Defining clinically relevant subgroups of follicular lymphoma cases
according to the functional status of the CDKN2A gene

by

Abdulmohsen G. Alhejaily

A thesis submitted to the Department of Pathology and Molecular Medicine
in conformity with the requirements for the degree of Doctor of Philosophy

Queen’s University
Kingston, Ontario, Canada
(March, 2013)

Copyright ©Abdulmohsen G. Alhejaily, 2013

Abstract
Follicular lymphoma (FL) is the second most common non-Hodgkin lymphoma
(NHL). FL is clinically designated as an indolent disease with a long median survival of
8-10 years. However, the clinical and biological behavior of FL shows considerable
variability, with some patients showing aggressive disease progression and very short
survival. Because defects in the regulation of apoptotic cell death are fundamental in FL
pathogenesis, we hypothesized that deregulated expression of components of the pRb
signaling pathway may promote cell proliferation, thereby complementing antecedent
anti-apoptotic mutations and producing more aggressive disease. In the present study we
undertook an immunohistochemical (IHC) evaluation of expression of key cell-cycle
regulatory proteins in diagnostic biopsies from 127 cases of FL using formalin-fixed,
paraffin-embedded tissues (FFPE) in tissue microarray (TMA) sections immunostained
for p53, pRb, p16INK4A and cyclin D3. Data analysis revealed that increased abundance of
p53 or p16INK4A is associated with reduced overall survival (OS) (p=0.005 and p=0.014
respectively), and with conventional pathological markers of tumour aggressiveness
including high histologic grade.
Encouraged by this remarkable finding of a counterintuitive association between
p16INK4A expression and clinical outcome, we analyzed CDKN2A gene deletion and
methylation, as these are the most frequent mechanisms of the CDKN2A gene
inactivation in NHL including FL. We determined the deletion and methylation status of
CDKN2A in 105 FL cases. Laser-capture microdissection was used to enrich the samples
for lymphoma cells.
i

CDKN2A was deleted in 9 cases and methylated in 22 cases. The 29 cases (28%) with
CDKN2A deletion or methylation had decreased overall survival (OS) (p=0.046) in all
cases and in cases treated with rituximab (p<0.001). Our findings indicate that deleterious
alterations of CDKN2A are relatively prevalent in FL at diagnosis and can predict poor
clinical outcome.
In summary, our data reveal novel insights into the pathogenesis of FL and suggest a
relationship between increased p16INK4A expression and CDKN2A deletion or methylation
and unfavorable clinical outcome in FL. We hope that the work presented herein will
provide a useful prognostic tool for predicting the prognosis and choosing optimal
treatment approaches to help patients suffering from FL.
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Chapter 1
General Introduction
1.1 Lymphoma- an overview
Malignant lymphoma is a very diverse group of neoplasms arising from lymphoid
cells [1]. Typically, lymphoma is present as a solid tumour of lymphoid cells. More than
seventy different disease entities currently comprise the lymphomas. Each lymphoma
type has distinct clinical features, treatment, prognosis, genetic events and
immunophenotype, and is diagnosed using multiple parameters, including histology,
immunophenotyping, cytogenetics, and clinical behavior [1]. The classification of
lymphomas has undergone revolutionary changes and recent insights into lymphocyte
biology have revealed even more complexity. Based on the World Health Organization
(WHO) classification of tumours of the haematopoietic and lymphoid tissues, lymphomas
are classified into three main groups: mature B-cell lymphoma, T/NK cell lymphoma and
Hodgkin lymphoma [1]. Lymphomas also can be divided into two main groups: Hodgkin
lymphoma (HL) and non-Hodgkin lymphoma (NHL). NHL is significantly more
common than HL. In the United States, NHL accounts for approximately 70,000 new
cases diagnosed every year, compared to 9,000 cases of HL. Additionally, NHL is the
fifth most common cancer in the United States [2]. Similarly, in Canada NHL is the fifth
most commonly diagnosed cancer and the sixth leading cause of cancer death. According
to the recent Canadian Cancer Statistic report, about 7800 new NHL cases are diagnosed
annually and with 2800 deaths each year from NHL [3].
1

