions. To overcome this threat, the end structures of chro-
mosomes are composed of telomeres, TTAGGG repeats, extended for 9-15 
kilobase-pairs. At each cell division, 100-200 base-pairs of the telemetric 
sequence are lost due to the failure of the lagging-strand synthesis to fully 
replicate the parental strain and the requirement of a G-overhang. In stem 
cells and germ cells, a telomerase complex is present which can add newly 
synthesized repeats.135 In somatic cells this complex is not active and thus 
these cells can only undergo a defined number of divisions before they are 
sent into replicative arrest or cell death.136 Cancer cells commonly overcome 
this by re-activating telomerase and thereby avoiding cell senescence.137 
Shortening of telomeres in combination with dysfunctional DNA damage 
response in cancer cells renders the chromosomes more sensitive to end-to-
end fusions and thereby increases genomic instability.138 Normal germinal 
center B-cells have an active telomerase complex, probably to maintain their 
replicative lifespan.139 
 
Telomere length analysis of samples from CLL patients has been performed 
using Southern blot, flow-FISH and real-time quantitative PCR (RQ-PCR). 
Telomeres in CLL cells have been found to be shorter than those of normal 
B-cells.140 In addition, shorter telomeres have been associated with poor 
clinical outcome and cases displaying unmutated IGHV genes and poor ge-
nomic aberrations.140-144 Telomere length was also demonstrated as an inde-
pendent predictor of survival in CLL.145 In agreement with the poor clinical 
outcome of patients with IGHV3-21 usage, these patients displayed shorter 
telomeres than cases with mutated IGHV genes.143 In IGHV mutated and 
unmutated patients, telomeres became shortened over time in CLL cells, but 
at a similar rate.140 As the shortening rate is similar in prognostic subgroups 
of CLL, the shorter telomeres in poor risk groups could be a result of in-
creased proliferation in these patients. High resolution mapping of telomeres 
using single telomere length analysis (STELA) has revealed that telomere 
erosion and dysfunction in CLL cells could possibly drive genomic instabili-
ty in CLL.146  

Single nucleotide polymorphism 
The presence of single SNPs has been suggested for CLL prognostication, 
such as the GNAS1 T393C147, BCL2-938C>A148 and MDM2-309T>G149 po-
lymorphisms. However, the majority of these studies have not been con-
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firmed when analyzed in other independent patient cohorts (e.g. GNAS1 
T393C150, BCL2-938C>A 151,152 and MDM2-309T>G153,154). 

Flow cytometry-based markers 
CD38 
CD38 functions both as a cell surface enzyme, involved in regulation of 
Ca++ levels in the cell, and as a receptor which, upon binding of CD31, in-
duces activation and differentiation signals.155,156 CD38 expression is in-
duced in activated naïve B-cells, highly expressed in GC B-cells but com-
pletely absent in memory B-cells. Marginal zone B-cells are predominately 
CD38 negative.157 CLL patients have been demonstrated to contain fractions 
of both CD38 positive and CD38 negative cells, among which the CD38 
positive cells have higher levels of proliferation.158 
  
CD38 protein levels were initially demonstrated by Damle et al to have a 
high concordance to the IGHV mutational status, with high percentage of 
positive cells in unmutated cases and low in mutated.35 Flow cytometry 
analysis of the surface bound CD38 was suggested to replace the more time 
consuming IGHV mutation analysis and thereby function as a surrogate 
marker. However, several studies found a significant number of cases to be 
discordant between the IGHV mutational status and CD38 expres-
sion.112,121,122,159 Nevertheless, CD38 has been shown as an independent 
marker in CLL prognostication.122 So far, no consensus has been made on 
which CD38 threshold to use. Initially, the threshold was set empirically at 
30% CD38 positive cells.35,160 Thereafter, various cut-offs, such as 20%161,162 
and 5%163 have been described and demonstrated to predict clinical outcome 
in CLL. A prognostic threshold of 7% was found to be optimal using max-
imally selected log-rank statistics and has also been demonstrated to corre-
late with prognosis.65,112,164 Moreover, the level of CD38 antibodies bound 
per cell has been suggested in CLL prognostication.165 In addition, CLL pa-
tients have been divided into three groups; CD38 negative (CD38 positive 
cells below 2%), a biomodal expression group (one cell population with high 
CD38 expression and one being completely negative) and a third group with 
homogenously high CD38 expression. The biomodal and high expression 
groups demonstrated a similar clinical outcome.166  
 
For CD38 expression, contradicting results have been published regarding its 
stability during the course of the disease. Most studies have shown that al-
though changes in expression occur, cases rarely alter between CD38 posi-
tivity or CD38 negativity over time.35,122,162,164 In contrast to this, Chevallier 
et al reported that 22% of CD38 negative cases became CD38 positive dur-
ing the course of the disease.167 
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ZAP70 
Activation of mature B-cells by antigens results in BCR aggregation and 
subsequent phosphorylation of motifs within the cytoplasmic tail of the 
BCR. This is followed by recruitment and activation of the protein tyrosine 
kinase SYK which further propagates the signal to various signaling mole-
cules in the cell.168 In CLL cells, this response has been shown to be partly 
incomplete, with lower activity of some of the effector molecules.169 Zeta-
chain associated protein kinase 70kDa (ZAP70) is structurally homologous 
to SYK and has been demonstrated to associate with the BCR complex in 
antigen-stimulated CLL cells.170 IgM ligation in CLL cells with ZAP70 in-
duced expression has been shown to promote the activation of BCR signal-
ing molecules, further supporting the role of ZAP70 in BCR signaling.171 
 
ZAP70 was initially identified in a gene expression study as one of the most 
differentially expressed genes between IGHV unmutated and mutated cas-
es.90 Several studies have since then demonstrated ZAP70 expression to not 
just be closely associated with IGHV mutational status but also to predict 
poor clinical outcome in CLL patients using flow cytometry.172-175 However, 
in contrast to cell surface markers such as CD38, the intracellular location of 
ZAP70 complicates flow cytometric analysis. The requirement for fixation 
and permeabilization proceeding the intracellular staining of ZAP70, com-
bined with the fact that ZAP70 is also expressed in normal T-cells and B-cell 
subsets176, has resulted in problems in standardization of the method, al-
though initiatives have been taken by the European Research Initiative on 
CLL (ERIC).177 A staining protocol is now available at their website 
(http://www.ericll.org/downloads/ZAP-70_Staining.pdf). 

CD49d 
Expression of the surface marker CD49d, assessed by flow cytometry, has 
been shown to predict prognosis in CLL, and high CD49d expression has 
been demonstrated to be associated with IGHV unmutated genes and CD38 
and ZAP70 positivity.178,179 CD49d has furthermore been combined in a 
prognostic score together with five other surface markers to identify prog-
nostic risk groups in CLL.180  

RNA-based markers 
Gene expression profiling studies have identified genes with differential 
expression in prognostic subgroups of CLL.37,90 Messenger RNA (mRNA) or 
protein analysis of these genes could function as surrogate markers to estab-
lished prognostic markers or add additional prognostic information. mRNA 
expression levels are commonly analyzed using RQ-PCR and I will in the 



 28 

following section describe this method and some of the RNA-based markers 
suggested in CLL prognostication. 

mRNA 
mRNA is transcribed as a complementary copy of the template strand of 
DNA thereby carrying the genetic information from a gene to the ribosome, 
where translation to protein occurs. Maturation of mRNA is a multistep 
process involving addition of a 5’-cap (a 7-methylguanosine molecule) and a 
3’-tail (poly-A sequence) followed by splicing, resulting in excision of in-
trons and ligation of exons. These modifications are critical for the RNA 
transcript to be further processed and transported to the cytoplasm.181 

Real-time quantitative PCR 
In RQ-PCR amplification, data is collected during the actual run and is wide-
ly used in research for different applications. When evaluating gene expres-
sion, the method is based on an initial reverse transcriptase reaction per-
formed on RNA, converting mRNA to complementary DNA (cDNA). Next, 
using specific primers, in combination with probes (Taqman®-based detec-
tion) or fluorescent labels binding to double stranded DNA, the gene expres-
sion can be assessed (Figure 2). At each cycle, the number of amplified PCR 
products increases initially exponentially, emitting fluorescence from which 
an amplification plot can be constructed. From these plots, thresholds are 
determined which are set within the exponential growth region of the ampli-
fication curve and the Ct-value of a reaction is defined as the cycle number 
where this threshold is crossed.  

