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INTRODUCTION

Chronic Lymphocytic Leukemia
Epidemiology and Clinical Appearance
B-cell chronic lymphocytic leukemia (CLL) accounts for 30%-40% of all
leukemias and is the most common leukemia among adults in North America
and Western Europe1,2. This disorder affects the elderly population, with a
median age of diagnosis of approximately 65 to 70 years. Men have a higher
risk of being affected by CLL than women, with a prevalence ratio of 2:1. A
recent study estimated that there were approximately 14,000 individuals
newly diagnosed with CLL in the European Union member states in 20063.
In Sweden alone, approximately 500 new CLL cases are diagnosed each
year.
Early-stage CLL is often asymptomatic and in most instances the diagnosis
is made following a routine blood test that reveals a high white blood cell
count. Clinical diagnosis of CLL is defined by an absolute lymphocytosis of
at least 5x109/L mature-appearing lymphocytes with a characteristic immunophenotype4, as described in the following sub-section. On the other hand,
swollen lymph nodes and anemia are common symptoms among patients
with advanced stage CLL. Additionally, advanced stage CLL is often accompanied by severe immunodeficiency, autoimmunity and susceptibility to
bacterial infections5.
The clinical course among CLL patients is remarkably diverse. In the majority of cases, the disease remains indolent and asymptomatic for many
years, while others progress rapidly and succumb to CLL-related illness
despite undergoing therapy6. Bacterial infection of the respiratory tract, skin
or urinary tract caused by Streptococci, Staphylococci or Escherichia coli are
the most common complications in CLL and are attributed as major causes
of mortality and morbidity among the patients7,8.

Treatment
A ‘watch and wait’ approach is generally employed in the majority of CLL
cases where a clinically indolent course is observed. Hence, asymptomatic
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patients with early-stage disease are monitored without therapy. Still, these
patients should be regularly monitored and treatment should be initiated
upon disease progression9. Common indications for treatment initiation include cytopenia, lymphadenopathy, fatigue and a rapid lymphocyte doubling
time (will be discussed in a later section)4. First-line treatment comprising of
a combination of fludarabine and cyclophosphamide is usually employed in
these patients10. Treatment with fludarabine/cyclophosphamide (FC) has
been reported to result in an overall response rate (ORR) of approximately
70%-95% and a complete remission (CR) in 20-39% of patients10-13. In cases
where patients are weak, older or simply cannot tolerate the FC regime,
chlorambucil is frequently chosen for therapy14. Chlorambucil is a nitrogen
mustard alkylating agent that is usually administered orally to patients15. The
average ORR and CR following treatment with chlorambucil in CLL patients is approximately 40% and less than 10%, respectively16.
In addition to the FC regime and chlorambucil, certain monoclonal antibodies (mAb) have also emerged as new treatment options in CLL. The antiCD20 monoclonal antibody rituximab, which has received approval for
treatment of low-grade non-Hodgkin lymphoma, has also been considered as
a potential therapy for CLL17. The new treatment regime combining fludarabine, cyclophosphamide and rituximab (FCR) has been reported to improve
ORR, CR and progression-free survival (PFS) in several studies18-20. Interestingly, a recent trial in a cohort of 300 CLL patients demonstrated an impressive 95% ORR and 72% CR21. Alemtuzumab, a humanized monoclonal antibody against CD52 has been approved as a single-agent for first-line therapy of CLL22. In addition, combination therapy using alemtuzumab with cytotoxic drugs (e.g. fludarabine, fludarabine/cyclophosphamide, pentostatine,
bendamustine) has been suggested for patients with refractory CLL23,24.
Autologous stem cell transplantation (SCT) has not been proven to be curative for CLL patients25. Relapse of the disease remains the major problem
with this treatment strategy26,27. In addition, no clear guidance to describe
selection criteria for autologous SCT is currently available. Allogeneic SCT
has been proposed as a possible curative treatment option for younger CLL
patients with unfavorable risk factors27. In this regard, outlines for the indication of allogeneic SCT has been published by the European Bone Marrow
Transplant (EBMT) working group28.
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The CLL Cell
Morphology and General Properties
Morphologically, CLL cells resemble activated mature small B lymphocytes29 (Figure 1). A high nuclear to cytoplasmic ratio, non-granular cytoplasm and homogeneously condensed chromatin are all characteristics of CLL
cells30. Furthermore, CLL cells display cell surface expression of CD19,
CD5, CD23 and reduced levels of surface IgM, IgD, CD79b and monoclonal
kappa or lambda immunoglobulin (Ig) light chains31,32. Accumulation of
these CLL cells can be observed in the bone marrow, peripheral blood,
lymph nodes and spleen.
The neoplastic monoclonal B-cells in peripheral blood appear to be halted in
G0 and/or early G1 phase and are unable to undergo apoptosis33. In line with
this, the anti-apoptotic BCL2 protein has been found to be overexpressed in
CLL cells compared to normal B-cells34. This overexpression, however, is
not associated with chromosomal translocations such as t(14;18) that is observed in follicular lymphoma35,36. In addition, the expression of other antiapoptotic members of the BCL2 family, namely BAX, BCL-xL and MCL1
are also found to be high in CLL36. That notwithstanding, the underlying
mechanisms and subsequent effects of these dysregulated genes still require
further investigation.

Figure 1. The morphology of CLL cells in a bone marrow smear, as observed following May-Grünewald-Giemsa staining.

CLL cells were initially thought to be static and unable to proliferate. Recent
evidence however, indicates that an appreciable proportion of the CLL clone
does proliferate37. Heavy water (2H2O, deuterium) experiments have shown
that CLL cells have a proliferation rate of 0.1% to 1% of the total leukemic
clone population per day. Furthermore, CLL cells have been found to inte13

ract with CD40L+ helper T cells38 and stromal cells39 within the leukemic
microenvironment. These microenvironmental interactions appear to be vital
for inducing proliferation and increased survival of the CLL cells40.

The Origin of CLL
The origin of CLL cells is still not fully understood. It was initially hypothesized that all CLL cells originated from an immature pre-germinal center
(pre-GC) B-lymphocyte41. This was supported by the expression of CD5 on
CLL cells, which was initially described as a marker for naïve B-cells of
early ontogeny42,43. Thus, a proposal was forwarded that CLL may arise from
these naïve B-cells44.
However, this hypothesis was challenged by the finding that somatic hypermutation (SHM) of the immunoglobulin heavy-chain variable (IGHV) genes
occurs in at least 50% of CLL cases45,46, implying that these CLL cells may
arise from matured antigen-experienced memory B-cells47,48. Further studies
also supported that antigen selection may be important in the initiation and
progression of CLL cells49-52, which will be discussed further in a later subsection. In addition, it was demonstrated that induction of CD5 expression
on the surface of B-cells can occur following mitogenic stimulation53,54.
Therefore, it appeared that CLL consisted of two separate entities; those that
arose from unmutated naïve B-cells and those from somatically hypermutated mature memory B-cells. However, gene expression profiling studies
have demonstrated that both CLL subgroups with either mutated or unmutated IGHV genes display a similar profile as those of antigen-experienced
B-cells55,56. Thus, it seems more likely that both subgroups originate from Bcells that encounter antigens, regardless of their IGHV mutation status.

Predisposing Genetic Factors and Genetic Defects
Compared to other hematological malignancies, CLL is reported to have the
highest familial clustering57,58. First degree relatives of CLL patients have a
significantly increased risk of getting the disease59, which supports that hereditary factors may be involved in the etiology of the disease. However, the
exact predisposing genetic factors in CLL remain to be elucidated. Genomewide linkage scans on familial CLL have not found any major CLL-causing
locus, instead suggesting that the genetic predisposition within these families
may be due to the co-inheritance of low-risk variants60.
A subsequent genome-wide single-nucleotide polymorphism (SNP) association study of 517 CLL cases identified six susceptibility loci in CLL61.
Among these, two SNPs, termed rs872071 and rs9378805, were mapped to
chromosome 6p25.3, both encompassing the interferon regulatory factor 4
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(IRF4) gene loci. As IRF4 is a key regulator of lymphocyte development and
proliferation, it was hypothesized that the presence of these SNPs within the
3’ untranslated region (UTR) of the IRF4 gene were likely to be significant
susceptible genetic factors in CLL. Moreover, the presence of risk alleles in
both SNP positions were associated with reduced transcriptional expression
levels of IRF461. Two SNPs which mapped to two different loci within
chromosome 2, and one SNP each within chromosome 11, 15 and 19 were
also associated with increased risk for CLL, although direct involvement of
these SNPs in CLL development is still largely not understood.
Although no single specific genomic aberration is found in all CLL cases, at
least one aberration can be detected in more than 80% of CLL patients by
interphase fluorescence in-situ hybridization (FISH)62. The most common
single aberration, which occurs in around 50% of cases, is the deletion of a
part of the long arm of chromosome 13, del(13)(q14)62. In addition to
del(13q)(14), three other aberrations are commonly observed in CLL cases,
namely trisomy of chromosome 12 (15-25%), deletion of a part of the long
arm of chromosome 11, del(11)(q23) (10%-20%) (Figure 2) and deletion of
a part of the short arm of chromosome 17, del(17)(p13) (5-7%)62,63. The correlation between these chromosomal aberrations and CLL prognosis has
already been well established and will be discussed in a later section. Several
genes that are affected by these chromosomal aberrations have also been
identified (see Table 2).