The majority of lymphomas are B-cell malignancies, whereas a minority of are T-cell
lineage [1]. Most lymphoid malignancies arise at various stages of B-lymphopoiesis.
Throughout their formation, differentiation, activation and antigenic stimulation, B-cells
may undergo genomic alterations that may disrupt the molecular pathways that regulate
B-cell differentiation, proliferation and apoptosis and turn normal B-cells or progenitors
into neoplastic cells [4]. A common genetic mechanism in B-cell lymphomas involves
the occurrence of a chromosomal translocation during genetic rearrangement throughout
B-cell differentiation [5]. Reciprocal chromosomal translocations involving the
immunoglobulin heavy chain (IGH) loci are a hallmark of most B-cell lymphoma
subtypes and usually result in dysregulated expression of oncogenes brought under the
control of the IGH enhancers. Prominent examples include the t(11;14) in mantle cell
lymphoma (MCL), which leads to CCND1 overexpression, t(8;14) in Burkitt lymphoma
(BL), which leads to c-MYC overexpression, and the t(14;18) in follicular lymphoma
(FL) that leads to overexpression of BCL-2 [6, 7]. B-cell lymphomas are also can be
distinguished according to their cellular origin, such as pre-germinal center, which is the
normal counterpart of MCL. The germinal center, which is the counterpart of FL, BL and
the germinal center B cell-like (GCB) in subtype of diffuse large B-cell lymphoma
(DLBCL). The post-germinal center of the activated B cell–like (ABC) subtype of
DLBCL cells for FL and the GC- B cell–like subtype for diffuse large B-cell lymphoma
(GCB-DLBCL) and marginal zone of marginal zone lymphoma (MZL) [6, 8].
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1.2 Follicular lymphoma- an overview
Follicular lymphoma (FL) is the second most common NHL subtype after diffuse
large B-cell lymphoma (DLBCL). As illustrated in Figure 1.1, FL accounts for 20-30% of
all NHL cases and is the most common indolent or “slow-growing” NHL [9]. FL affects
mostly older adults, with a median age at diagnosis of 60 years, and a nearly equal maleto-female ratio [10]. Although FL typically exhibits an indolent clinical course, it has
been considered incurable. Follicular lymphoma is characterized by a variable clinical
course associated with frequent relapses and increasing resistance to conventional therapy
regimens over time. Most patients present with asymptomatic widespread disease at
diagnosis with lymph node, spleen, and bone marrow involvement [11]. The median
survival after diagnosis ranges from 8 to 10 years [1]. Approximately 30% of patients
experience transformation of FL to a more aggressive lymphoma type, most commonly
DLBCL [12, 13].

1.3 Histological and pathological characteristics of FL
Follicular lymphoma is a malignancy of follicle center B-lymphocytes that has at
least a partially follicular growth pattern (Figure 1.2). FL cells express markers associated
with GC B-lymphocytes, including CD19, CD20, CD22, CD10 and CD79a. Typically,
the majority of FL cases are BCL-2, BCL-6 and CD10 positive and CD5 and CD43
negative [1]. The neoplastic follicles in FL resemble the normal GC of secondary
lymphoid follicles and comprise components of the normal GC. Histologically, FL
neoplastic follicles contain two major types of B-cells normally found in the GC
3