When determining gene expression levels, measurement of house-keeping 
genes are always performed in parallel as endogenous controls and the sam-
ples are commonly analyzed in triplicates. The relative expression of a target 
gene can be calculated based on two different methods. In the standard curve 
method, a standard is added to each run by serial dilutions of a cDNA stock 
sample (usually four to five dilutions of two or ten times). From the results 
of the standard, a linear trend line is then constructed by plotting the Ct-
values as a function of log10 concentrations. Using this trend line, relative 
expression of the target gene and house-keeping gene of each sample is 
extrapolated by:  

Relative expressionsample x = log10((mean Ctsample x – b)/m) 
Where b is the intercept (where the line crosses the y-axis) and m the slope 
of the line. 
 
Target gene expression is then further normalized by division by the house-
keeping gene expression. When larger quantities of samples are used, the 
comparative Ct method is commonly applied including a calibrator sample 
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in each run to allow comparison between plates. In this method, relative 
expression is calculated by: 
 
Relative expressionsample x = 2- Ct  
Where Ct = (mean Cttarget gene, sample x - mean Cthouse-keeping gene, sample x) - (mean 
Cttarget gene, calibrator - mean Cthouse-keeping gene, calibrator)  
 
Alternatively, Ct can be used by subtracting the mean Ct of the target gene 
with the mean Ct of the house-keeping gene. The comparative Ct method 
requires somewhat more extensive optimization of primers to ensure similar 
PCR efficiency, but has the advantage that no standards need to be included 
in each run. 

 
Figure 2. A. RQ-PCR using Taqman®-based detection. A fluorescent reporter dye 
and a quencher are attached to a probe which binds complementary to the sequence 
which will be amplified. As long as the reporter dye is in close proximity to the 
quencher, no fluorescence will be emitted. Upon elongation, the fluorescent reporter 
dye will be released by polymerase cleavage and will emit its fluorescence from 
which amplification plots can be constructed. B. RQ- PCR using double stranded 
DNA binding dye. During elongation of the PCR product, double stranded DNA is 
formed to which double stranded DNA binding dyes like SYBR® green are incorpo-
rated. This results in increased fluorescence emission which can be detected and 
amplification plots can then be constructed. 

LPL 
In 2001, the gene lipoprotein lipase (LPL) was found by two independent 
gene expression profiling studies to be one of the most differentially ex-
pressed genes between CLL patients with unmutated and mutated IGHV 
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genes.37,90 LPL is well-studied for its involvement in lipid homeostasis and 
energy metabolism and genetic variants of the gene have implications in the 
development of coronary artery disease.182 LPL is expressed by a variety of 
cells in tissues such as adipose tissue, cardiac and skeletal muscles and lac-
tating mammary glands. LPL bound to the surface of capillary endothelial 
cells plays a role in lipid metabolism and transport, by the catalyzation of the 
triacylglycerol (TAG) components of chylomicrons and very low-density 
lipoproteins (VLDL), causing them to become less dense particles.183 In 
addition, LPL has a non-catalytic bridging function by binding to both lipo-
proteins and specific cell surface proteins facilitating cellular uptake of lipo-
proteins.183 As an alternative function of its bridging capacity, LPL can also 
increase interactions between cells, such as monocyte and arterial endotheli-
al cells.184 Moreover, LPL has been shown to increase proliferation in human 
vascular smooth muscle cells (VSMCs), a function requiring the catalytic 
activity of LPL and expression of surface heparin sulfate proteoglycans by 
the VSMCs.185 The function of LPL is summarized in Figure 3. 
 

 
Figure 3. Normal function of LPL. LPL mediates transport and uptake of lipoprote-
ins both through its lipase activity (marked with star) and in a non-catalytic manner 
binding directly to lipoproteins. LPL also participates in interactions between cells, 
which may or may not require its lipase activity. PG = proteoglycans.  

In CLL, the differential expression of LPL seen in cases with unmutated and 
mutated IGHV genes37,90 was later confirmed in larger patient materials 
where the ability of LPL expression to predict clinical outcome was investi-
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gated, both as a sole marker or in combination with ADAM29.186-191 In these 
studies, LPL was demonstrated to be well-correlated to the IGHV mutational 
status and high expression was associated with shorter OS and TFS. Two 
studies have been conducted on LPL expression over time, although both 
include a small number of patients (20 and 12).189,190 In both studies, LPL 
expression was demonstrated to be stable over time.   

 
LPL is not expressed or is very lowly expressed in normal B-cells. Also, the 
CD19 negative cell fraction of CLL patients displays very low levels of 
LPL.187 In addition, few available studies have investigated the functionality 
of LPL in CLL, making it difficult to elucidate the role of LPL in CLL cells. 
A gene expression profile study comparing patients based on LPL expression 
revealed cases with high LPL expression to be enriched for genes regulating 
fatty acid degradation and cell plasticity.192 Translation of LPL mRNA does 
occur in CLL cells since protein expression has been demonstrated, both 
intracellularly and at the surface of CLL cells.187 LPL has been suggested to 
be involved in the survival of CLL cells and inhibition of lipase activity by 
orlistat in CLL cells induced apoptosis. However, no differences were seen 
in apoptosis induction between CLL cells from patients expressing high or 
low LPL, suggesting that orlistat acts through lipase targets other than 
LPL.193  
 
The lack of LPL mRNA expression in normal B-cells and in the non B-cell 
fraction of CLL samples, makes LPL especially suitable as an RNA-based 
marker in clinical practice since no cell sorting appears to be needed. LPL 
expression analysis has also been conducted on erythrocyte-lysed whole 
blood.190 The use of whole blood would further simplify and shorten the 
analysis. Also, the large differences in LPL expression between high and low 
expressing cases makes it easier to determine threshold values for prognostic 
implications. 

ZAP70 
ZAP70 was, like LPL, initially found to be differentially expressed between 
mutated and unmutated IGHV genes.90 Although ZAP70 flow cytometry 
analysis has been regarded as the preferred analysis, studies have subse-
quently demonstrated high ZAP70 mRNA expression to be associated with 
poor prognostic markers and to be predictive of adverse clinical out-
come.173,174,188,190,194-200 However, a few percent of T-cells have been shown 
to affect the mRNA levels173 implying the need for cell sorting in ZAP70 
mRNA analysis. 
  
Both ZAP70 mRNA and protein expression has been analyzed in longitudin-
al studies, investigating whether the ZAP70 expression was altered during 
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the course of the disease. These results imply ZAP70 to be relatively stable 
over time, although low numbers of cases were included in the studies.173-175  

TCL1A 
T-cell leukemia/lymphoma protein 1A (TCL1A) was first discovered in T-
cell malignancies in which the gene is commonly activated through translo-
cation to the T-cell receptor (TCR).201 The AKT proteins belong to a family 
of kinases regulating cell proliferation and survival and TCL1A has been 
demonstrated to bind and augment AKT activation.202 TCL1A expression is 
normally limited to early embryogenesis and some fetal tissues and adult 
tissues such as testis and spleen.203 In B-cells, TCL1A expression is detected 
in premature stages but silenced in memory B-cells and plasma cells. Also, 
in T-cells, TCL1A is detected in early stages of differentiation but is ab-
olished in later stages before appearance of surface TCR.201 
 
Recently, B-cell targeted over-expression of mouse Tcl1, the homolog to 
human TCL1A, has provided a useful mouse model for CLL research.204 
These mice develop a malignant monoclonal leukemia with BCRs resem-
bling that of human aggressive CLL.205 Activation of AKT through homo-
zygous deletion of Pten in mice has been reported to not result in B-cell ma-
lignancies206, suggesting that TCL1 mediated AKT activation cannot solely 
explain the development of B-cell leukemia in Tcl1 transgenic mice. TCL1A 
has furthermore been shown to enhance NF- B activity207,208 which could 
promote leukemogenesis in transgenic mice.    
 
TCL1A expression has moreover been found to be of importance in human 
CLL, with higher expression in cases with unmutated IGHV genes compared 
to mutated IGHV cases.209,210 Among the CLL patients with high TCL1A 
expression, an increased incidence of cases carrying del(11q) was found209 
and high TCL1A levels have been associated with advanced clinical stage 
and shorter PFS.210 Also, TCL1A mRNA expression has been implicated in 
CLL prognostication, with studies demonstrating mRNA levels as predictive 
for TTT and OS.211,212  The reason for the aberrant expression of TCL1A in 
CLL is not known. Two miRNAs, miR-29 and -181, have been shown to 
inhibit TCL1A expression and low levels of these microRNAs partly corre-
lated to high TCL1A expression in CLL.213 However, this can only partly 
explain the up-regulation of TCL1A in aggressive CLL. Another miRNA, 
miR-34-5p, located upstream of ATM, represses TCL1A expression and 
deletion of this miRNA might be the reason for the aberrant TCL1A expres-
sion in del(11q) patients.214  
 
The involvement of TCL1A in malignant transformation in mice makes it an 
interesting target to study, since its over-expression in aggressive cases may 
be involved in CLL pathogenesis. As an RNA-based marker, it has not been 
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as well-studied as LPL and larger patient materials and more thorough statis-
tical analyses are lacking.  