Figure 2. An image of a FISH analysis using an ATM probe (green) to indicate
chromosome 11 and p53 probe (red) to indicate chromosome 17. Here, the CLL cell
carries a deletion of 11q.
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Antigen Selection in CLL
As mentioned earlier, studies on SHM of the IGHV genes provided some
early clues for the involvement of antigen selection in the pathogenesis of
CLL. The Ig molecule is a major component of the B-cell receptor (BCR) on
the surface of B-cells, where the V region of the heavy-chain molecule binds
and interacts with antigens. The V region of the heavy chain is generated by
the joining of distinct variable (IGHV), diversity (IGHD) and joining (IGHJ)
genes at the IGH locus. Similarly, V and J light chain (LC) genes join at the
Ig kappa and lambda loci. Each V region contains both evolutionary conserved framework regions and hypervariable regions known as complementarity determining regions (CDRs). The CDR3 is the most hypervariable
region and is generated by the process of VDJ recombination prior to the
contact of B-cells with antigens64.
In brief, SHM of the Ig genes is a normal process during maturation of Bcells. This process occurs mainly in the GC environment within secondary
lymphoid tissues such as the lymph nodes, following antigen recognition and
co-stimulation of B-cells by helper T-cells65. SHM involves mainly point
mutations, but also insertions and deletions, mainly within the IGH or LC
gene loci66. Particularly, the SHM mechanism is focused on six CDRs,
which form the antigen binding site of the Ig molecule66. In short, SHM results in the production of B-cells expressing Ig molecules with higher affinity for and specificity to the initiating antigen. These B-cells that have undergone successful SHM are then selected and differentiate into either antibodysecreting plasma cells or memory B-cells67.
An early literature review by Schroeder and Dighiero45 noted that 36 out of
75 CLL cases had less than 98% identity in their IGHV genes compared to
germline sequences. This notion was later verified in a study on an American-Italian CLL cohort, where they also observed a peculiar bias in the use
of certain IGHV, IGHD, and IGHJ genes among CLL cases46. Many groups
have reported this feature of preferential IGHV gene usage, such as IGHV169, IGHV3-21, IGHV4-34 and IGHV3-7, and certain IGHV-D-J combinations were also shown to be over-represented in CLL41,46,47,68,69. Amongst
these IGHV genes, IGHV3-21, IGHV4-34 and IGHV3-7 were predominantly found to be mutated, while IGHV1-69 were often unmutated41,46,47,68,69. In
addition to a bias in IGHV gene usage, a remarkable conservation Ig LC
usage was also observed in CLL70,71.
Further analysis of the CDR3 revealed that many CLL subsets demonstrating
restricted heavy and light chain usage also shared similar amino acid motifs
in this specific region72,73. In particular, several groups have reported that a
large proportion (up to 30%) of CLL cases have very similar or ‘stereotyped’
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CDR3s72,74-78. Since it is extremely unlikely (10-12 probability) that two individuals would share identical BCRs, this indicates that CLL development
and its natural history is not a random and stochastic event. Instead, these
data strongly imply the role of antigen selection in the pathogenesis of CLL,
at least for some subsets of CLL70.
The exact kinds of antigens that are possibly involved in driving the clonal
evolution of CLL remain elusive. The BCRs of IGHV unmutated CLL cells
have been reported to exhibit autoreactivity and polyreactivity49,79, while this
has not been observed in IGHV mutated cases. However, when CLL cells
carrying IGHV mutated sequences were reverted to their germline configuration in vitro, they have been shown to exhibit polyreactivity49. This evidence
suggests that unmutated CLL cells may bind and be stimulated by a wide
range of antigens while mutated CLL cells seem to be more selective.
Several studies have demonstrated that CLL cells bound to autoantigens
related to apoptosis50,51,80. A recent study on the specific binding of monoclonal antibodies from CLL demonstrated that certain epitopes of apoptotic
autoantigens, specifically vimentin and oxidized LDL, are among those recognized by CLL cells50. In addition, some CLL cells displayed crossreactivity with certain motifs in the polysaccharide structures of the bacteria
Streptococcus pneumonia50. Other evidence highlights the possibility of superantigen involvement in the growth of CLL precursor cells81-83.

Monoclonal B Lymphocytosis
A mild elevation (less than 5x109/L) of CD5+CD23+ monoclonal B-cells in
the peripheral blood is found in approximately 3.5% of the healthy individual population84-86. Termed as monoclonal B lymphocytosis (MBL) by the
International Familial CLL consortium87, this condition has been proposed as
a possible precursor state for CLL. In addition to CD5 and CD23 positivity,
MBL cells share many other typical immunophenotype features of CLL88.
Similarly, FISH analysis has revealed that the frequency of del(13q) and
trisomy 12 in MBL also reflect those of CLL89.
The incidence of MBL increases with age and MBL is more frequent among
males and among close relatives of CLL patients85,86,90. In addition, a very
high proportion of CLL cases were recently shown to be preceded by
MBL91. On the other hand, the rate of progression from MBL to CLL was
shown to be only 1.1% per year89. Thus, further studies are needed to provide clear insights into the pathogenesis of MBL and it relevance in CLL.
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Prognostic Markers in CLL
Clinical Prognostic Factors
Clinical Staging Systems
As indicated earlier, the clinical course among CLL patients is very heterogeneous. Recognizing this, two clinical staging systems have been developed
that stratify patients according to disease burden and the degree of bone marrow involvement (Table 1)92,93. Accordingly, the systems are known among
the CLL community worldwide as Rai and Binet staging.
Table 1. Rai and Binet staging systems for CLL94
Staging
System

Stage

Characteristics

Rai
0
I
II
III
IV

Lymphocytosisa in blood and bone marrow only
Lymphocytosis plus lymphadenopathy
Lymphocytosis plus splenomegaly or hepatomegaly
Lymphocytosis plus anaemia (Hb < 110 g/L)
Lymphocytosis plus thrombocytopenia (platelets< 100 x 109/L)

A

Less than three sites involved, Hb > 100 g/L, platelets> 100 x109/L

Binetb

B
Three or more sites involved, Hb > 100 g/L, platelets > 100 x 109/L
C
Hb < 100 g/L, or platelets< 100 x 109/L
a
Defined as lymphocyte counts of >15 x 109/L
b
Involved sites are liver, spleen and lymph nodes in inguinal, axillaries and cervical regions

Since their introduction, both clinical staging systems have been widely accepted as gold standards for the classification of CLL patients at diagnosis.
Rai staging has been mostly used in North America, while Binet staging has
widely been applied throughout Europe95. A recommendation by the International Working Group on CLL (IWCLL) in 1981 to combine the two systems has not yet received wide acceptance and to this day clinicians still
choose either one in their clinical practices96. The Rai staging system has
also been refined, where the number of stages has been reduced to three97,
although the old system is also still being used.
In addition to being useful for the classification of patients at diagnosis and
as a guide for clinicians to make decisions regarding patient follow-up and
treatment, both clinical staging systems generally correlate well with CLL
18

prognosis. The median survival among patients with Rai stage 0 or Binet
stage A generally exceeds 10 years, while those with intermediate risk (Rai
stage I/II or Binet Stage B) have a median survival of between 5-7 years94.
Patients with Rai stage III/IV or Binet stage C have a median survival of less
than three years94.
As the clinical stage may change upon disease progression, both staging
systems are not always useful in providing information, at diagnosis, whether certain patients would remain indolent or will become progressive.
Lymphocyte Doubling Time
By calculating the time (in months) it takes for peripheral blood absolute
lymphocyte counts in individual CLL patients to double in number, the lymphocyte doubling time (LDT) provides information about the disease kinetics in the patient. In two classical studies made in 198698 and 198799, a LDT
of less than 12 months clearly indicated shorter overall survival among the
patients99 and that LDT had an independent prognostic significance98. The
1996 NCI guidelines96 have included LDT in the list of prognostic markers
in CLL, in which a LDT of less than 6 months is considered as an indication
for treatment requirement.
The measurement of LDT is easily performed in a clinical setting and is
useful in routine clinical diagnostic practice94,99. Nevertheless, there are significant bottlenecks of this prognostic marker. For instance, LDT is obviously unavailable at diagnosis and furthermore the absolute lymphocyte counts
can be confounded by factors such as infections that are not necessarily related to CLL progression94,100.

Serum Markers
Thymidine Kinase
Thymidine kinase (TK) is an enzyme that has key functions in DNA synthesis and thereby plays an important function in cell proliferation. Serum level
of TK is useful to measure tumor progression, since high expression of this
enzyme may indicate proliferative activity. In CLL, an early study found that
high TK levels associated with advanced clinical stages and progressive
disease101. Subsequent studies later verified the impact of high serum TK on
clinical outcome in CLL, especially within the Binet A subgroup of patients102,103. A high serum TK level is also associated with other unfavorable
prognostic indicators such as IGHV unmutated genes, short LDT, high β2m,
CD38 and ZAP70 levels, as well as unfavorable chromosomal aberrations103105
. Furthermore, serum TK may also serve as a predictive marker for treatment response to fludarabine104.
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These findings suggest that serum TK may become a useful prognostic and
predictive marker in CLL. However, a fully standardized and validated method to measure this serum marker is still required4. In addition, serum
markers can be affected by metabolic disorders that are not directly associated with CLL, and they are also influenced by the age of the patient100.
Beta-2 Microglobulin
Beta-2 microglobulin (β2m) is a component of the class 1 major histocompatibility complex (MHC) molecule, which are present on all nucleated cells106.
Elevated serum levels of this protein have been reported in CLL, multiple
myeloma, lymphoma and other lymphoproliferative diseases107,108. A high
serum β2m level in CLL patients is associated with advanced clinical stage
and progressive disease109,110. In addition, high β2m levels are associated
with other unfavorable prognostic indicators in CLL such as a diffuse pattern
of bone marrow infiltration, as well as higher CD38 and ZAP70 expression111-115.
β2m has been mentioned by the recently published IWCLL guidelines as a
potential prognostic marker in CLL4. However, the impact of β2m as an
independent prognostic factor in CLL could not be verified by Molica and
colleagues116, when clinical stage and LDT were included in the analysis. In
addition, serum β2m levels are known to be influenced by the patients’ renal
functions, where impaired glomerular filtration increases the serum β2m
level117,118.