centrocytes and centroblasts with varying ratio (Figure 1.2). Although in the majority of
FL cases some residual follicularity will be seen, in a small proportion of FL cases the
follicular growth pattern is lost and the proliferation adopts a diffuse growth pattern;
residual follicles might only be discernible by staining for follicular dendritic cells
(FDCs).
Typically, cases are diagnosed as FL if there is >75% follicular growth, follicular and
diffuse when follicular growth is in the range 75–25, minimally follicular if it is less than
25% or diffuse if no follicular growth seen [1]. FL also is graded histologically as 1, 2 or
3 according to the number of large cells (centroblasts) in the neoplastic follicles per highpower field (hpf). Follicular lymphoma grade 3 is further subdivided into 3a if
centrocytes are still present and 3b if sheets of centroblasts only are present. Currently,
FL grade 3b is recognized as a separate subgroup of FL with aggressive behavior both
histologically and clinically [14]. At a variable time from diagnosis, about 30% of FL
patients with repeated biopsy eventually show evidence of histologic transformation (HT)
to DLBCL [12].

1.4 Molecular pathogenesis of FL
1.4.1 The 14; 18 chromosomal translocation
The primary genetic event in the pathogenesis of FL is the t(14;18) translocation. This
occurs during the random recombination of variable (V), diversity (D) and joining (J)
regions (VHDHJH) of the immunoglobulin heavy chain (IGH) locus in precursor B-cells in
the bone marrow.
4

Figure 1.1: Most common types of NHL. Adapted from Armitage JO, et al [8].

5

Figure 1.2: Illustration of follicular lymphoma histology. In most cases, the neoplastic follicles are
regular, back-to-back with relatively homogeneous follicle sizes and shapes, original magnification
20x. (A). Higher magnification shows a mixture of small lymphocytes (centrocytes) and large
lymphocytes (centroblasts) within the neoplastic follicles, original magnification 40x (B).
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During this stage, a reciprocal translocation involving one of the immunoglobulin heavy
chain gene IGH loci and the proto-oncogene BCL-2 may occur, which puts BCL-2 under
the transcriptional influence of the IHG gene enhancer. This illegitimate recombination
event leads to constitutive expression of BCL-2 (Figure 1.3 A) [15, 16]. Normally, in the
GC, unless stimulated by a specific antigen to become a plasma or memory B-cell, B-cell
undergoes programmed cell death or apoptosis. Nevertheless, due to the t(14;18)
translocation, FL B-cells expressing BCL-2, which prevents cells in from undergoing
apoptosis, this, in turn, makes these cells more susceptible to the acquisition of additional
genetic alterations (Figure 1.4). In normal reactive lymph nodes, BCL-2 protein is not
expressed in the GC, which makes BCL-2 protein a very useful criterion in distinguishing
FL from reactive follicular hyperplasia (Figure 1.3 B) [17].
Although BCL-2 overexpression plays a central role in the development of FL, the
presence of this translocation alone is insufficient for the initiation of FL
lymphomagenesis; additional genetic hits are necessary [17]. Transgenic mouse models
with t(14;18) indicate that enforced expression of BCL-2 is insufficient to produce FL
neoplastic phenotypes [18, 19]. However, after long latency (of 10-20 months), about
75% of these mice develop follicular hyperplasia and only a small subset (10-15%) of
these mice develop lymphomas (mostly DLBCL). Approximately half of these
lymphomas are associated with additional c-MYC rearrangement (18, 16). Further
speaking to the insufficiency of t(14;18) in FL lymphomagenesis, a small number of
t(14;18)-positive lymphocytes are detectable in a substantial proportion of healthy people
[20].
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1.4.2 Secondary genetic events
Other genetic events that have been associated with the pathogenesis of FL include:
amplification of oncogenes such as, c-REL and c-MYC, genetic and epigenetic
inactivation of tumour suppressor genes (TSGs) including the TP53 gene by mutations
and inactivation of the CDKN2A and CDKN2B genes by deletion or methylation [21]. In
addition, several reported recurrent copy number alterations detected by either
comparative genomic hybridization or array-CGH (aCGH) include chromosomal losses
of 1p, 6q, 9p, 10q, and 17p, and gains of 1q, 2p, 7, 12, 18q, and X [22]. The histologic
transformation (HT) of FL to DLBCL seems to be associated with certain recurring
genetic aberrations, such as inactivation of TP53 or CDKN2A or amplification of
oncogenes such as c-REL and c-MYC [23]. A study by Horsman et al. investigated the
secondary cytogenetic changes in a large cohort of diagnostic FL samples (n = 165) with
t(14;18). In this study, most of the cases (97%) had additional cytogenetic changes; losses
in 6q and 1p were the most common changes detected (30% and 20%, respectively) [24].
The microenvironment also seems to be particularly significant in the development
and progression of FL, such as the interaction between the neoplastic B-cells with
neighboring immune cells. More specifically, T-cells, macrophages and FDCs may
provide additional oncogenic stimulation signals, which promote FL development and
proliferation [25]. Finally, the exact molecular mechanism responsible for the clinical
heterogeneity of FL remains unclear.