CLLU1 
CLL up-regulated gene 1 (CLLU1) was identified by comparing cases with 
unmutated and mutated IGHV genes by differential display (DD) screening, 
which allows detection of unknown transcripts by randomly amplifying 
mRNA and compare the outcome using DD gels. Normal B-cell subpopula-
tions and a panel of different tissues and cells from a range of hematologic 
malignancies were found to display very low or undetectable levels for this 
gene. However, in CLL cases with unmutated IGHV genes CLLU1 expres-
sion was found to be 100-1000 times higher than in patients with mutated 
IGHV genes.215 

 
CLLU1 expression has been demonstrated to predict both OS and TTT. In 
addition to its correlation to IGHV mutational status, CLLU1 expression was 
also shown to be significantly higher in patients with Binet stage B and C, 
poor genomic aberrations and ZAP70 positivity.216 In a larger study stratify-
ing patients based on age, CLLU1 could only predict OS in the younger 
group of patients, below 70 years of age at diagnosis.217 Here, CLLU1 was 
demonstrated to add further prognostic information to subgroups such as 
Binet stage A and patients with mutated IGHV genes. In a longitudinal study 
of 21 and 11 patients, CLLU1 was shown be stable over time and in samples 
taken before treatment and after relapse.218  
 
The function of CLLU1 is still unknown and so far no translation to protein 
of any of the transcripts of CLLU1 has been detected. CLLU1 has the advan-
tage of displaying restricted expression to prognostic subsets of CLL and 
could thus be used as a fast diagnostic tool for identification of poor prog-
nostic CLL. Like LPL, it also shows large differences in expression between 
cases with unmutated and mutated IGHV genes which simplifies cut-off 
distinctions and makes it suitable as an RNA-based marker.  

MCL1 
The gene myeloid cell leukemia 1 (MCL1) is a member of the BCL2 family 
and has two known splice variants; one long transcript, MCL1-long, with 
anti-apoptotic function and one short transcript, MCL1-short, with pro-
apoptotic function.219,220 It is the long transcript that has been implicated in 
CLL pathogenesis and prognostication and is hereafter referred to as MCL1. 
MCL1 has been demonstrated to be essential for maintenance of B- and T-
cells.221,222 In CLL cells, sustained stimulation of the BCR was shown to 
result in increased cell viability and induced MCL1 expression, probably 
through activation of AKT.169,223 Furthermore, the anti-apoptotic effect of the 
sustained BCR activation was demonstrated to be abrogated by silencing of 
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the MCL1 gene.223 The increased survival of CLL cells that is seen upon co-
culturing with endothelial cells was found to be dependent on MCL1 and 
induced MCL1 expression.224 

 
Two types of insertion sequences have been found in the promoter region of 
MCL1 which may affect the expression of the gene. CLL patients carrying 
these insertions were demonstrated to have poor clinical outcome.225 How-
ever, several independent studies also demonstrated the presence of promo-
ter insertions in healthy controls and normal cells from CLL patients.226-228 
Moreover, no associations to other prognostic markers or survival of CLL 
patients were found, questioning the prognostic relevance of these promoter 
insertions. 

 
MCL1 has been implicated in chemotherapy response in CLL, with higher 
MCL1 protein levels in patients with partial or no response to chemotherapy 
compared to patients with complete response.229,230 In addition, higher pro-
tein levels correlated to cell viability after chemotherapy treatment of CLL 
cells in vitro.231 Furthermore, MCL1 protein expression has been demon-
strated to be associated with prognostic markers, such as IGHV mutational 
status and CD38 expression and to predict OS, TTT and PFS232,233, although 
the prediction of PFS could not be verified in a larger patient material234. 
Regarding MCL1 mRNA expression, high levels have been shown to predict 
shorter OS and TTT and MCL1 expression was demonstrated to be an inde-
pendent marker, but no significant correlation to other prognostic markers 
was found.235,236 

 
MCL1 has undoubtedly an important role in survival of CLL cells and inte-
restingly, protein expression of the gene can possibly affect treatment out-
come in CLL, suggesting it to be a predictive marker. As an RNA-based 
marker MCL1 needs more validation as the two described studies are per-
formed by the same laboratory. 

MicroRNA 
As revealed by extensive sequencing of the human genome, the major part of 
human DNA is non-coding and findings have revealed transcribed regulatory 
elements among non-coding DNA.237 The miRNAs are small non-coding 
RNAs approximately 19-24 nucleotides in size which regulate expression of 
genes through targeting of mRNA. The miRNAs are formed by modulations 
of larger RNA-molecules. First, the hundred to thousand nucleotides long 
pri-mRNA are transcribed and further processed by the RNAse Drosha in the 
nucleus to pre-mRNA, 60-110 nucleotides in size, which are transported to 
the cytoplasm where they are processed to miRNA. The miRNAs bind to 
complementary sequences of mRNA (primarily at the 3’ untranslated region) 



 35

and thereby destabilize the mRNA or invoke translational repression, result-
ing in decreased protein levels.238  
 
Aberrant expression of miRNA is currently known to be present in most 
cancer types but was initially demonstrated in CLL by the finding of miR-15 
and miR-16 being commonly deleted and down-regulated in CLL.100 Using a 
miRNA microchip, a signature of 13 miRNAs was detected to predict prog-
nosis in CLL. Mutations in miRNAs, both germline and somatic, were also 
found in CLL patients.239 By applying cloning in combination with RQ-PCR 
or northern blot analysis, two additional studies have examined global miR-
NA expression in CLL.102,240 miRNAs differently expressed between various 
prognostic subgroups overlapped to some extent between these three studies, 
but discordant results were also seen probably due to differences in methods 
and cohorts. Furthermore, studies have investigated the prognostic strength 
of individual miRNAs in CLL. Expression of miR-29c and miR-223 were 
demonstrated to predict OS and TFS199 and miR-21 and miR-181b expression 
were found to predict OS in CLL241. In addition, the expression of miR-29c, 
miR-223199 and miR-181a242 has been associated with disease progression. 

 
miRNAs have also been implicated in chemotherapy refractoriness in CLL. 
miR-34a expression was found to be significantly lower in patients with 
fludarabine refractory disease and 17p abnormalities.132,243 Furthermore, 
Ferracin et al and Moussay et al have identified several miRNAs differen-
tially expressed between patients with or without response to fludara-
bine.244,245  

Other proposed RNA-based markers 
In addition to the previously mentioned RNA-based markers, mRNA expres-
sions of several other genes have been implicated in CLL prognostication. 
High ADAM29 expression is associated with IGHV mutated cases and has 
been suggested as a prognostic marker in combination with LPL expression, 
however the ADAM29 expression has been found to vary significantly over 
time.186,189 High mRNA expressions of LAG3200, CRY1246 and CD49d247 have 
all been associated with shorter TFS. Similarly, differential RHAMM mRNA 
expression has been shown to predict TFS and high expression is found in 
proliferating cells.248 Furthermore, high levels of PEG10 have been asso-
ciated to shorter TTT249 and hTERT expression has been demonstrated to 
predict OS250,251, whereas AID expression has been shown to be associated 
with IGHV mutational status and cytogenetic aberrations.252 Table 3 sum-
marize a number of suggested RNA-based markers in CLL, their prognostic 
strength and how well they are studied in CLL. 
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Comparisons of RNA-based markers 
Although many studies concerning RNA-based markers in CLL exist, few 
compare the prognostic strength between multiple RNA-based markers. In a 
study by van’t Veer et al, ten genes (ZAP70, LPL, SPG20, ADAM29, NRIP1, 
AKAP12, DMD, SEP10, TPM2 and CLECSF2) were chosen and their prog-
nostic significances were investigated in 130 CLL patients.188  In their com-
parison, LPL expression was demonstrated as the best predictor of IGHV 
mutational status. Low expression of SPG20, AKAP12 and SEP10 showed 
highest association to Binet stage A, whereas expression of LPL, SPG20, 
DMD, SEP10 and TPM2 was associated with survival. In addition, the ex-
pression levels of these genes were assessed in normal hematopoietic subsets 
such as monocytes, T-cells and healthy B-cells. Among the ten genes, LPL, 
AKAP12 and DMD had the lowest levels of expression among these cell 
types.  

Characterization of prognostic markers and important issues in 
CLL prognostication 
The many putative prognostic markers that have been suggested in CLL 
prognostication need to be thoroughly analyzed to determine their signific-
ance and applicability in a clinical setting. I will, in the following section, 
outline preferable characteristics of prognostic markers and methods that can 
be used to analyze their prognostic strength. Finally, I will discuss problems 
in prognostication of CLL and future perspectives of the field.  