Genetic Abnormalities
Genomic Aberrations
A correlation between clinical course and the presence of certain chromosomal aberrations has been reported as early as 1985119. Early studies in this
field, which depended on conventional cytogenetic analysis, have indicated
that the presence of trisomy 12 in CLL patients were associated with a worse
prognosis compared to those having a 13q deletion120,121. A later study,
which applied FISH analysis, described other chromosomal aberrations that
affect CLL prognosis such as del(11)(q23) and del(17)(p13), in addition to
del(13)(q14) and trisomy 12. This study demonstrated that patients having
del(13)(q14) showed a longer overall survival compared to patients carrying
del(11)(q23), del(17)(p13) and trisomy 1262. In addition, CLL patients having del(17)(p13) displayed the worst overall survival and disease progression, followed by those with del(11)(q23)62,122. The impact of these common
genomic aberrations and their known affected genes on CLL prognosis is
listed in Table 2.
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Table 2. Common chromosomal aberrations in CLL, known affected genes and their
impact on prognosis
Chromosomal aberraRelative clinical outcoAffected genes
tions
mes
del(13)(q14)
trisomy 12
del(11)(q23)
del(17)(p13)

miR15, miR16
-

Good
Intermediate

ATM
TP53

Intermediate
Poor

The occurence of del(11)(q23) and del(17)(p13) are significantly associated
with the presence of the IGHV unmutated gene. Patients carrying these genomic aberrations generally have a poor response to fludarabine and alkylating agent-based therapies122. It has been recently demonstrated that CLL
patients with del(17)(p13) commonly carry mutations in the remaining TP53
allele123. Moreover, a proportion of cases without the presence of
del(17)(p13) have also been shown to display TP53 mutations, where these
mutations correlate with a poor prognosis in CLL123,124.
FISH detection of genomic aberrations is a robust analysis for the prediction
of clinical outcome in CLL in routine practice125. Nevertheless, clonal evolution may occur for the individual CLL patient. New or additional aberrations, for instance del(11)(q23) and del(17)(p13) may thus be acquired during the course of the disease either spontaneously or following treatment126.
As the occurrence of additional genomic changes may alter the rate of CLL
progression, FISH analysis should be performed prior to the initiation of
therapy and again when there is a change in the clinical course of the disease
or if the patient responds poorly to a given treatment127.
Genomic Complexity
With the development of new culturing protocols for CLL cells and the advancement in high resolution array-based technology, a number of novel
genomic aberrations have been discovered128,129, although the majority of
these are non-recurrent alterations in CLL. However, recent studies have
demonstrated that genomic complexity, defined by the presence of multiple
genomic aberrations and/or unbalanced chromosomal translocations has a
significant impact on the prognosis in CLL patients128-130. Gunn and colleagues recently reported that the presence of 3 or more genomic aberrations
was associated with a poor prognosis in CLL131. In addition, our collaborative study on a Scandinavian CLL cohort further verified the prognostic impact of genomic complexity on overall survival and time to treatment in CLL
patients. However, this study also demonstrated that most cases with a higher genomic complexity were those with del(11)(q23) or del(17)(p13)132.
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Telomere Length
A telomere is a region that consists of repetitive DNA sequences (TTAGGG)
at both ends of a chromosome. Telomeres protect the chromosome ends
from premature replication termination. In addition, telomeres also prevent
improper adjoining of chromosomes during replication. Telomeres shorten
with every cell replication and eventually become too short, which leads the
cell into senescence and apoptosis. However, in some cells, such as stem
cells and cancer cells, the programmed telomere shortening mechanisms are
evaded due to telomerase activity, which renders the cells “immortal”. The
2009 Nobel Prize in Medicine or Physiology was awarded to Elizabeth
Blackburn, Carol Greider and Jack Szostak for their discoveries regarding
telomeres and the enzyme telomerase.
In CLL, longer telomeres are associated with mutated IGHV genes and
hence, a better prognosis compared to cases with unmutated IGHV, which
have shorter telomeres133. Furthermore, it has also been demonstrated that
shorter telomeres are found in cases displaying del(11)(q23)/ del(17)(p13)134.
In unmutated IGHV cases, high telomerase activity also indicates a higher
proliferative activity of the CLL progenitor cells135. Although IGHV unmutated cases display shorter telomeres, their telomeres remain stable due to the
high telomerase activity in these cells.

Molecular and Biological Markers
IGHV Mutation Status and IGHV Gene Usage
A major breakthrough in the search for prognostic markers in CLL was
made in 1999, with the findings that the IGHV mutation status separates
CLL into two distinct groups with significantly different prognosis47,48. The
median survival of patients with mutated IGHV genes, defined as having
less than 98% identity to the most similar germline gene, was found to be
almost twice that of patients with unmutated genes. This finding was later
replicated and confirmed in many independent cohorts of CLL63,69,122.
The IGHV mutation status remains constant; hence this analysis can be performed at any point during the course of the disease. IGHV gene analysis is
usually performed on DNA, although RNA and cDNA can also be used.
Polymerase chain reaction (PCR) together with gene sequencing technologies is required for this purpose. A guideline has been published by a collaborative effort within the European Research Initiative on CLL (ERIC) to
standardize the analysis of the IGHV mutation status136. Although IGHV
mutation assessment was initially being described as cumbersome and timeconsuming, the guideline has provided recommendations to ensure a successful analysis. In addition, a series of educational workshops have been
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organized to train researchers and clinical diagnostic practitioners on this
tool. These efforts have contributed to the recognition of IGHV mutation
analysis as one of the most reliable prognostic markers in CLL and hence it
has been adapted in many laboratories worldwide.
An important exception to the IGHV mutated-unmutated rule in CLL prognostication was later revealed by studies on a cohort of Swedish CLL69. Specific utilization of one particular IGHV gene, i.e. the IGHV3-21 gene, by
CLL cells was associated with a poor prognosis regardless of the mutation
status of the IGHV3-21 gene. In an extended CLL cohort, consisting of 244
cases, 11.7% of the patients had IGHV3-21 usage, of which 68% carried a
mutated IGHV3-21 gene74. The overall survival among unmutated cases was
70 months compared to 146 months for mutated cases74. The overall survival
among the IGHV3-21-expressing patients was found to be significantly
shorter than other mutated cases and to be similar to the unmutated cases,
with a median overall survival of 83 months74. This finding has been verified
in several subsequent studies made in our center and elsewhere137-139. Similar
observation on an extended cohort of Scandinavian CLL is shown in Figure
3.

Figure 3. Overall survival and time to treatment in different CLL subgroups according to IGHV mutation status and IGHV3-21 usage.