8

A

B

Figure 1.3: The (14;18) chromosomal translocation in FL. This translocation juxtaposes
the BCL2 locus at chromosome band 18q21.3 with the immunoglobulin heavy chain gene
(IGH) locus at 14q32.3. This leads to the overexpression of BCL-2 (A). BCL-2 staining
in a normal lymphoid follicle and in a neoplastic follicle of follicular lymphoma. In the
normal follicle (left), BCL-2 is present in mantle zone cells but not in germinal center
(arrowed). In contrast, most follicular lymphomas exhibit strong BCL-2 staining within
neoplastic follicle canter (right) (B).
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Figure 1.4: Steps in FL pathogenesis. The t(14;18) translocation is likely to occur in a
naive B-cell and upon antigenic stimulation, this may enter into the germinal-center
reaction. There, in response to further stimulation by an antigen on the surface of a
follicular dendritic cell (FDC) together with T-cell help its progeny may differentiate into
memory B-cells that can still be stimulated by antigen. One of these cells may then
sustain further oncogenic lesions, leading to full transformation to follicular lymphoma,
which may retain a degree of dependency on antigenic stimulation. Adapted and modified
from Roulland, et al. [19].
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1.5 Clinical characteristics of FL
The clinical course of FL is generally indolent [26]. Patients often manifest
asymptomatic lymphadenopathy involving the cervical, axillary, inguinal, or femoral
regions. Some patients report a history of recurrent “waxing and waning” of lymph node
size before diagnosis. Patients also in most cases present with low tumour grade (Grades
1 and 2) [27]. FL clinical staging is usually done according to the Ann Arbor
classification system, which divides patients into four stages (I to IV) based on disease
localization in one or multiple sites [28]. Approximately 80-85% of FL patients present at
the clinic for the first time with advanced stage (Ann Arbor stage III and IV). Patients
with low stage (Ann Arbor I and II) disease are seen uncommonly at diagnosis; only 15–
20% of all patients present with stage I or II disease [29, 30]. The median age at
diagnosis is approximately 60 years; the disease is diagnosed rarely in the young [26].
The clinical presentation and behavior of follicular lymphoma differ according to both
histologic grade and clinical stage [31].
The diagnosis of FL requires histological examination of lymph node biopsies by a
hematopathologist with experience in lymphoma pathology. The pathologist plays a
crucial role in the diagnosis and grading of FL. This work generally involves
immunohistochemistry (IHC) and/or flow cytometry evaluations. Clinical investigations
for disease staging that are usually performed at diagnosis include computed
tomography (CT) scanning, bone marrow biopsy, blood counting, and biochemical
evaluation including lactate dehydrogenase (LDH), hemoglobin (Hgb), ESR and β2microglobulin to determine patient’s disease stage [32, 33]. This initial clinical and

11

pathological evaluation for FL patients is important for determining the treatment
strategy and for predicting outcome.