Preferable characteristics for prognostic markers when applied in a 
clinical setting 
For prognostic markers to be applied in a clinical setting, certain criteria 
need to be met. The prognostic marker must be well-validated in indepen-
dent studies, harbor prognostic strength and have high sensitivity and speci-
ficity. For example, the use of several SNP markers in CLL prognostication 
has, as previously mentioned, not been successfully validated in other co-
horts, exemplifying the importance of validation experiments in independent 
patient materials. In addition, the analysis of the marker needs to be easily 
assessed and feasible to set-up in a hospital laboratory at a reasonable cost. 
The analysis should also be standardized to avoid discrepancies between 
centers. For example, for the analysis of IGHV mutational status, consensus 
criteria has been published by ERIC to ensure correct performance and in-
terpretation.260 Furthermore, a prognostic marker should be stable over time, 
thus allowing analysis of samples taken at later stages of the disease.  
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How can the prognostic strength of prognostic markers be analyzed? 
In order to assess the strength of prognostic markers, several statistical ana-
lyses can be performed. Here is a summary of some commonly used me-
thods in CLL research.  
 
Association of putative prognostic markers to established markers are fre-
quently investigated. To analyze differences in expression levels of a marker 
in comparison to the status of an established marker, Student’s t-test or 
Mann-Whitney U test can be applied for univariate comparisons whereas 
ANOVA or Kruskal-Wallis are used when analyzing multiple subgroups. 
Association can also be estimated by cross-tabulating according to the status 
of markers and by applying Chi-square test or Fischer’s exact test to deter-
mine whether the distribution differs when compared to expected frequen-
cies. In addition, when suggesting surrogate markers, the concordance to an 
established marker is commonly calculated as a sign of prognostic strength.  
 
For markers yielding quantitative values thresholds are determined to deli-
neate positivity or negativity. Sometimes, multiple cut-offs can also be ap-
plied to yield low, intermediate and high risk prognostic subgroups. The 
thresholds can be set empirically, using median or quartile values or by ap-
plying more advanced statistical calculations. Receiver operation characte-
ristic (ROC) curve analysis, which is also commonly used in analysis of 
diagnostic tests, can be applied to discriminate between cases with or with-
out disease or, as when analyzing prognostic markers, cases with or without 
poor clinical outcome. The analysis determines a cut-off at which optimal 
sensitivity and specificity are achieved, thereby minimizing the numbers of 
false positive or false negative cases. In the analysis, the sensitivity of all 
possible cut-offs are plotted on the y-axis as a function of 1-specificity on 
the x-axis, thereby generating a curve (Figure 4). The larger the area under-
neath the curve (AUC), the more reliable the test. The analysis also has the 
advantage that through calculating AUC, comparisons of the accuracy of 
various markers is possible.261   

 
Using threshold values or interval values the prognosis of subgroups can 
then subsequently be compared through survival analysis. One of the most 
commonly used methods is to construct Kaplan-Meier curves in which sur-
vival of the patient groups are plotted. Here, different endpoints can be ap-
plied, such as OS (date of diagnosis until date of death), TTT (date of diag-
nosis until date of first treatment) or PFS (date of treatment until date of sign 
of disease progression). In a data set, there are always patients who will nev-
er reach the endpoint and these are classified as censored at latest follow-up 
available.  
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Figure 4. Example of Receiver operation characteristics (ROC) curve analysis of 
LPL mRNA expression, in which sensitivity and specificity were calculated based 
on the IGHV mutational status, yielding an area under the curve (AUC, marked in 
grey) of 0.90. An AUC close to 1 show that the test is very reliable, whereas a value 
below 0.5 indicate that the test will generate results just by chance and is therefore 
completely useless. Optimal cut-off is calculated when the highest sensitivity and 
specificity of the test is achieved. 

To verify the risk of a selected outcome, e.g. death or initiation of treatment, 
Cox regression analysis can be performed to determine the hazard ratios 
(HR) of prognostic markers. A HR of 1 means that there is no difference in 
risk depending on the status of the marker whereas a HR above 1 implies an 
increased risk while a value below 1 indicates a decreased risk. Cox regres-
sion analysis can be performed using interval values or continuous values 
but commonly the continuous values are dichotomized or categorized into 
“dummy variables” to ease interpretation. In multivariate analysis, the ability 
of a marker to predict selected endpoints when adjusted for other variables 
can be determined to test for independency.262 

Problems in prognostication of CLL 
When analyzing the prognostic strength of markers in CLL there are certain 
aspects that can influence and hamper the results. Among others, the selec-
tion of endpoints in survival analyses has its limitations. Since CLL patients 
often initially display very indolent symptoms and the disease is commonly 
accidently found, the diagnostic date most likely does not represent the ‘true’ 
initiation of the disease and can therefore differ largely between patients. 
Also, although there are recommendations when treatment initiation should 
be considered, treatment protocols can differ between countries or hospitals. 
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The commonly indolent nature of CLL increases the requirement for long 
follow-up in order to give statistical power to analyses of cases other than 
the most aggressive ones. Furthermore, the selection of patients has a key 
role in the search for prognostic markers. For example, when analyzing sur-
vival the results can be affected by inclusion of very old patients which 
might have a short survival but die of causes unrelated to CLL. Well-
characterized patient cohorts are needed, preferably with samples from not 
just diagnosis, but also later time points. The use of protocol driven prospec-
tive studies, in which patients enrolled to the study are followed longitudinal 
rather than being retrospectively analyzed, have been put forward as the 
preferable choice in analysis of prognostic markers.263  

Future perspectives of prognostic markers in CLL 
Even though many of the markers presented here have prognostic strength, 
inclusion of them in clinical use would not be realistic. This highlights the 
need for comparative studies of markers in large patient materials, to deter-
mine which ones possess the greatest advantages in CLL. That is, both by 
investigating the statistical power of markers which independently predict 
outcome and the feasibility of analysis when it comes to sample preparation, 
cost, and data interpretation. By combining the results of several markers 
more thorough risk calculations of patients can be performed. By applying 
this, a number of prognostic indexes have been suggested in CLL involving 
genetic markers264, RNA-based markers255 or combinations of different types 
of markers265. 
 
Prognostic markers can predict the clinical course of a patient, whereas pre-
dictive markers are associated with differential responses to a specific treat-
ment. Today, few molecular markers have been substantially studied which, 
with certainty, are predictive of treatment response in CLL.266 In fact, of the 
molecular markers, only del(17p) is used today to guide physicians on 
choice of therapy. There are however indications of other markers which 
harbor predictive information for CLL treatment, for instance, TP53 muta-
tions are associated with chemotherapy refractoriness131 and the protein ex-
pression level of the anti-apoptotic gene MCL1 has been implicated in che-
motherapy response in CLL229,230. Also, expression of certain miRNAs is 
associated to response to fludarabine.132,243-245 Controlled clinical trials are 
needed to assess the utility of predictive markers.267  
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Aims 

The main aim of this thesis was to evaluate the use of RNA-based prognostic 
markers in CLL. The specific aims of each paper are as follow: 
 
I To investigate the prognostic impact of LPL mRNA and pro-

tein expression in CLL, specifically in the prognostic sub-
group using the IGHV3-21 gene, and to analyze the lipase ac-
tivity of LPL in CLL cells to increase understanding regard-
ing the function of this protein in CLL. 

 
II To evaluate the prognostic relevance of TCL1A mRNA ex-

pression in CLL and to determine whether TCL1A mRNA ex-
pression can predict the poor-prognostic subgroup using the 
IGHV3-21 gene.  

 
III To evaluate the five RNA-based markers LPL, TCL1A, 

ZAP70, CLLU1 and MCL1 in CLL, both as single markers 
and in combination with established markers. 

 
IV To investigate the longitudinal expression of the RNA-based 

markers LPL, TCL1A, ZAP70 and MCL1 in CLL to determine 
their stability during the course of the disease.  
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Materials and methods  

Patient material 
In papers I and II, 148 and 144 CLL samples were obtained from the Bio-
banks at Uppsala University Hospital and Karolinska University Hospital, 
Stockholm. This material was primarily from peripheral blood, however 
samples of bone marrow, lymph node and spleen origin were also included. 
In both studies, the material was intentionally chosen to contain a high num-
ber of patients with IGHV3-21 usage. In paper I, sorted B-cells from five 
healthy age-matched controls were also included.  
 