In addition to IGHV mutation status and IGHV3-21 usage, HCDR3 ‘stereotypy’ has also recently been associated with CLL prognosis. In a large study
on a Mediterranean cohort of CLL78, 48 CLL subsets were identified with
more than 20% of the cases belonging to one stereotyped subsets. Among
these cases, those belonging to subset 2, which have a stereotyped IGHV321 gene rearrangement had worse prognosis compared to those cases with
non-stereotyped IGHV3-21 rearrangements. Similarly, cases with stereotyped CDR3 belonging to the subgroup designated as subset 1 also had
shorted survival compared to non-stereotyped cases. On the other hand, cases carrying a stereotyped IGHV4-34 rearrangement (defined as subset 4) had
more favorable prognosis compared to non-stereotyped IGHV4-34 cases.
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CD38
CD38 is a transmembrane glycoprotein found on the cell surface of lymphocytes, including B-cells140. In addition to its functions in cell adhesion and
calcium (Ca2+) signaling141, CD38 is important in BCR signal transduction
and thereby modulates apoptosis142. In 1999, the expression level of CD38
was demonstrated to have prognostic impact in CLL. High expression of
CD38, based on an empirical 30% positivity threshold value (where 30% of
CLL cells express CD38) was then shown to associate very closely with
unmutated IGHV genes48. Conversely, low CD38 expression was shown to
be associated to IGHV mutated cases with an 82% concordance48. Thus,
CD38 was considered as a surrogate marker for the IGHV mutation status.
Since the measurement of CD38 expression by flow cytometry is relatively
simple and straightforward compared to IGHV mutation analysis, the finding
by Damle and colleagues48 attracted a lot of interest. However, subsequent
studies122,143 could not replicate the high correlation between IGHV mutation
status and CD38 expression. Additionally, there are certain issues regarding
the measurement of CD38 expression by flow cytometry that need to be
considered. The main consideration is regarding the best cut-off value to
define CD38 positivity127. Instead of the original cut-off of 30%, other threshold values of 20%144,145, 7%122 and 5%146 have also been proposed. In addition, a study by an Italian group found three subsets of CLL patients according to the CD38 expression147. The first subset consisted of leukemic cells
which were homogenously CD38-negative, while the second group homogenously showed high CD38 expression147. The third CLL subgroup
represented those with a bimodal expression profile of CD38, in which two
simultaneous populations of leukemic cells that were CD38-positive and
CD38-negative were observed147. The bimodal subgroup cases showed a
similar clinical course as cases with high CD38 expression.
Additionally, the stability of CD38 expression during the course of the disease has also been debated. Hamblin and colleagues observed that the level
of CD38 expression changes in approximately 25% of their CLL cohort during the course of the disease148. Since then, a number of studies also reported
similar observations122,149, while others reported a stable level of CD38 expression over time48,147.
Despite these considerations, CD38 is currently considered as an independent prognostic marker in CLL, although perhaps not the strongest150.
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ZAP70
The zeta-chain associated protein kinase 70kDa (ZAP70) is a member of the
tyrosine kinase family of proteins (PTK) and is normally expressed in Tcells and natural killer (NK) cells151. ZAP70 plays a critical role in the regulation of normal T-cell functions, such as T-cell receptor (TCR) signaling
initiation, T-cell activation, cell migration and apoptosis152.
A comparative gene expression profiling study between mutated and unmutated CLL cases revealed ZAP70 to be highly expressed in unmutated cases55. Thus, the measurement of ZAP70 expression levels was suggested as a
surrogate marker for the IGHV mutation status and this was further verified
in subsequent studies153-155. Furthermore, higher ZAP70 expression predicted
cases with unfavorable clinical course in terms of disease progression and
overall survival153-155.
Although the first study55 reported that the ZAP70 expression level can predict IGHV mutation status with 93% accuracy, most of the subsequent investigations could not achieve 90% concordance between the two prognostic
markers156,157. Furthermore, up to 25% of CLL cases showed discordance
between ZAP70 expression and IGHV mutation status156, which is partly
attributed to the high ZAP70 expression observed in cases with IGHV3-21
usage, while cases having del(11)(q14), del(17)(p13) could have low ZAP70
expression level despite being unmutated158. Despite that, ZAP70 expression
could predict disease outcome regardless of IGHV mutation status and serve
as an independent prognostic marker in CLL156.
ZAP70 expression has been shown to be more stable during the course of
CLL progression than CD38 expression155,156. Still, changes in ZAP70 expression level were observed among 5%-10% of CLL patients during the
course of the disease159,160.
The analysis of ZAP70 expression by flow cytometry appears to be a strong
CLL prognostic marker. However, there are some methodological issues that
need to be solved. Since ZAP70 is an intracellular protein, cell fixation and
permeabilization is required before fluorescence staining could be performed. In addition, the level of ZAP70 protein in CLL samples changes
upon storage, depending on the use of heparin or EDTA as an anticoagulation agent161.
Since a standardized method for ZAP70 measurement is still lacking, this
may contribute to the variation of results between different laboratories.
Thus, large inter-laboratory collaborations are needed to standardize the
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storage, handling and processing as well as to find the best cut-off value for
the definition of the ZAP70 positivity level by flow cytometry analysis.
In addition to being a prognostic marker in the disease, a functional significance of ZAP70 expression on cellular signaling pathways within CLL cells
has also been suggested. As illustrated in Figure 4, ligation of the BCR complex by antigen may result in recruitment of ZAP70 to the cytoplasmic immunoreceptor tyrosine-based activation motifs (ITAMs) of the BCR complex162. Phosphorylation of ZAP70, in turn leads to the recruitment and
phosphorylation of another PTK known as Syk162. This subsequently induces
increased phosphorylation of other proteins such as B-cell linker (BLNK)
and phospholipase-Cγ (PLCγ)162 and their downstream signaling pathways
that eventually lead to enhanced survival as well as increased cell proliferation and differentiation163-165. Differences in signal transduction involving
ZAP70 between IGHV mutated and unmutated cases have been described166,
where unmutated CLL appears to have a higher capacity to phosphorylate
ZAP70 and Syk proteins while mutated CLL cells appeared to be more anergized166.

Figure 4. Model for the involvement of ZAP70 in B-cell receptor (BCR) signaling.
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Single Nucleotide Polymorphisms
DNA sequence variation in the human genome is a very common phenomenon and the most common form of variation is the substitution at a single
DNA base-pair, known as single nucleotide polymorphisms (SNPs). A section of the Human Genome Project, the International SNP Map Working
Group, has identified approximately 1.4 million SNPs167, but the total number of SNPs within the human genome is estimated to be around ten million168.
SNPs that are found along the coding region in the genome can either be
silent polymorphisms or can cause non-synonymous protein changes. There
are approximately 24,000 to 40,000 of the non-synonymous SNPs (nsSNPs)
within the genome of each human individual169. These nsSNPs may have a
direct consequence on the phenotype of the individual, as they may change
the structure, and functions of a protein170. Additionally, SNPs are also found
in the non-coding region of the genome such as at the splice junctions of
exons and at the promoter region of genes. SNPs in promoter regions may
have an impact on the transcriptional regulation of the given genes, while
SNPs in the splice junctions may have effects on exon splicing171,172.
Several SNPs have been identified as predisposing genetic factors in certain
diseases. For instance, an nsSNP in the protein tyrosine phosphatase, nonreceptor type 22 (PTPN22) gene is implicated in the pathology of rheumatoid arthritis173,174, while a SNP in the mRNA cleavage site of the F2 prothrombin gene is associated with deep venous thrombosis175,176. In cancer, the
association between the presence of certain SNPs and the increased risk of
tumor formation has been widely studied. A meta-analysis by Zhu and colleagues177 identified a total of 46 SNPs in 39 different genes that have been
implicated in the pathogenesis of 16 different cancers. The majority of those
SNPs were identified as predisposing genetic factors in cancers, while others
may render protection against cancer development177. In addition, certain
SNPs have also been correlated with prognosis, clinical course and response
to therapy in several types of malignancies178,179.
With the advances in biotechnology today, detection and characterization of
SNPs in the human genome either at single loci or in haplotype blocks have
become feasible. High throughput and high resolution technologies such as
the array-based technologies is arguably the most invaluable tool in SNP
discovery. Once a SNP is identified and defined, screening for its presence
in large patient cohorts is relatively easy using basic molecular methods such
as allele-specific PCR and PCR coupled with endonuclease digestion analyses. Moreover, most of the equipments and technologies for simple SNP genotyping are readily available in most molecular diagnostic laboratories.
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Depending on the genotyping methodology, detection of individual SNPs
can be very fast and much cheaper when compared to other molecular biomarkers. Thus, a SNP marker would potentially have great value in routine
practice for management of CLL patients.

SNPs as Prognostic Markers in CLL
Recently, SNPs within certain genes have been suggested to have an impact
on disease progression and clinical outcome in CLL. For instance, a genetic
variation in the promoter region of the pro-apoptotic BCL-2-associated X
protein (BAX) gene was associated with shorter overall survival and more
aggressive forms of CLL180,181. However, this finding could not be replicated
in a larger cohort of CLL patients182. Similarly, a SNP in the purinergic P2X
receptor family 7 (P2X7) was initially associated with longer overall survival
in CLL patients183, but several follow-up studies have reported conflicting
findings184,185. Moreover, a number of other SNPs identified for instance, in
the myeloid cell leukemia-1 (MCL1) gene186 and methylenetetrahydrofolate
reductase (MTHFR) gene187 have also been suggested as prognostic markers
in CLL, but so far have not been verified by subsequent independent studies188.
The GNAS1 Gene and the GNAS1 T393C SNP
The GNAS1 gene, which is mapped to chromosome 20q13.2–13.3, is comprised of 13 exons189 and encodes the Gs subunit of heterotrimeric G proteins. Found in all cell types except mature spermatozoa190, the Gαs protein
is mainly involved in the stimulation of adenylyl cyclase191, which in turn
catalyzes the synthesis of cyclic AMP (cAMP) from ATP within cells192,193.
Additionally, this G protein is also involved in the control of the calcium-ion
(Ca2+) channel in cardiac muscle cells194, activation of tyrosine kinases195
and the regulation of intracellular membrane trafficking196. As these signaling pathways are involved in processes such as cell growth, gene transcription and cell motility, genetic defects in the GNAS1 gene have been implicated in many diseases (Table 3).
A SNP in the GNAS1 gene, denoted as GNAS1 T393C197, has been associated with clinical outcome in bladder cancer198, colorectal cancer199, clear
cell renal cell carcinoma200 and invasive breast carcinoma201. It was demonstrated that the synonymous T>C substitution at the 393rd nucleotide position
in exon 5 could change the Gαs mRNA structure and therefore decrease the
production of its protein198.
A recent study on a cohort of CLL patients found a significant association
between the presence of the C allele with more aggressive forms of CLL and
shorter overall survival among the carriers202. In this cohort of 144 CLL cas28

es, the T393C polymorphism was indicated to be an independent prognostic
factor for progression-free survival in CLL.
Table 3. Human diseases associated with GNAS1 defects203.
Abnormality
Diseases/ disorders
Somatic activating Gαs mutations

GH-secreting pituitary tumors
Thyroid adenomas, carcinomas
Leydig cell tumors
Pheochromocytoma
Parathyroid adenoma
ACTH-secreting pituitary tumor
McCune-Albright syndrome (MAS)
Fibrous dysplasia
Skeletal muscle myxomas

Heterozygous inactivating Gαs mutations

Progressive osseous heteroplasia (POH)

Maternal transmission
Paternal transmission

Albright hereditary osteodystrophy (AHO)
Pseudohypoparathyroidism type IA (PHPIA)
(AHO + multi-hormone resistance)
Pseudo
pseudohypoparathyroidism
(PPHP)
(AHO alone)

Maternal Gαs A366S mutation

PHPIA + testotoxicosis

Maternal Gαs I382 mutation

Pseudohypoparathyroidism type IB PHPIB)
(renal parathyroid hormone (PTH) resistance
without AHO)

GNAS1 imprinting defect
Paternal uniparental disomy

PHPIB
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The BCL2 Gene and the BCL2 -938C>A Polymorphism
The BCL2 gene, located on chromosome 18q21.3, was originally identified
in t(14;18)(q32;q21)-positive B-cell lymphomas204. This gene encodes the
anti-apoptotic BCL2 protein, which belongs to a growing family of apoptosis-regulatory gene products, comprising of both pro-apoptotic (BAX, BAK,
BCL-XS, BAD, BAD, BIK and HRK) and anti-apoptotic (BCL-XL, BCLl-W,
BFL-1, BRAG-1, MCL-1 and A1) members205. Two regulatory promoter
regions have been identified upstream of the BCL2 gene. The first promoter,
P1 enhances the expression of the BCL2 gene while the second promoter,
P2, suppresses the activity of P1 and thus, serves as a negative modulator of
BCL2 expression206.
CLL cells have been shown to display dysregulated apoptosis with high expression of the BCL2 protein in most cases207. The BCL2 expression level
may also correlate with clinical outcome since a high BCL2 expression has
been associated with a poor prognosis208. Furthermore, a high ratio between
the BCL2 and BAX proteins in CLL cells has been associated with resistance to apoptosis in vitro209.
Recently, a SNP -938C>A in the P2 position of the BCL2 gene (Figure 5)
was reported to serve as a predictor for disease progression and overall survival in CLL210. The investigators showed that CLL patients with the 938AA genotype had shorter median overall survival and median time from
diagnosis to initiation of chemotherapy compared to the patients carrying the
-938AC/CC genotypes. The -938AA genotype was also indicated as an independent prognostic factor for progression-free survival in CLL. Furthermore, CLL patients with the -938AA genotype demonstrated increased
BCL2 expression levels, indicating a link between the AA genotype and
worse outcome.