1.6 Clinical outcome and prognosis
The clinical outcome of FL shows considerable variability. Whereas some patients
have an indolent and slowly progressive disease over a period of many years, in others
disease progresses rapidly, sometimes with transformation to aggressive lymphoma and
subsequent death [34]. Still, in most cases, FL manifests indolent clinical behavior such
that most FL patients will enjoy extended survival after diagnosis, with an estimated
median OS time of 8-10 years. Follicular lymphoma also is characterized by cycles of
disease relapses and remissions, with the frequency varying from one patient to another
[11, 26, 35].

1.7 Clinical management and current treatment options
Despite the significant improvements in treatment and survival of FL, it remains
substantially an incurable disease [36]. Furthermore, the heterogeneous clinical course of
FL makes decisions as to which patient needs urgent treatment and when such treatment
should be implemented complicated and controversial. Although there are good initial
responses to treatment, relapse usually occurs after a period of time and some lymphomas
may acquire resistance to therapies that were effective initially [36]. The goal of
treatment is to keep the patient symptom-free and maintain a good quality of life for as
long as possible. Resistance of the disease to the treatments, tumour progression and/or
12

transformation or the side effects of therapy are the usual causes of death among FL
patients [26].
A large population-based study of 14,564 patients diagnosed with FL between 1978
and 1999 has shown a significant improvement in the overall outcomes and survival of
patients over these 20 years. This improvement in survival may be a result of the
progressive improvement in supportive care, which may include early diagnosis, better
health care delivery and different combinations of effective therapeutic regimens [37].
Currently, available treatment options for patients with FL include: chemotherapy
regimens such as CVP (cyclophosphamide, vincristine, prednisone), fludarabine and
CHOP (cyclophosphamide, doxorubicin, vincristine, prednisone), with or without the
addition of rituximab (R-CVP and R-CHOP). Autologous stem cell transplantation
(ASCT) and radioimmunotherapy (RIT) are also used for treating patients with advanced
disease stage [11, 36]. The introduction of the anti-CD20 monoclonal antibody
rituximab) into clinical practice substantially improved the clinical management of FL
and patients’ outcomes (34). Although a number of clinical trials have shown that
maintenance therapy using rituximab with or without chemotherapy improves
progression-free survival (PFS), especially in patients with relapsed disease, no treatment
regimen has yet produced a significant improvement in OS [38]. Nonetheless, recent
randomized trials have demonstrated that rituximab maintenance can improve patients’
response rates and duration if used as a front-line treatment [39].
For instance, a large cohort study of 2728 FL patients enrolled across the United
States at 265 sites between 2004 and 2007 was undertaken to monitor the effect of
different treatment approaches. The different therapeutic strategies were: observation
13

alone, rituximab monotherapy, radiation therapy alone, chemotherapy alone and
chemotherapy plus rituximab (R-CHOP or R-CVP). The results of this study support the
notion that there is no single standard of care of FL patients [39]. Yet, more recently, the
PRIMA (Primary Rituximab and Maintenance) study evaluated the benefit of rituximab
maintenance as front-line treatment for FL. In this study, rituximab maintenance therapy
significantly improves the PFS and was beneficial for patients regardless of their age
group or their follicular lymphoma international prognostic index (FLIPI) [40]. However,
longer follow-up is needed to evaluate the effect on OS.

1.8 Clinical and biological prognostic indicators in FL
The aim of identifying prognostic indicators is to stratify a group of patients into
different risk groups. Patients who are known to have a poor prognosis could be
candidates for more aggressive treatments and might be advised to enroll for
experimental treatments through clinical trials while those with better-prognosis disease
might benefit from less toxic treatments. Predicting clinical outcomes and prognosis in
FL may be accomplished using clinical and biological factors.