In paper III, 252 peripheral blood samples were included from the Swedish 
part of a Scandinavian population based study (Scandinavian Lymphoma 
Etiology, SCALE). In the SCALE study, all patients between the age of 18 
to 74, diagnosed with lymphoma between 1999 and 2002 in Sweden and 
Denmark, were asked to take part in a population-based study. All participat-
ing patients donated blood from which peripheral blood mononuclear cells 
(PBMCs) were isolated and stored in biobanks.268  

 
In paper IV, samples from 104 patients were collected at diagnosis and at a 
median follow-up of 6.7 years (range: 5.0-8.3) from the same patients. The 
diagnostic samples from 98 of these patients were also included in paper III. 
Here, patients with CLL diagnosis from the SCALE study were asked to 
donate additional blood samples from which PBMCs were isolated and 
stored in our biobank in Uppsala.  
 
All samples included had a tumor proportion of 70% or more and were clas-
sified according to recently revised criteria.3 The clinical details of patients 
are presented in each paper.   

Sample preparation 
In all papers, DNA was prepared using the Qiagen mini prep kit (Qiagen, 
Hilden, Germany). Sample purity was determined using the NanoDrop in-
strument (Saveen & Werner, Limhamn, Sweden).  
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In papers I-II, RNA was isolated from mononuclear cells using Trizol solu-
tion (Invitrogen, Carlsbad, CA, USA). In papers III-IV, RNA preparation 
was performed using Qiagen RNeasy mini kit (Qiagen, Hilden, Germany). 
All RNA samples were analyzed for quality using the 2100 Bioanalyzer 
(Agilent Technologies, Santa Clara, CA, USA) and cDNA was synthesized 
from 400 ng of total RNA with the M-MLV reverse transcriptase kit (Invi-
trogen, Carlsbad, CA, USA). 

 
In paper I, CHAPS extracts were prepared for protein analysis. In paper II, 
the protein preparations were performed using RIPA buffer. 

IGHV sequence analysis 
In all four papers, IGHV sequence analysis was carried out using DNA sam-
ples in the majority of cases whereas for certain trouble cases, cDNA was 
used. IGHV subgroup-specific PCR using fluorophore-labeled primers was 
performed and samples were subsequently analyzed by fragment analysis. 
Sequencing was performed using the BigDye® Terminator Cycle Sequenc-
ing kit (Applied Biosystems, Foster City, CA, USA) and sequences were 
aligned with the IMGT/V-QUEST tool in the IMGT database.269,270 Cases 
with IGHV sequence with <98% germline identity were regarded as mutated 
whereas cases with 98% were considered unmutated. 

Detection of genomic aberrations 
In papers I and II, presence of recurrent genomic aberrations was assessed 
using a CLL FISH probe panel for 13q14.3 (D13S319), 13q34, 12cen 
(CEP12), 11q22.3 (ATM) and 17p13.1 (TP53) (VYSIS, Downers Grove, IL, 
USA). At least 200 interphase nuclei were analyzed for each sample and 
detection cut-off for an aberration was set to >10%. Cases with del(11q) and 
del(17p) aberrations in 10-15% of their cells were regarded as borderline. 

 
In papers III and IV, high-resolution genomic screening using Affymetrix 
250K SNP arrays were applied to detect deletions in 13q14, 11q22 and 
17p13 or trisomy of chromosome 12.87  

CD38 analysis 
Flow cytometry analysis was performed to determine CD38 expression of 
the CD19 positive fraction of CLL samples as previously described.159 In 
papers I and II, a 20% cut-off was used to define CD38 positivity, whereas 
in papers III and IV, a cut-off of 7% was applied.   
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Gene expression analyses 
(RQ-PCR, ELISA, Western blot) 
In all four papers, mRNA expression of investigated genes was measured 
using Taqman® RQ-PCR. Each sample was run in triplicates and norma-
lized against B2M mRNA expression as an endogenous control. B2M has 
been validated as one of the preferable housekeeping genes in RQ-PCR 
analysis of CLL samples.271 Expression levels were analyzed using gene 
specific primers for LPL, TCL1A, ZAP70, CLLU1 and MCL1 and probe mix 
and master mix from Applied Biosystem’s Taqman® on demand assays 
(Applied Biosystems, Foster City, CA, USA). The PCR protocol was as 
follows: 95 °C 10 min; 95 °C 15s, 60 °C 1 min in 40 cycles for papers I and 
II, and 45 cycles for papers III and IV and run on a Stratagene Mx 3005 in-
strument (Agilent Technologies, Santa Clara, CA, USA) except for CLLU1 
for which the PCR protocol was run 40 cycles with the 7900 HT Sequence 
Detection System (Applied Biosystems, Foster City, CA, USA). Relative 
gene expression levels were determined using the comparative Ct-method.  

 
In paper I, LPL protein expression was determined using sandwich enzyme-
linked immunosorbent assay (ELISA). Plates were coated with antibody to 
capture LPL and CHAPS extracts were added in triplicates for each sample 
and incubated overnight. After washing, a detection antibody was added and 
LPL protein levels were measured using horseradish peroxidase (HRP) la-
beled antibody in a Thermomax microplate reader. The capture and detection 
antibodies were kind gifts from Dr. John D. Brunzell, University of Wash-
ington, Seattle, WA, USA, as previously described.272 

 
In paper II, western blot was used to determine TCL1A protein expression. 
RIPA buffer protein extracts were prepared from vital frozen CLL samples 
and run on NuPAGE Novex 4-12% Bis-Tris Gels in NuPAGE LDS Sample 
Buffer (Invitrogen, Carlsbad, CA, USA) for 50 min at 190 V and 400 mA. 
Proteins were then transferred to Hybond-ECL Nitrocellulose membranes 
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden) 1 h at 30 V. The mem-
branes were subsequently hybridized with anti-TCL1A (rabbit, 1:500) (Atlas 
Antibodies, Stockholm, Sweden) and anti- -actin (mouse, 1:2300) (Sigma-
Aldrich, St Louis, MO, USA) antibodies. The proteins were detected with 
HRP labeled secondary antibodies and the ECL advanced detection system 
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden).   

LPL specific lipase activity 
In paper I, LPL lipase activity was determined by incubation of CHAP ex-
tracts with Intralipid incorporated with 3H-labeled triolein as a substrate in 
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the presence of serum and BSA, as previously described.273,274 Activity le-
vels were quantified using a ß-scintillation counter. 1 mU of LPL activity 
corresponded to the release of 1 nmol of FFA/min. LPL specific activity was 
calculated by dividing total LPL activity by LPL protein expression.   

Statistical analysis 
The majority of the statistical analyses in all four papers were performed 
with the Statistica software (Stat Soft, Tulsa, OK, USA). Bivariate compari-
sons were carried out using Student’s t-test and one-way ANOVA was ap-
plied to assess differences between multiple datasets. Chi-square and Fish-
er’s exact tests were used to evaluate differences in expected frequencies 
compared to obtained frequencies when cross-tabulating RNA-based mark-
ers in relation to other prognostic markers. ROC curve analysis based on 
median survival was applied to obtain prognostic thresholds for the RNA-
based markers. These thresholds were then employed to divide cases into 
groups with high and low expression. OS was calculated from the date of 
diagnosis until date of last follow-up or death and TTT from the date of di-
agnosis until date of last follow-up or first treatment. Survival curves were 
constructed using Kaplan-Meier survival analysis and differences in OS and 
TTT were assessed using the Log-rank test. Cox regression analysis was 
applied on prognostic markers to compare their ability to independently pre-
dict clinical outcome. Correlations between mRNA expression and protein 
expression or between expression levels of samples from the same patient 
taken at different time points were assessed using the Pearson correlation 
coefficient or Spearman’s rank correlation coefficient. Paired t-test was em-
ployed to detect differences in expression over time.  
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Results and discussion 

LPL mRNA, protein expression and lipase activity in 
CLL (Paper I) 
LPL mRNA expression has been suggested as a prognostic marker in 
CLL186-191 but its function in CLL cells has not yet been determined. In paper 
I, our aim was to further investigate the prognostic role of LPL expression 
and to increase the understanding of LPL functionality in CLL by investigat-
ing its lipase activity.  
 
In this study, we investigated the mRNA expression of LPL in 140 CLL 
cases, including 19 cases with IGHV3-21 usage. This cohort was intentional-
ly biased to contain a high number of IGHV3-21 patients to allow us to in-
vestigate whether LPL could readily identify this poor-prognostic subgroup. 
Protein expression of LPL, both intracellular and surface bound, has been 
detected in CLL cells.187 However, associations of LPL protein expression 
with prognosis and LPL catalytic activity have not been investigated in CLL 
to date and therefore we investigated LPL protein levels and lipase activity 
in 33 CLL cases.  