Figure 5. An illustration of the -938 C>A SNP position within the promoter region
of the BCL2 gene.
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The MDM2 Gene and the MDM2 SNP309
The MDM2 gene, which is mapped to chromosome 12q13-14211, encodes for
the murine double minute 2 (MDM2) protein. MDM2 has been characterised
as an oncogene that is over expressed in many human cancers, where high
MDM2 levels are associated with a poor prognosis212,213. MDM2 functions
as an important regulator of p53 by suppressing transcriptional activity214
and promoting proteasome-mediated degradation215 of this tumor suppressor
protein216. Hence, the excessive down-regulation of the pro-apoptotic p53
protein by MDM2 renders the cells susceptible to neoplastic lesions217. Furthermore, MDM2 has also been described to have p53-independent functions
in cell cycle control, DNA repair, differentiation and other cell functions218.
A T>G polymorphism at the nucleotide position 309 of the first intronic
region of the MDM2 gene (Figure 6), denoted as SNP309219, has been demonstrated to have unfavorable effects in various cancers219,220. The presence
of the MDM2 SNP309 in human cell lines was found to elevate the expression of MDM2 protein due to the increased binding affinity of the MDM2
transcriptional activator Sp1 within those cell lines219. In addition, the presence of the GG genotype at this position was also associated with poor outcome in several human cancers, including renal cell carcinoma221, LiFraumeni syndrom222, and oral carcinoma223 as well as correlating with early
tumor onset in Li-Fraumeni syndrome219 and colorectal carcinoma220.
In CLL, the MDM2 SNP309 was suggested as a predictor of clinical outcome in two independent cohorts of CLL patients, where patients carrying
the GG genotype were found to have significantly shorter time to treatment
compared to TG and TT carriers, while overall survival was shorter among
carriers of GG/TG genotypes compared to the other subgroup224. In addition,
the investigators suggested MDM2 SNP309 as an independent prognostic
factor in CLL224. However, these findings could not be verified in a large
German CLL cohort, as reported by Zenz and colleagues225, since they could
not find any significant difference in time to first treatment and overall survival between CLL patients with these alternative genotypes.

Figure 6. An illustration of the MDM2 SNP309 position, in relative distance to the
first and second exon of the MDM2 gene.
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Gene Expression and RNA-based Markers
With the completion of the human genome sequencing project, more interest
is now being invested into understanding gene expression. From over 3 billion DNA base-pairs in the haploid human genome, only approximately
1.5% encodes for proteins and only a small fraction of these are expressed in
a certain cell at a particular time226.
Understanding the dynamics of gene expression is vital in elucidating cell
biological and pathological processes. In cancer, alterations in gene expression pattern are more common than mutation227. The measurements of certain RNA-based markers and/or their expression profiles have been very
useful in providing better understanding of molecular mechanisms, better
refinement of disease classifications and improvement in diagnosis and
prognosis of some cancers. For instance, gene expression studies have led to
new classifications of breast cancers, which may also improve prognosis and
therapies among patients228-230. Gene expression-based profiling have also
been developed to define clinically distinct subgroups of diffuse large B-cell
lymphoma (DLBCL)231,232. In chronic myeloid leukemia (CML), the BCRABL transcription level has been very useful for the assessment of molecular
remission and patients’ long-term survival233,234.
Accurate quantification of specific RNA-based markers in a biological sample requires several essential components, namely sufficient amount of starting material (total RNA or mRNA), a highly specific and sensitive detection
technique and reliable internal standards or controls for correct interpretation
of results. Among others, serial analysis of gene expression (SAGE), differental display (DD) analysis and cDNA microarray techniques are the most
commonly applied tools for the screening of differentially expressed genes.
However, real-time quantitative polymerase chain reaction (RQ-PCR) is
arguably the most widely used quantitative method to measure gene expression.
RQ-PCR analysis is based on the detection of PCR products as they accumulate, i.e. during the exponential phase of PCR amplification. Early generations of RQ-PCR technologies used intercalation of nonspecific fluorescence
such as ethidium bromide or SYBR green® as indicators for target gene amplification. More specific and sensitive probe-based PCR monitoring have
become more popular methods of choice for RQ-PCR, although SYBR
green® is still being used. A basic example of this strategy is illustrated in
Figure 7.
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Figure 7. Basic principles of real-time quantitative PCR using Taqman® probe.
This system uses a probe, which is an oligonucleotide with both a reporter fluorescent dye and
a quencher dye attached at its 5' and 3' end, respectively. During the extension phase, the
quencher suppresses the reporter fluorescence when the two dyes are close to each other. This
is only the case if the probe is intact. Once amplification occurs, the probe is degraded by the
5'–3' exonuclease activity of the Taq DNA polymerase and the reporter fluorescence will be
measured using automated laser detection systems.

RNA-based Markers in CLL
ZAP70
As mentioned earlier, the applicability of ZAP70 analysis by flow cytometry
has been hindered by some technical difficulties. Thus, several studies have
suggested the detection of the ZAP70 mRNA level as an alternative235,236.
Catherwood et al.235 reported that although 100% concordance with IGHV
mutation status was not reached, ZAP70 mRNA assessment provided a better
concordance rate compared to flow cytometry ZAP70 analysis. In another
study, RQ-PCR measurement of ZAP70 transcriptional expression also appeared to be a stronger prognostic factor for overall survival and time to
treatment compared to ZAP70 protein measurement236.
Since ZAP70 is also expressed in T-cells, NK-cells and normal B-cells, the
prognostic impact of ZAP70 expression may be affected if unsorted CLL
material is used instead. Such an observation was seen on ZAP70 analysis by
flow cytometry161. Taking this into account, both Catherwood et al.235 and
Stamatopoulos et al.236 hence performed their studies on purified CD19+ Bcells. In a study using unsorted PBMCs reported by van’t Veer and col33