1.8.1 Clinical prognostic factors
1.8.1.1 Follicular lymphoma international prognostic index
In FL the most commonly used approach to prognostication is the follicular
lymphoma international prognostic index (FLIPI), which was derived from the earlier
international prognostic index (IPI). FLIPI was specifically designed to be more effective
14

in predicting FL patients’ outcomes than IPI [41, 42]. FLIPI substitutes the "performance
status" and "extranodal sites" of the IPI system, with low hemoglobin (Hgb) and the
number of nodal sites [41, 42]. The FLIPI score is based on the following factors: age
greater than 60 years, Ann Arbor stage III-IV, Hgb level less than 12g/dL, more than 4
nodal sites and elevated LDH level. FL patients’ risk and OS are stratified based on the
presence and or absence of these risk factors into three risk groups: low, intermediate or
high [42]. Patients with one factor are classified as low-risk patients and have 5- and 10year survivals of 90% and 71%, respectively. Patients with two factors are classified as
intermediate risk and they have 5- and 10-year survivals of 78% and 51%, respectively.
Patients with three or more factors have high risk and 5- and 10-year survivals of 53%
and 36%, respectively (38). Using the FLIPI system to stratify patients based on their risk
groups can be applied clinically as an effective predictor of OS for patients with FL
(Figure 2.1). However, there remains a considerable heterogeneity of outcome between
patients within same risk group, which makes FLIPI alone as yet to impact on routine
clinical management and treatment decisions of FL patients [43].

1.8.2 Pathological and biological prognostic factors
Although, using FLIPI as a clinical prognostic indicator has been widely used in FL
risk-stratification, the power of FLIPI is limited, as shown by the persistent heterogeneity
of the clinical behavior of FL patients within FLIPI-risk groups (39). Thus, markers
related to the distinct biology of FL are necessary. Several studies have found different
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secondary genetic events associated with FL lymphomagenesis and transformation [44,
45].

1.8.2.1 Histologic transformation
The aggressive transformation of FL represents one of the most significant factors
that impact upon patients’ outcomes. In a study conducted by Al-Tourah et al. at the
British Columbia Cancer Agency, based on a large cohort of 600 patients with FL
diagnosed between 1986 and 2001, the median follow-up time was 9 years (range, <1 to
20.3 years). During the follow-up period in this study, 170 (28%) FL patients developed
transformation with an annual risk of (3%). Clinically, transformation was associated
with aggressive clinical behavior and shorter OS; the median OS of patients with t-FL
was 1.7 years [12]. Higher FLIPI scores, advanced stage and FL histology-grade 3b are
associated with increased risk of transformation [45, 46].

1.8.2.2 Tumour microenvironment
An outcome prediction model in FL proposed by Dave et al. based on gene
expression profiling [47] on biopsy specimens from untreated FL patients revealed two
different tumour microenvironment signatures that correlated with survival [25]. In this
study, the gene expression profiling [47] approach was used to study tumour biopsy
samples obtained at the time of diagnosis from 191 patients. Data from GEP were used to
assigned patients into two different clusters based on GEP signatures, one associated with
better prognosis and the other associated with poor prognosis, and hierarchical clustering
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was applied separately to genes associated with longer survival (good prognosis) and
shorter survival (poor prognosis). The gene expression signatures were called immune
response 1 (IR-1) and immune response 2 (IR-2). The IR-1 signature includes some genes
that are expressed in T-cells and macrophages, while the IR-2 signature includes genes
known to be expressed in FDCs. IR-1 was found to be a good predictor for favorable
prognosis and IR-2 for poor prognosis. The median survivals of patients were 3.9 and
13.6 years when patients were risk stratified based on these signatures [25].

1.8.2.3 The cellular proliferation index
The expression level of Ki-67 protein measures the cell proliferation index. In FL,
high proliferation index is generally associated with higher histological grade (grade 3)
[48, 49]. However, its prognostic significance on the survival of FL patients is disputable
[50, 51]. FL patients with a low prevalence of Ki-67 expressing cells had a significantly
prolonged PFS and OS compared to those with high Ki-67 [49]. Significant correlation
has been found between the high Ki-67 counts and inferior response to treatment and
prevalent Ki-67 expression in FL patients after (R-CHOP) treatment failure [52].