 
As previously demonstrated37,90,186-188,190,191, we could confirm the close asso-
ciation between LPL mRNA expression levels and the IGHV mutational 
status. Notably, over 160 times higher median LPL expression was detected 
in IGHV unmutated cases compared to IGHV mutated cases which reflects 
the large difference in expression seen between these two prognostic sub-
groups. Despite the poor survival for all IGHV3-21 patients125, cases with 
mutated IGHV3-21 resembled other IGHV mutated cases, displaying low 
LPL mRNA expression. Thus, we conclude that LPL expression cannot be 
used to identify mutated IGHV3-21 cases. Similar results were recently re-
ported by Kienle et al.212 In addition, these results could be confirmed in the 
cohort investigated in paper III (unpublished data, Figure 5). Furthermore, 
the association of LPL expression with established markers was assessed by 
dividing patients into groups with high and low expression and cross-
tabulating the data with other markers. Here, LPL was found to be signifi-
cantly associated with IGHV mutational status, genomic aberrations and 
CD38 expression. As previously shown, cases with high LPL expression had 
significantly shorter OS187,188,190,191 and predicted TTT. In multivariate analy-
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sis, LPL expression independently predicted OS in the presence of other 
established prognostic markers, including the IGHV mutational status and 
genomic aberrations.  
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Figure 5. Representation of LPL mRNA expression and its association with IGHV 
mutational status in the cohort investigated in paper III. A significantly different 
LPL expression, assessed by the Mann-Whitney U test, was found between mutated 
and unmutated IGHV3-21 cases, confirming the results in paper I. The center 
squares show the median value, the boxes the 25–75 percentiles, the bars the outlier 
range, the circles the outliers and the stars represent the extreme values. 

Even though LPL protein expression could predict OS, the differences in 
expression between IGHV unmutated and IGHV mutated cases were smaller 
when looking at protein levels compared to mRNA expression (2.6 time 
differences in median protein expression vs. 165 times difference in median 
mRNA expression). Therefore, LPL mRNA expression analysis is probably 
preferred for prognostic purposes. We also demonstrated that CLL cells, in 
addition to production of LPL protein, generated LPL with functional lipase 
activity, although at an overall low level. Active LPL exists as a homodimer 
and loses its lipase activity when dissociated to a monomer.275 In addition, 
LPL requires APOC2 for maximal activity.183 Strangely, although the lipase 
activity was invariably low, IGHV mutated cases displayed higher LPL ac-
tivity compared to unmutated. This suggests that the catalytic function of 
LPL is not associated with more aggressive CLL and might not therefore 
influence CLL pathogenesis.  
 
In conclusion, our study demonstrates the prognostic strength of LPL mRNA 
expression as shown by the association of LPL expression to other prognos-
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tic markers and the ability to independently predict clinical outcome. How-
ever, LPL cannot readily identify mutated IGHV3-21 cases despite their poor 
prognosis. So far, no functional studies of LPL have been able to determine 
its role in CLL. By investigating LPL lipase activity, we conclude the cata-
lytic function of LPL to be present in CLL cells, but at low levels. Hypothet-
ically, the non-catalytic function of LPL, such as its ability to increase inte-
ractions between cells and thereby promote survival, can possibly confer an 
advantage to CLL cells with high LPL expression.  

TCL1A mRNA expression in CLL and its association 
with poor prognostic IGHV3-21 cases (Paper II) 
Over-expression of the mouse equivalent of the anti-apoptotic gene TCL1A 
in B-cells results in development of a B-cell malignancy in mice resembling 
that of human aggressive CLL, demonstrating the pathogenic role of 
TCL1A.204,205 Some studies have also implicated TCL1A expression in CLL 
prognostication.209-212 However, until recently no proper survival analysis 
had been performed. In this study, we aimed to study the prognostic implica-
tions of TCL1A mRNA in CLL, especially in poor prognostic cases with 
IGHV3-21 usage. 

 
TCL1A mRNA expression was determined in 144 patients, including 19 
cases with IGHV3-21 usage. To determine whether any contamination by 
the CD19 negative fraction affected expression levels, unsorted and CD19-
sorted samples from eight cases were analyzed for TCL1A expression. In 
addition, TCL1A protein expression was examined in 14 samples to validate 
the correlation between TCL1A mRNA and protein expression. 
 
As previously shown at the protein level209,210, CLL patients had a signifi-
cantly higher TCL1A mRNA expression in cases displaying unmutated 
IGHV genes compared to cases with mutated IGHV genes. We also demon-
strated a close correlation between mRNA expression and protein expres-
sion, thereby allowing us to compare our study to previous protein expres-
sion studies on TCL1A. Interestingly, the poor prognostic cases with 
IGHV3-21 usage displayed high overall TCL1A expression. In this way, the 
TCL1A expression pattern differed from LPL where mutated IGHV3-21 
showed low LPL expression resembling that of other cases with mutated 
IGHV genes (paper I) and indicated high TCL1A expression to be well-
correlated to aggressive CLL. To date, there are contradicting results as to 
whether there are differences in prognosis between stereotyped IGHV3-21 
cases and non-stereotyped.57,59,127-130 However, no differences in TCL1 ex-
pression were seen within the IGHV3-21 group, i.e. mutated vs. unmutated 
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or stereotyped vs. non-stereotyped. Furthermore, no difference in TCL1A 
mRNA expression was detected between sorted and unsorted samples in the 
vast majority of analyzed cases. This implied that there is no expression or 
very low expression of TCL1A in the CD19 negative fraction of CLL sam-
ples. Thus, TCL1A mRNA analysis can be performed using unsorted cells 
without risk of influencing the expression levels from contaminating cells.  
 
In agreement with a previous study on TCL1A protein levels in CLL209, we 
detected higher expression of TCL1A in patients carrying 11q deletions. 
TCL1A was recently shown to be downregulated by miRNA-34b-5p which is 
located upstream of ATM within the deleted region of 11q.214 Dysregulation 
of TCL1A through deletion of this miRNA might explain the higher expres-
sion of TCL1A seen in del(11q) patients. By dividing cases into groups with 
high and low expression, TCL1A levels were found to correlate to gender, 
IGHV mutational status, genomic aberrations and CD38 expression and 
shorter OS was seen among patients with high expression. In univariate 
analysis, TCL1A significantly predicted OS, however TCL1A was not found 
to be significant when adjusting for gender, IGHV mutational status and 
genomic aberrations. The reason for this is probably the close association of 
TCL1A expression and IGHV mutational status and chromosome 11q aberra-
tions. 
 
To summarize, TCL1A mRNA expression was found to be associated with 
aggressive disease with high levels detected in cases with unmutated IGHV 
genes, IGHV3-21 usage and del(11q). In addition, TCL1A was associated 
with CD38 expression and shorter OS.  

Comparison of RNA-based markers in CLL (Paper III) 
High mRNA expression of LPL, TCL1A, ZAP70, CLLU1 and MCL1 have all 
been demonstrated to have implications in CLL prognostication.173,174,186-

191,194,211,212,216,217,235,236 In this study, we aimed to compare the prognostic 
strength of these five RNA-based markers in CLL, both as single markers 
and in combination with established markers.  

 
mRNA levels of LPL, TCL1A, ZAP70 and CLLU1 were measured in 252 
newly diagnosed CLL cases and MCL1 mRNA expression was determined 
in 248 cases. In addition, the IGHV mutational status, recurrent genomic 
aberrations and CD38 expression were determined for the majority of cases.  
Patients included in this study were selected from a population-based cohort 
and thus probably a more true reflection of the general CLL population and 
hence consisted of more indolent cases compared to the cohorts used in pa-
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pers I and II. For example, 79% of the patients had Binet stage A at diagno-
sis and 65% of cases displayed mutated IGHV genes.  

 
By applying ROC curve analysis, prognostic thresholds were calculated for 
each gene and the patients were subsequently divided into groups with high 
or low expression. The distributions of cases above or below prognostic 
thresholds were then compared to other established markers. All RNA-based 
markers except MCL1 were associated with IGHV mutational status with 
higher expression in unmutated cases.  LPL and CLLU1 were also associated 
with Binet stage and genomic aberrations. All RNA-based markers except 
TCL1A correlated to CD38 expression. Overall, among the RNA-based 
markers analyzed, LPL showed the strongest association to established 
markers.  

 
High LPL, TCL1A, ZAP70 and CLLU1 expression was found to be asso-
ciated with shorter OS and TTT, with LPL being the strongest marker. 
MCL1 expression on the other hand, could not predict clinical outcome in 
CLL. The prognostic value of these RNA-based markers were further inves-
tigated among subgroups of established markers and all the RNA-based 
markers were found to give additional prognostic information, albeit at a 
varying capacity, with LPL displaying most significant results. Notably, 
subgroups displaying mutated IGHV, Binet stage A, favorable genomic ab-
errations, CD38 negativity or CD38 positivity combined with high LPL ex-
pression all had significantly shorter OS and TTT than patients with low 
LPL expression (Figure 6). CLLU1 expression also predicted OS in the 
prognostic subgroups with mutated IGHV genes, Binet stage A, favorable 
genomic aberrations or CD38 negativity. Interestingly, in Binet stage A pa-
tients, LPL expression combined with CD38 could furthermore subgroups 
patients. Thus, these two markers could be used to identify patients with a 
more aggressive disease among Binet stage A patients. 
 