leagues237, the expression of ZAP70 correlated well with the IGHV mutation
status and higher levels of ZAP70 were also associated with shorter overall.
However, the prognostic impact of ZAP70 expression on overall survival
appeared to be surpassed by the mRNA expression level of lipoprotein lipase
(LPL).
LPL
Comparative gene expression profiling between IGHV unmutated and mutated subgroups of CLL, which was conducted in two separate studies, revealed that the LPL gene was differentially expressed between the two subgroups55,56. However, since the role of LPL in cancer or its expression in Bcells was not well understood, it was not until 2005 that the impact of LPL
gene expression on CLL prognosis was considered238,239.
The LPL protein is a lipid-metabolizing enzyme found ubiquitously in various cells and tissues, with its predominant synthesis sites identified in the
adipose tissue, muscles and mammary gland240,241. In immune cells, low
levels of LPL expression are found in monocytes and macrophages242 and its
role in adhesion and cytokine modulation in these cells has been discussed242. On the other hand, in the lymphocytic cell lineage, LPL expression has so far been only found in natural killer (NK) cells243,244.
The level of LPL expression in CLL was found to be closely associated with
IGHV mutation status, in which high expression of LPL predicted unmutated
IGHV status and vice versa55,56. Furthermore, LPL expression levels also
correlated with other prognostic markers such as clinical stage245, genomic
aberrations246, ZAP70239,247 and CD38 expression248. Today, several studies
have verified the notion that LPL expression status is a strong prognostic
factor in CLL, where high LPL expression indicates an unfavorable disease
course 238,239,245-247. In addition, LPL expression also predicted treatment outcome, where patients having higher LPL expression responded poorly to
chemotherapy249.
The mRNA expression level of LPL in CLL is not affected by the presence
of other cells in the peripheral blood247,250. Thus, the measurement of LPL
transcriptional expression by RQ-PCR can be performed directly on PBMCs
without the need of a CLL-cell purification process.
CLLU1
A differential display study of gene expression between the two subgroups
of CLL with and without IGHV mutations was performed in 2006 by a
group of scientists in Copenhagen, Denmark. The study discovered a novel
CLL-specific gene mapped to chromosome 12q22 which was subsequentlynamed CLL-upregulated gene-1 (CLLU1)251. The expression of this gene
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was only detected in CLL cells, with much higher expression in the IGHV
unmutated cells compared to the mutated cells251. No CLLU1 expression was
found in normal tissue or in other hematologic malignancies.
Subsequent studies by the same group on Danish CLL patients demonstrated
CLLU1 expression to be a useful tool for the prediction of time to initiation
of treatment and overall survival252,253. In addition, CLLU1 expression could
add prognostic information in certain subsets of CLL253. For instance, high
risk CLL patients, as defined by the clinical stage, chromosomal aberration,
IGHV mutation status, ZAP70 and CD38, expressed higher levels of CLLU1
mRNA253. Although the prognostic power of CLLU1 expression was limited
to CLL patients that were diagnosed at an age younger than 70 years old252,
CLLU1 expression was still found to be a useful tool for stratification of
prognosis in CLL patients252,253.
TCL1
As implied by its name, T-cell leukemia/lymphoma 1 (TCL1) was initially
described as a specific oncogene in mature T-cell leukemia254. However,
TCL1 has also been found to be highly expressed in human B-cell neoplasms255. It was later found that TCL1 is involved in the regulation of the
NFκB and AP-1 signaling pathways, which are important in the regulation
of survival and proliferation in B-cells256. Induction of TCL1 expression in
transgenic mice results in the development of a lymphoproliferative disorder
which shares many features of the aggressive form of human CLL257. Thus,
direct involvement of TCL1 in the pathogenesis of CLL has been proposed256,257.
High expression of TCL1 in CLL has been reported to correlate with unmutated IGHV status, the presence of del(11)(q23) and high expression of
ZAP70258. In a recently published report from our center, high mRNA expression of TCL1 was shown to be associated with unmutated IGHV genes
and IGHV3-21 usage, as well as a shorter overall survival among these patients259. However, multivariate analysis did not find the TCL1 expression
level to be an independent prognostic marker, perhaps due to its close correlations with IGHV mutation status and del(11)(q23)259. High TCL1 level has
also been shown to predict poor response to treatment, regardless of chemotherapy regimens260.
MCL1
The myeloid cell factor-1 (MCL1) is an anti-apoptotic protein which belongs
to the BCL2 superfamily261 and its gene is mapped to chromosome 1q21262.
A possible role of MCL1 in CLL has been proposed since the induction of
MCL1-signaling pathways promotes cell survival263. Furthermore, downregulation of its gene expression was found to induce apoptosis in primary
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CLL cells264. High MCL1 expression also predicts poor response to certain
treatments in CLL patients36,265.
A recent study on this anti-apoptotic protein in a cohort of 185 CLL cases
showed a close correlation between its protein expression and IGHV mutation status, CD38 and ZAP70 expression266. Furthermore, high expression of
MCL1 was shown to be associated with significantly shorter overall survival
and time to treatment within the entire cohort as well as among Binet stage
A patients266.
In addition, the mRNA expression of MCL1 has also been found to have a
similar impact on clinical outcome of the disease as its protein expression,
although its correlation with the established prognostic markers has not been
verified267. Furthermore, MCL1 mRNA expression was revealed to be closely related to that of the vascular endothelial growth factor (VEGF)267,268.
Upregulation of VEGF, in turn, has been shown to increase CLL cell survival268,269.
Micro-RNAs
Belonging to a new subfamily of RNA, micro-RNAs (miRNAs) are defined
as short (18-25 nucleotides) non-coding RNA that are involved mainly in the
post-transcriptional modulation of their specific target genes270. In eukaryocytes, single-stranded miRNAs usually binds to the complementary 3’ UTR
of target mRNA sequences. This binding, through yet to be fully defined
mechanisms, suppresses the translation and in some instances, leads to the
degradation of the target mRNA271,272.
Two miRNAs, namely mir15 and mir16, have complementary regions to
bases 3287-3279 of the BCL2 cDNA sequences273. Binding of these miRNAs
have been shown to repress the BCL2 expression and subsequently induce
apoptosis in the MEG-01 leukemia cell line273. In CLL, both mir15 and
mir16 have been found to be down regulated, which may lead to overexpression of BCL2 and increased survival273. In addition, three isoforms of mir29
(mir29a-2, mir29b-2 and mir29c) as well as mir181 were demonstrated to be
involved in the modulation of TCL1 expression274. Down regulation of these
miRNAs in CLL cases carrying del(11)(q23) has also been described274.
A microarray screening of miRNAs in CLL cases with and without IGHV
mutation and ZAP70 positivity revealed an expression profile of 13 miRNA
that were associated with unmutated IGHV genes and ZAP70 positivity275.
In a separate independent study, two among these 13 miRNAs were verified
to predict shorter overall survival and time to treatment in CLL276.
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Important Issues in the Field of Prognostic Markers in
CLL
Due to the remarkable heterogeneity in the clinical course of CLL, tremendous efforts have been invested into finding new prognostic markers for this
disease. By now, it is clear that many new potential prognostic markers in
CLL have been put forward and the list may still be growing. At this point,
the vital question is how should these markers be applied in clinical trials
and clinical routine to benefit disease monitoring in patients?
Perhaps the most important step forward is to identify which, among these
markers, holds the most reliable prognostic strength yet are feasible to be
applied in clinical diagnostic practice. Hence, extensive analysis in large
cohorts by independent centers is indeed necessary to evaluate the prognostic values of new markers against established markers such as the IGHV
mutation status and genomic aberrations. In addition, more studies on prospective CLL cohorts are needed. Furthermore, a diagnostic marker should be
highly sensitive and specific in predicting disease outcome and stable over
the course of disease. Once a powerful prognostic tool is identified, standardization of the analysis is required to ensure the reproducibility of its prognostic value over a wide range of clinical settings.
Nevertheless, there are certain limitation factors that ought to be realized by
researchers in this field. Firstly, since many CLL patients only present with
mild symptoms, the absolute diagnostic date of the disease is difficult to
define. Thus, one should realize the subjectivity of the diagnosis date in
CLL. Furthermore, there is currently no guideline to address the question of
which end point is the most informative to illustrate clinical outcome in CLL
although overall survival, time to treatment and time to progression are
commonly used.
Overall survival is defined as the time from study entry (usually diagnosis
date) until death of any cause4. Here lies an important limitation of this endpoint. Since not every death in CLL patients is due to a CLL related cause, a
definite correlation between prognostic/predictive markers with CLL outcome would be difficult to make. Time to treatment is defined as the time
from study entry until the initiation of therapy with any therapeutic agent.
The use of this endpoint is also very subjective, since the decision to start
treatment still varies between different centers as well as between different
clinicians, even though a guideline for primary treatment decisions have
been published by the IWCLL4. Time to progression is defined as the time
from study entry until objective disease progression as outlined by the
IWCLL guideline4. As with overall survival and time to treatment, time to
progression is also not definite and is still subjected to variation.
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In addition to reliable prognostic markers for clinical outcome prediction, it
is also essential to define biomarkers that can predict response to therapy in
CLL. In this context, progression free survival and CR rate are usually applied as end points to evaluate the predictive capacity of a marker.
In short, with the current long list of newly proposed markers at hand, extensive investigations are required to identify the most reliable biomarker(s)
that is/are highly sensitive and specific yet feasible to be applied as prognostic or predictive markers in CLL. Once such a biomarker is identified, large
collaborative efforts are needed to standardize a detection/quantification
method before it can be translated into clinical diagnostic practice.
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AIMS

The general aim of this thesis was to evaluate the prognostic value of recently reported potential prognostic molecular biomarkers in CLL. Specifically,
the aims were as follows:
•

To further examine the role of the GNAS1 T393C polymorphism in
CLL and correlate the genotype data with clinical data and known
prognostic markers such as the IGHV mutation status and CD38 expression.

•

To further investigate the role of the BCL2 -938C>A polymorphism
in CLL and correlate the genotypes with clinical data and known
prognostic markers. We also aimed to investigate any difference in
BCL2 expression at the RNA level between the different genotypes.

•

To further assess the prognostic role of the MDM2 SNP309 in our
CLL cohort. To study the relation of the MDM2 SNP309 to other
known prognostic markers, such as the IGHV mutation status and
chromosomal aberrations.

•

To further evaluate the prognostic role of LPL, ZAP70, TCL1,
CLLU1 and MCL1 expression in CLL, either as single marker or in
the context of established prognostic markers. We also aimed to
identify the most reliable prognostic factor among the RNA-based
markers by comparative analysis.
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MATERIALS AND METHODS

Patient Material
In paper I, tumor samples from 279 patients diagnosed with CLL between
1981 and 2006 were obtained from the University Hospitals of Uppsala,
Huddinge, Linköping, Umeå, Sweden and Tampere, Finland. The CLL cohort in paper II consisted of 268 Swedish and Finnish CLL cases diagnosed
at the same institutions as in paper I. The study cohort in Paper III consisted
of 418 CLL cases, where tumor samples from 169 cases were collected from
the University Hospitals of Uppsala, Huddinge and Umeå between 1981 and
2006, while tumor material from an additional 249 cases was obtained from
the SCALE (Scandinavian Lymphoma Etiology) study277 between 1999 and
2002. The CLL cohort in Paper IV consisted of 252 patients, also obtained
from the SCALE study.
CLL diagnosis was made according to the WHO classification and following
the recently revised criteria as outlined by the IWCLL4. The majority of the
tumor materials used in each study was obtained from peripheral blood, although a proportion of tumor samples were taken from bone marrow, lymph
nodes and spleen.
Clinical data such as Binet stage at diagnosis, patient survival and time to
treatment is detailed in each paper. Informed consent was obtained according
to the Declaration of Helsinki and was approved by the local ethical review
committee.

Genotyping
In paper I, the genotype analysis of the GNAS1 T393C polymorphism was
performed using an allele-specific PCR method. Genomic DNA from the
patients included in this study was subjected to whole-genome amplification
(WGA) using a commercial kit. Allele-specific PCR was performed by amplifying a 205 bp fragment of the GNAS1 gene containing the T393C polymorphism. A 439 bp fragment of exon 49 of the DMD gene was amplified
simultaneously in each PCR reaction, which served as an internal control.
The same forward primer sequence was applied for detection of both T and
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C alleles of GNAS1, while the reverse primers were specifically designed so
that only a specific allele was amplified. Amplified DNA fragments were
visualized on 2% agarose gel following electrophoresis. To verify that the
WGA process had not produced any false-positive or false-negative results,
we amplified the GNAS1 and DMD gene fragments using original DNA and
whole genome-amplified DNA simultaneously on 20 randomly selected
cases which showed concordant results.
In paper II, genomic DNA was also subjected to WGA and the wholegenome-amplified DNA was used for genotyping. The information on PCR
and minisequencing primers for genotyping was collected from the SNP
assay database; (http://las.perkinelmer.com/content/forms/SNPDatabase/
welcome.asp). Genotyping was performed using single-base primer extension with detection by fluorescence polarization (SBE-FP)278 at the SNP
Platform Facility of Uppsala University. As in paper I, cross-confirmation of
genotype results was also performed on 20 random genomic DNA and the
corresponding whole genome-amplified DNA, with concordant results
achieved.
In Paper III, the identification of the MDM2 SNP309 genotype was performed using the PCR-restriction fragment length polymorphism (RFLP)
method as previously described221. For RFLP analysis, the PCR product was
digested using commercial MSPA1I endonuclease, according to the manufacturer’s protocol and visualized on a 2% agarose gel. A homozygous TT
genotype was verified by a 145 bp long fragment. The heterozygous TG
genotype produced three fragments (145 bp, 99 bp and 46 bp in size), while
the homozygous GG genotype demonstrated two fragments (99 bp and 46
bp). Similar cross-confirmation analysis as described in the earlier papers
was also performed in this study.

IGHV Mutation Status
The analysis of IGHV gene mutation status was performed by PCR amplification of genomic DNA with IGHV gene family-specific primers, followed
by sequence analysis of the clonal PCR product as previously described or
according to the BIOMED-2 protocol74,279. Sequences were thereafter
aligned in the GenBank/IgBlast, and IMGT280,281 online databases to determine the germline IGHV identity. The IGHV gene was considered unmutated when the identity to the germline gene was equal to or greater than
98%.
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Analysis of CD38 Expression Level
Flow cytometry was performed to determine the CD38 expression level, as
described previously143. The expression of CD38 positive cells were evaluated within the CD19-positive gated panel. In Paper I-III, a 20% cutoff
was used to delineate CD38 positive samples. In Paper IV, a 7% cutoff was
used instead to determine CD38 positive samples.

MLPA Analysis of mRNA Expression Level
In Paper II, the expression level of BCL2 was measured in 45 CLL samples
by multiplex ligation-dependent probe amplification (MLPA). The mRNA
level of BCL2 was normalized to the control gene β2M and reported as a
BCL2/β2M ratio.

Analysis of Genomic Aberrations
In paper III, cytogenetic screening for recurrent genomic aberrations was
performed on 150 patient samples using a commercial CLL FISH probe
panel to detect del(17)(p13), trisomy 12, del(11)(q22), and del(13)(q14). In
addition, 130 CLL samples were analyzed using high-resolution Affymetrix
250K SNP-arrays from which we extracted data on known recurrent genomic aberrations, as described in a recent study282. In Paper IV, recurrent genomic aberrations were determined from the SNP arrays as described above.

RQ-PCR
In paper IV, the transcript levels of LPL, TCL1, ZAP70 and MCL1 were
quantified using RQ-PCR as described in an earlier study246. Briefly, specific
primers and Taqman MGB® probes for each RNA-based marker were
commercially obtained. The RNA expression level of the housekeeping gene
β2M was also measured simultaneously during RQ-PCR amplification and
served as internal control. RQ-PCR was carried out on a MX3500 automated
thermocycler instrument (Stratagene, La Jolla, CA, USA). The cycle threshold (Ct) value for each reaction was automatically detected by the software. The relative amount of the target genes was measured using the comparative Ct method (2-Ct) as described earlier253. The measurement of the
CLLU1 transcript level was performed in Copenhagen using a similar technique under the supervision of our collaborator Dr. Anne Mette Buhl.
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Statistical Analysis
All statistical analyses in Paper I and Paper II were carried out using Statistica version 7 (Stat Soft, US), while Statistica version 8 was applied in Paper
III and Paper IV. A Fisher’s exact test or Chi-square (X2) test was employed
to determine the significance of the differences in genotype usage between
patient groups. The comparison of median age at diagnosis between patients
with different genotypes was carried out using the Kruskal-Wallis test.
Overall survival time was measured from the date of diagnosis to either the
last follow-up date (defined as censored) or death. Time to treatment was
measured from the diagnostic date until date of initial treatment. The Kaplan-Meier analysis was performed to construct survival curves for overall
survival and time to treatment. Differences in median time to treatment and
overall survival between groups were evaluated using the log-rank test. In
Paper IV, receiver operating characteristics (ROC) curve analysis was applied in order to identify the most optimal expression cutoff value for each
RNA-based marker, as previously described283. The expression levels of
each RNA-based marker in mutated versus unmutated IGHV subgroups
were compared using the Student’s t-test and one-way ANOVA. Pearson
correlation was applied to calculate the correlation between data sets. A Chisquare (X2) test was utilized to assess the relationship between the RNAbased markers and other prognostic markers.
In Paper III and IV, a univariate Cox proportional hazards model was applied to evaluate the possible association between single risk factors with
overall survival, as well as with time to treatment. Variables found to be
statistically significant (p < 0.05) in the univariate analysis were subsequently included in a multivariate Cox proportional hazards model to further evaluate the effects of each parameter on either overall survival or time to
treatment, as well as to analyze the relationship between the variables.
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RESULTS & DISCUSSIONS

Paper I – the GNAS1 T393C Polymorphism
In a recent study on a German CLL cohort (144 cases), Frey and colleagues
found that patients carrying the 393C-allele in the GNAS1 gene had a shorter
overall survival and a more aggressive form of CLL compared to those carrying the homozygous 393-TT genotype202. Furthermore, univariate and
multivariate regression analysis also revealed this SNP as an independent
prognostic marker for overall survival. In paper I, we investigated the postulated impact of the GNAS1 T393C on disease progression, as indicated by
the time interval between the date of diagnosis to the date of first treatment,
as well as on overall survival for the 279 CLL patients included in the study.
In addition, we also studied the relation between this particular SNP and
other prognostic markers in CLL, e.g. the IGHV mutation status and CD38
expression level.
This study confirmed IGHV mutation status and CD38 positivity as independent prognostic markers. Patients carrying unmutated IGHV genes were
found to have significantly shorter overall survival compared to those with
mutated IGHV genes. Similarly, the subgroup of patients found to be positive for CD38 expression (>20%) had shorter overall survival compared to
those who were CD38-negative.
The GNAS1 T393C genotype distribution within this cohort of patients
(29%TT, 41% TC and 30% CC) was comparable to the study by Frey et
al.202. In contrast to the earlier study however, subgroups of CLL patients
with different GNAS1 T393C genotypes followed a similar disease course
with regard to overall survival and time to treatment. Dichotomization by
combining the patients carrying TC and CC genotypes also did not have any
apparent effect on overall survival and time to treatment when compared to
patients carrying the TT genotype. Furthermore, comparison between patients with different genotypes within specific mutated/unmutated IGHV
subgroups also did not indicate any impact on either overall survival or time
to treatment.
Thus, our study argues against the proposed potential of the GNAS1 T393C
genotype as a prognostic marker in CLL. As yet, there has been no other
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study on the impact of the GNAS1 T393C SNP on CLL clinical outcome
with the exception of ours and the report described above202. A subsequent
similar analysis on a larger independent cohort of CLL could be useful to
resolve the issue of the potential impact of this particular SNP on clinical
outcome and disease progression in CLL.

Paper II – the BCL2 -938C>A Polymorphism
Recently, a SNP -938C>A in the P2 position of the BCL2 gene, denoted as
BCL2 -938C>A, has been suggested as a potential prognostic marker in
CLL210. In paper II, we analyzed the regulatory BCL2 -938C>A polymorphism in a cohort of 268 CLL patients. Thirty three percent of the CLL patients included in the study were homozygous carriers of the AA genotype,
while 46% of patients carried the heterozygous CA genotype and 21% displayed a homozygous CC genotype. In addition, analysis of the IGHV mutation status, Binet stage and CD38 expression was also performed in this
study.
As expected, the study confirmed the prognostic impact of the IGHV mutation status, Binet staging system and CD38 expression status in this cohort of
CLL patients. Carriers of unmutated IGHV genes, which accounted for 57%
of patients, were found to have shorter overall survival compared to those
carrying mutated IGHV genes. Similarly, subgroups of patients which were
CD38-positive and classified as Binet stage B and C had shorter overall survival compared to those which were CD38-negative and in Binet stage A,
respectively.
In contrast to the study by Nuckel and colleagues210, the overall survival was
not found to be significantly different for CLL cases with the BCL2 -938AA
genotype compared to those with either the -938CC or -938CA genotype.
Similarly, no significant difference was found in time to treatment duration
between patients carrying different BCL2 -938C>A genotypes. Furthermore,
analysis within specific subgroups of patients with a certain Binet stage or
IGHV mutation status did not reveal any significant differences in overall
survival and time to treatment between patients with different genotypes.
Nuckel et al.210 also demonstrated that the BCL2 -938AA genotype was associated with increased BCL2 expression. Our study, however, did not confirm the effect of the BCL2 -938C>A polymorphism on the expression of
BCL2, since similar BCL2 mRNA expression levels were observed between
patients with different BCL2 -938C>A genotypes. Thus, the polymorphism
did not appear to alter the functions of the regulatory P2 promoter on the
BCL2 gene expression, at least at the transcriptional level.
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Around the time of publication of our study, another group284 reported similar findings as those observed in our investigation. The study did not find
any impact of the BCL2 -938C>A genotypes on either clinical outcome or
BCL2 protein expression. Thus, the results from that study, taken together
with our own observations, argue strongly against the initial proposal that
the BCL2 -938C>A polymorphism could serve as a potential prognostic
marker in CLL.