To test the independency of the RNA-based markers to predict clinical out-
come, we applied multivariate analysis. When including the RNA-based 
markers, LPL was found to be the only significant independent factor for OS 
and TTT. The independency of LPL was further tested by constructing a 
multivariate model including age at diagnosis, Binet stage, IGHV mutational 
status, recurrent genomic aberrations and CD38 expression. Again using this 
model, LPL was found as an independent predictor of OS but not TTT. 
When IGHV mutational status was excluded from the analysis of TTT LPL 
remained as a significant independent marker.  
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Figure 6. LPL expression in relation to clinical outcome in CLL cases with mu-
tated IGHV genes. Significantly shorter OS (A) and TTT (B) were seen among 
patients with high LPL expression compared to patients with low expression as as-
sessed by Log-rank test. 

Our results confirmed previous studies describing the strength of LPL ex-
pression in CLL prognostication.186-191 In this study, LPL was found to be 
superior to the RNA-based markers TCL1A, ZAP70, CLLU1 and MCL1. LPL 
demonstrated higher association to established markers, showed statistically 
stronger differences in clinical outcome between patients with high and low 
expression, was more informative in subgroups defined by established mark-
ers as well as being the only independent RNA-based marker in multivariate 
analysis. This is in line with previous studies in which LPL was demonstrat-
ed as one of the strongest markers in comparison to other RNA-based mark-
ers, including amongst others, LPL and ZAP70188,  LPL, TCL1, ZAP70 and 
CLLU1212 and LPL, ZAP70 and CLLU1.255 

 
Aggarwal et al investigated TCL1A mRNA expression in CLL and found an 
association with TTT211 whereas in paper II, TCL1A expression was found to 
predict OS but not TTT. In this paper, we instead found that high TCL1A 
expression correlated to shorter TTT, supporting the results of Aggarwal et 
al. In agreement with previous studies, CLLU1 expression was found to be 
associated with established prognostic markers and clinical outcome.216,217 
CLLU1 expression has been demonstrated to further subgroup CLL cases 
with favorable prognostic markers such as Binet stage A and cases with mu-
tated IGHV genes.217 In our study, CLLU1 was successful in subgrouping 
these patients as mentioned above.  
 
Using B-cell sorted samples to avoid contaminating expression of T-cells or 
NK-cells, ZAP70 mRNA expression has been shown as a strong prognostic 
factor in CLL.198,212 In our opinion, cell-sorting is too laborious to apply in 
clinical setting and therefore we chose to analyze unsorted samples for all 
RNA-based markers. However, ZAP70 was not as strong marker in our study 
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compared to previous studies and could not independently predict clinical 
outcome. These discrepancies are probably a result of the difference in sam-
ple preparation and argue against the use of unsorted samples in ZAP70 
mRNA analysis. 

  
MCL1 is an important player in B-cell survival and is implicated in chemo-
therapy response as high MCL1 protein levels are seen in non-responding 
CLL patients.229,230 Both high protein and mRNA expression have been 
demonstrated to predict OS and TTT.232,235,236 However, in our study, with a 
larger patient material, these results could not be confirmed.  
 
In conclusion, LPL expression was shown as a strong independent prognos-
tic marker in CLL, superior to the other RNA-based markers included in the 
study. Since LPL analysis also added further prognostic information to estab-
lished markers, clinical application of LPL would increase prognostic infor-
mation for CLL patients, especially in cases displaying good prognostic 
markers such as mutated IGHV genes, Binet stage A, favorable genomic 
aberrations and/or CD38 negativity.  

Longitudinal study of RNA-based markers in CLL 
(Paper IV) 
For prognostic markers to be applied in the clinical setting, it is crucial that 
their expression is stable over time and that analysis can be performed at any 
time point during the course of the disease. On the other hand, changes in 
expression can be an indication of disease progression. Therefore in this 
paper, we aimed to perform a longitudinal study of RNA-based markers in 
CLL to determine their stability. We included patients where the majority 
had an indolent disease course and long follow-up (89% of patients were of 
Binet stage A and 79% displayed mutated IGHV genes). To date, no longi-
tudinal studies including a larger patient material have been performed on 
RNA-based markers. 

 
Sequential blood samples were collected at diagnosis and at follow-up 
(about seven years after diagnosis) from 104 CLL patients and unsorted 
PBMC samples were prepared. The patients were chosen from the same 
population-based cohort as described in paper III. The mRNA expression 
levels of LPL, TCL1A, ZAP70 and MCL1 were measured at the two time 
points and compared in each patient. In addition, we applied the same prog-
nostic thresholds as determined for each gene in paper III to divide the sam-
ples into groups with high and low expression and compared the concor-
dance between diagnostic samples and follow-up samples.  
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LPL was found to be most stable among the RNA-based markers included, 
displaying the highest correlation in expression between the two time points. 
These results were in agreement with two earlier studies investigating LPL 
expression in sequential samples from 22 and 11 CLL patients.189,190 Howev-
er, 16% of cases were found to cross the prognostic threshold in the follow-
up samples compared to the diagnostic samples, the majority of which went 
from having low expression at diagnosis to high expression at follow-up. 
Although classified with high expression, these samples had considerably 
lower LPL expression compared to the majority of cases with high expres-
sion both at diagnosis and follow-up. Furthermore, 31 of the 104 patients 
were known to be treated between the first and second sample collection. 
Among the treated cases only one patient crossed the prognostic threshold, 
from having low LPL expression to high. As the ratio of discordant cases 
was lower among the treated cases compared to the entire cohort, this im-
plies that LPL expression is not affected by treatment.  
 
We also wanted to investigate the applicability of the markers in prediction 
of clinical outcome in this very indolent cohort. LPL and TCL1A were found 
to significantly predict OS using expression of the diagnostic samples. Simi-
larly, LPL expression at follow-up could predict OS which would support 
the use of LPL for CLL prognostication at any time point from disease diag-
nosis.  

 
TCL1A expression was found to vary over the course of the disease with low 
correlation in expression between diagnostic and follow-up samples and 
about half of the cases differing in prognostic subgrouping at diagnosis and 
follow-up. Interestingly, only five of 104 cases were classified with low 
TCL1A expression at follow-up compared to 56 at diagnosis. By applying a 
paired t-test, TCL1A expression was found to increase over time, especially 
in cases displaying low expression at diagnosis. Increased expression of 
TCL1A would probably be a beneficial change, as TCL1A promotes survival 
of B-cells through activation of AKT and NF- B.202,207,208 To analyze the 
prognostic significance of TCL1A at follow-up, we used median TCL1A 
expression as prognostic threshold. Cases above and below median expres-
sion were found to differ in survival, demonstrating that despite the fact that 
most cases displayed high TCL1A expression, differences in expression le-
vels were still of prognostic significance. 

 
ZAP70 and MCL1 mRNA expression was found to vary significantly over 
time as both genes demonstrated low correlation in expression between di-
agnosis and follow-up. ZAP70 showed a 64% concordance rate between 
diagnostic and follow-up samples and increased ZAP70 expression was de-
tected at follow-up in cases with low expression at diagnosis. In this study, 
we used unsorted cells, and as T-cells express ZAP70, the longitudinal varia-
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tion may be a reflection of T-cell specific ZAP70 expression, since only a 
low proportion of these cells can influence expression levels.172,173 For 
MCL1, 46% of cases were discordant between diagnostic and follow-up 
samples and significant changes were detected over time when analyzing the 
subgroups with low or high expression at diagnosis. 