Paper III – the MDM2 SNP309
The relevance of the MDM2 SNP309 as a prognostic marker for an aggressive disease course and poor clinical outcome in CLL remains arguable,
since conflicting findings have been reported in earlier investigations224,225,285. Here, we set out to investigate the prognostic role of this SNP
in our CLL cohort comprising of 418 cases. In addition, the possible correlation between the MDM2 SNP309 to other known prognostic markers, such
as the IGHV mutation status, Binet stage and chromosomal aberrations was
also analyzed.
Among the 418 cases included, approximately 10% carried the homozygous
variant GG genotype, while both the TT and TG genotypes were found in
approximately 44% and 46% of the patients, respectively. The majority of
the patients in this cohort were classified into stage A (73%), while the remaining patients were classified into either stage B or C. However, there was
no significant difference in the distribution of the MDM2 SNP309 genotype
within any specific Binet stage subgroups. Similarly, the distribution of the
genotypes was not apparently skewed in any of the specific IGHV mutation
status or cytogenetic subgroups, with the exception of the subgroup of patients carrying trisomy 12. The proportion of patients carrying the heterozygous TG genotype was found to be significantly lower in this subgroup,
however, the reason or relevance of this observation is unknown.
This study confirmed unmutated IGHV mutation status and Binet stage B/C
as unfavorable prognostic markers predicting shorter overall survival and
time to treatment. Additionally, patients carrying the del(11)(q14),
del(17)(p13) and trisomy 12 were found to have shorter overall survival and
time to treatment, compared to those carrying del(13)(q14) or no aberration.
In contrast to the study by Gryshchenko and colleagues224, which reported a
shorter overall survival and more aggressive CLL among patients carrying
the GG genotype, our investigation did not concur with this observation,
either in the entire cohort of patients or within any specific Binet stage or in
subgroups defined by IGHV mutation status and chromosomal aberrations.
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This is in line with the findings from the studies by Lahiri et al.285 and Zenz
et al.225, both of which did not observe any significant association between
the MDM2 SNP309 and clinical course in CLL. Hence, we conclude that the
MDM2 SNP309 appears to have a limited role as a prognostic marker in
CLL.

Paper IV- The RNA-based markers
The RNA expression levels of LPL, ZAP70, CLLU1, TCL, and MCL1 have
recently
been
proposed
as
prognostic
markers
in
CLL
235,236,238,239,245,246,248,252,253,283,286,287
. However, a comprehensive assessment of
these RNA-based markers is lacking. Hence, this study aimed to investigate
the potential of these markers in CLL prognostication, either as single markers or in combination with established markers i.e., Binet stage, IGHV mutation status, CD38 expression and the presence of recurrent genomic aberrations.
Two hundred and fifty two newly diagnosed Swedish CLL cases were included in this study. This cohort consisted mainly of indolent CLL cases, as
defined by Binet staging (76%) and mutated IGHV genes (66%). Each sample was confirmed to have at least 70% CLL cells by immunophenotyping
and no further cell purification was carried out before RNA was extracted.
The transcriptional expression levels of LPL, CLLU1, TCL1 and ZAP70
were measured using RQ-PCR. The threshold to define high and low expression status for each RNA marker was determined by constructing ROC
curves246. The prognostic impact of each marker on overall survival and time
to treatment was assessed.
This study was shown to be in line with the established prognostic impacts
of IGHV mutation status, recurrent genomic aberrations and CD38 expression status in CLL. Unmutated IGHV genes, del(11)(q23), trisomy 12 and
del(17)(p13) and high CD38 expression were all confirmed as unfavorable
prognostic factors for overall survival and time to treatment within the entire
cohort as well as within Binet stage A patients only.
The expression status of all RNA-based markers, except MCL1, was closely
correlated to IGHV mutation status, where unmutated IGHV cases expressed
a higher level of these genes compared to mutated cases. This correlation
with IGHV mutation status was especially pronounced for LPL and CLLU1.
Furthermore, the expression levels of all RNA based markers, except MCL1,
were verified as significant predictors for survival, since high expression of
these RNA-based markers were associated with a shorter overall survival.
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The transcriptional expression status of LPL, TCL1 and CLLU1 were also
verified as prognostic factors for time to treatment, while MCL1 did not
show any significant association. Notably, LPL expression status appeared to
be the most significant prognostic marker in both log-rank and Cox univariate regression analyses.
We subsequently assessed the potential of these RNA-based markers as independent prognostic factors for clinical outcome by multivariate analysis.
This analysis revealed LPL expression as the only independent prognostic
factor among the RNA-based markers for both overall survival and time to
treatment. We then included LPL into the multivariate model together with
all established markers, where we found that LPL lost its significance in the
model. This effect was most probably due to the close association between
LPL expression status and IGHV mutation status, as described above. Once
the mutation status was excluded from the analysis, LPL regained its strong
prognostic power as an independent predictor for both overall survival and
time to treatment, in addition to genomic aberrations and CD38.
Interestingly, most of the RNA-based markers added further prognostic information to the established markers in specific subgroups of patients, where
LPL again showed the most significant results. For instance, high LPL expression predicted worse outcome in favorable prognostic subgroups such as
Binet stage A patients, CD38 negative patients and patients with no genomic
aberration or del(13)(q14). In addition, we also observed that CD38 expression status could further stratify patients within subgroups with high and low
LPL expression. Thus, the combination of LPL and CD38 analyses seems to
be a strong prognostic indicator in CLL.
Contrary to a report by Stamatopoulos and colleagues236, this study did not
find ZAP70 expression as a stronger prognostic marker than LPL.The different findings between these two studies can be explained by the choice of
CLL material used. While the mRNA expression of ZAP70 in the Stamatopoulos et al. study was measured on CD19+ purified CLL cells, our study
was performed on unsorted PBMCs. As mentioned earlier, ZAP70 is also
expressed by other immune cells in the PBMCs such as T cells, NK cells and
even normal B-cells. Thus, this may have interfered with the quantification
of ZAP70 expression and thus reduced its prognostic impact in our study.
In contrast to a recent study by Veronese and collegues287, our data on MCL1
expression did not support the prognostic impact of this RNA-based marker.
The report by Veronese et al.287 had longer follow-up times but fewer patients included compared to our study, but other than that we cannot find any
explanation at present for these discrepant results. Thus, a third independent
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study will be useful to verify the true potential of MCL1 expression status as
a prognostic factor in CLL.
Altogether, we conclude that LPL expression appears to be the strongest
among the RNA-based markers for prediction of clinical outcome in CLL
and thus could potentially be applied in the clinical laboratory to predict
outcome, particularly in combination with CD38 expression. Although LPL
expression by NK cells has been reported, it seems that this does not have
significant influence in CLL, probably due to the low proportion of NK cells
in the peripheral blood of CLL patients247. Thus, accurate quantification of
LPL expression does not require tedious cell sorting process to purify CLL
cells before the measurement analysis can be performed. The mRNA expression of LPL in CLL has also been indicated to be relatively stable over
time100,247, although this aspect still requires further verification in a large
cohort of CLL over a long follow-up time.
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CONCLUDING REMARKS

As the clinical course of CLL patients is very heterogeneous, the search for
reliable prognostic markers that could predict disease progression and clinical outcome at an early stage of the disease is of great importance. Such
prognostic markers should also be able to function as predictors across vastly
different CLL cohorts before their usefulness can be accepted in clinical
practice.
In short, our studies on the GNAS1 T393C, BCL2 -938C>A and MDM2
SNP309 described in Paper I-III, respectively, did not substantiate the prognostic impact of these SNPs on clinical outcome in CLL. Our studies, which
were performed in larger CLL cohorts than earlier reported studies, argue
against the usage of these SNPs as prognostic markers in CLL. In fact, similar observations have been made for all other SNPs that have been suggested
as prognostic markers in CLL. For instance, the presence of certain SNPs
within the BAX180, P2X7183 and MCL1186 genes have been associated with
disease progression and inferior survival in CLL patients. However, none of
these potential SNPs were confirmed in subsequent investigations
182,184,185,288,289
. Thus, it appears that GNAS1 T393C, BCL2 -938C>A and
MDM2 SNP309 add to the list of SNP markers that do not have significant
impact on clinical course and disease outcome in CLL.
The findings from Paper I-III emphasize the importance of independent investigations for the verification of any potential SNPs in large CLL cohorts
before the supposed SNP could be proposed as a molecular prognostic marker in CLL. Nevertheless, if the prognostic impact of a SNP could be verified
in multiple independent cohorts of CLL patients, such a SNP would have
great potential to be applied in diagnostic laboratories to assist in the management of CLL patients.
On the other hand, our study on the transcriptional expression of LPL,
ZAP70, TCL1 and CLLU1 (paper IV) could verify the impact of these RNAbased markers in the prognostication of overall survival in CLL. In addition,
LPL, TCL1 and CLLU1 were also verified as significant prognostic markers
to predict time to treatment. In contrast, the MCL1 expression status did not
appear to have any impact on clinical outcome in this cohort of CLL.
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Importantly, our study revealed LPL expression status as the strongest RNAbased marker to predict both overall survival and time to treatment in CLL.
Thus, LPL expression hold the potential to be an ideal RNA-based marker in
CLL, if its prognostic impact on disease outcome can be further verified in
prospective studies and if a standard LPL quantification assay can be developed. In addition, the stability of this RNA-based marker over the disease
course in CLL should also be thoroughly investigated.
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