 
In summary, LPL was found to be the most stable RNA-based marker in-
cluded in the study and LPL expression appeared to be unaffected by treat-
ment. In addition, LPL expression was shown to predict OS both using diag-
nostic and follow-up samples, implicating the use of LPL at any time-point 
from disease diagnosis. Increased expression of TCL1A was detected at fol-
low-up, a change of potential significance for the survival of the malignant 
CLL clone. ZAP70 and MCL1 expression were found to vary significantly 
over time. 
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Concluding remarks 

The mutational status of the IGHV genes is regarded as one of the strongest 
prognostic markers in CLL.65,112,121 However, the IGHV analysis is both 
costly and time consuming. In addition, some cases are problematic (e.g. 
cases with one mutated unproductive rearrangement and one unmutated pro-
ductive rearrangement) or for some cases it can be hard to generate a high 
quality IG sequence. Furthermore, the prognosis of cases with borderline 
mutational status is uncertain and should be interpreted with caution.123,124 
The differential expression of certain genes between prognostic subgroups of 
CLL has lead to the emergence of many new putative prognostic markers in 
CLL. Different techniques have been applied to quantify their expression 
levels, such as RQ-PCR for RNA levels or immunohistochemistry, western 
blot or flow cytometry to investigate protein levels. RQ-PCR is a feasible 
technique to apply in the clinical setting being easy to analyze at a low cost, 
and is already in use in many labs for analysis of, for example, the BCR-
ABL fusion gene in chronic myeloid leukemia.276  
 
In this thesis, the prognostic power and applicability of RNA-based markers 
have been investigated. LPL, TCL1A, ZAP70 and CLLU1 were all shown to 
predict clinical outcome in CLL, although with various degrees of strength. 
TCL1A was shown in paper II to readily identify the poor prognostic sub-
group with IGHV3-21 usage and high mRNA expression was found in cases 
with del(11q). In our longitudinal study of RNA-based markers, TCL1A 
expression was found to notably increase during the course of the disease, 
especially in cases with low expression at diagnosis. The anti-apoptotic func-
tion of TCL1A and its involvement in leukemogenesis in mice suggest the 
increased expression of TCL1A to be a beneficial change for the CLL clone 
and that TCL1A possibly could serve as a progression marker. To elucidate 
the functional significance of the up-regulation of TCL1A over time, this 
finding still needs to be confirmed at the protein level. As shown in both 
papers II and III, TCL1A cannot independently predict clinical outcome in 
CLL. That, together with the changes seen during the course of the disease, 
makes TCL1A less suitable as a prognostic marker but it remains as an inter-
esting target to study for its involvement in CLL pathogenesis and progres-
sion. 
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ZAP70 was demonstrated in paper III to be of intermediate prognostic 
strength compared to the other included RNA-based markers and in paper IV 
it was shown to vary significantly over time. These results are in contrast to 
previous studies and most probably are a reflection of the use of unsorted 
samples. In contrast to previous studies, MCL1 mRNA expression was 
shown not to have any prognostic significance in CLL. In earlier studies, the 
prognostic strength of MCL1 expression has mainly been investigated at the 
protein level and post-transcriptional regulation may be the reason for these 
discrepancies. 
 
Throughout this thesis, LPL mRNA expression has remained as a strong 
prognostic marker considering its close association to other established 
markers and its ability to predict clinical outcome independently. Also, in 
studies performed by other groups, LPL was found as a powerful marker in 
CLL prognostication, when investigated as a single marker186-191, in compari-
son to other markers188,212 and in combination with other markers199,255. In 
paper I, we also investigated the function of LPL in CLL cells by analyzing 
the LPL specific lipase activity in these cells. We found an invariably low 
lipase activity in all CLL subgroups, suggesting the involvement of an alter-
native function in CLL. LPL has been demonstrated to, in a non-catalytic 
manner, be involved in cellular uptake of lipoproteins and to increase inte-
ractions between cells.183,184 The cell-cell interaction between CLL cells and 
stromal cells or T-cells is known to promote survival of CLL cells.46-48 The 
function of LPL in CLL is still unknown and additional studies are needed to 
address this issue. In paper IV, LPL expression was found to be relatively 
stable during the course of the disease, although 16% of the cases changed, 
mostly from having low to high LPL expression. Importantly, LPL expres-
sion was associated with OS, both when using expression at diagnosis or 
follow-up. This finding, together with the stability of LPL indicates that LPL 
can be used for prognostication at any time point during the course of the 
disease. 

 
In summary, this thesis points to the capacity of RNA-based markers in CLL 
prognostication, either as single markers or in combination with established 
prognostic markers. Among the RNA-based markers investigated in this 
thesis, LPL was shown as the preferable choice. It has a strong correlation to 
prognosis and other established markers, the ability to predict clinical out-
come, even in rather indolent patients and is comparatively stable over time. 
In addition, LPL shows large differences in expression between prognostic 
subgroups which eases cut-off determination. Still, prospective studies are 
needed in order to validate LPL cut-offs and standardization of the analysis 
to ensure correct performance and interpretation of this marker.  
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Populärvetenskaplig sammanfattning på 
svenska 

Molekylära markörer för att förutse sjukdomsförlopp 
vid kronisk lymfatisk leukemi 
Kronisk lymfatisk leukemi (KLL) är en av de vanligaste förekommande 
blodcancerformerna och drabbar årligen ca 500 personer i Sverige. Sjukdo-
men är ofta relativt symptomfri och upptäcks många gånger slumpmässigt 
vid blodprovtagning. KLL karakteriseras av ansamlingar av en typ av tu-
möromvandlade vita blodkroppar, B-celler, i blodet, lymfknutor, benmärg 
och mjälten troligtvis till följd av minskad celldöd och ökat delningsförmåga 
hos dessa celler. Orsaken till varför sjukdomen uppkommer är i dag inte helt 
känd och det finns inte heller något botemedel. Patienter med KLL har ett 
mycket varierat sjukdomsförlopp. En del patienter kan leva i tiotals år med 
sin sjukdom och behöver inte någon behandling medan andra patienter 
snabbt utvecklar ett aggressivt sjukdomsförlopp och dör inom några få år 
trots behandling. För att skilja dessa typer av patienter åt kan man använda 
så kallade prognostiska markörer som kan ge information vilket sjukdoms-
förlopp en nydiagnostiserad patient troligtvis kommer att ha.  
 
I den här avhandlingen har jag arbetat med karaktärisering av molekylära 
prognostiska markörer vid KLL. Mer specifikt har jag inriktat mig på RNA-
baserade markörer. Den mänskliga arvsmassan, DNA, är uppbyggt av tiotu-
sentals gener. Våra gener översätts från DNA till RNA och slutligen till pro-
teiner som har olika funktioner i vår kropp. Detta brukar man kalla att ge-
nerna ”uttrycks”. Ett lätt sätt att mäta uttryck av gener är att bestämma deras 
RNA-nivåer. I tidigare studier har man upptäckt att RNA-nivåer av gener 
kan användas som prognostiska markörer i KLL. 

 
I arbete I och II i denna avhandling har vi studerat RNA-uttrycket av LPL-
genen och TCL1A-genen i ca 140 KLL-patienter. Patienter med högt LPL- 
och TCL1A-uttryck hade ett mer aggressivt sjukdomsförlopp och avled tidi-
gare än patienter med lågt uttryck. Högt LPL-uttryck var dessutom associerat 
med kortare tid till start av behandling, vilket återspeglar att dessa patienter 
var mer påverkade av sin sjukdom. LPL och TCL1A skulle därför kunna 
användas som prognostiska markörer vid KLL. 
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I arbete III har vi jämfört fem föreslagna RNA-baserade prognostiska mar-
körer med varandra, nämligen LPL, TCL1A, ZAP70, CLLU1 och MCL1, i 
prover från 252 KLL-patienter, för att undersöka vilken av dessa markörer 
som statistiskt sett är bäst på att förutse prognos vid KLL. I denna studie 
kunde vi se att LPL-nivån gav bättre resultat än de andra studerade generna 
vad gäller tid till start av behandling och överlevnad. De RNA-baserade 
markörerna kunde också ge ytterligare prognostisk information till andra mer 
etablerade markörer. 

 
För klinisk användning av prognostiska markörer är det viktigt att veta att de 
är stabila oavsett vid vilken tidpunkt patienten undersöks. I arbete IV har vi 
därför studerat uttrycket av de fyra generna LPL, TCL1A, ZAP70 och MCL1 
över tid hos 104 KLL-patienter. RNA-nivåerna mättes i prov tagna vid dia-
gnos samt vid uppföljning ca 7 år efter att sjukdomen brutit ut. Vi kunde se 
att uttrycket av LPL var mest stabilt över tid medan förändringar i uttrycks-
nivån skedde för ZAP70 och MCL1. TCL1A-uttrycket ökade från diagnos till 
uppföljning, speciellt i patienter som från början hade lågt TCL1A-uttryck. 
Denna studie visade att LPL är en stabil prognostisk markör som inte ändras 
över tid vid KLL. Eftersom genuttrycket av TCL1A ökade över tid, kan den-
na gen ha en roll i utvecklingen av KLL.  

 
Sammanfattningsvis visar min avhandling på möjligheten att använda RNA-
baserade prognostiska markörer för att förutse sjukdomsförlopp vid KLL. 
När vi jämfört flera RNA-baserade markörer har vi sett att genuttrycket av 
LPL är den starkaste markören som skulle kunna appliceras kliniskt eftersom 
den dessutom är stabil över tid. 
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