1.8.2.4 Cell-cycle regulators
Genes involved in cell cycle regulation have been implicated in FL progression. A
proportion of FL cases and cases that have transformed from FL to DLBCL are
associated with inactivation of TP53, CDKN2A and CDKN2B. TP53 mutations have been
reported in FL at diagnosis and were associated with more aggressive clinical behavior
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and shorter survival [53]. O’Shea et al, reported mutations of TP53 in about (6%) of FLs
at diagnosis, the presence of TP53 mutations in this study was significantly correlated
with a shorter PFS and OS (51). In addition, there is a positive relationship between TP53
mutation and expression; studies showed that increased p53 levels are detected in TP53
mutated cases, mostly in cases with missense mutations [54, 55]. TP53 mutations and p53
overexpression were correlated with shorter OS in FL [56]. By IHC-based analysis for
p53, in 127 diagnostic FL samples, we also found that increased abundance of p53 was
significantly associated with reduced OS [57]. Alterations in CDKN2A and CDKN2B in
FL are associated with increased risk of transformation to DLBCL [21, 58]. Moreover,
deletion of 9p21 was significantly associated with inferior OS in FL [59]. Additionally,
two GEP studies compared GEPs between paired pre- and post- transformation
specimens from 12 FL patients. A notable observation from this study was the association
between increased levels of c-MYC and p38β MAPK and FL transformation to DLBCL
and poor prognosis [22, 60].

1.9 The CDKN2A tumour suppressor locus
1.9.1 One locus, two critical pathways
The CDKN2A locus on chromosome 9p21 encodes two very important tumour
suppressor genes (TSGs) CDKN2A and ARF (Figure 1.5). The CDKN2A and ARF genes
have their own separate promoters, each of which produces a different transcript: exons
1α, 2 and 3 form the p16INK4A transcript; and the p14ARF transcript is formed by exons 1β,
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2 and 3 [61, 62]. The p16INK4A and p14ARF proteins have anti-proliferative activity by
playing fundamental roles in controlling the retinoblastoma (pRb) and p53 pathways,
respectively. These pathways function to inhibit cell survival or proliferation in response
to a variety of stresses, including oncogene activation, and are inactivated through a
variety of mechanisms in the majority of human malignancies (Figure 1.5) [62, 63].

1.9.2 CDKN2A in cell cycle regulation and cancer
It is well established now that CDKN2A contributes to the regulation of cell cycle
progression by inhibiting the transition from G1 to S phase (Figure 1.5). p16INK4A
functions as a tumour suppressor by exerting its activity as a cyclin-dependent-kinase
inhibitor. It has the ability to arrest the cell cycle in the G1 phase by maintaining the pRb
protein in its active, hypophosphorylated and growth suppressive form. Specifically,
p16INK4A inhibits cyclin D–CDK4/6 complex formation thereby suppressing the ability of
this complex to hyperphosphorylate and thereby inactivate the pRb protein. In turn, this
allow persistent binding of pRb to E2F, leading to cell cycle arrest [64]. For its part, the
tumour suppressor protein p14ARF binds to and inhibits HDM2, which is responsible for
destabilizing and degrading the p53. Thus p14ARF works as a positive regulator of TP53
function [61].
Deleterious genetic and epigenetic alterations of the CDKN2A locus are among the
most frequent molecular alterations observed in human malignancies [65]. For example,
homozygous deletion of the CDKN2A gene has been found in various human cell lines,
according to data from Copy Number Analysis of the cancer cell line project of the
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Catalogue Of Somatic Mutations In Cancer database (COSMIC, Wellcome Trust
Genome Campus, Hinxton, Cambridge, UK). CDKN2A deletion was found in 495 out of
800 (61%) cell lines (218 had homozygous deletion and 277 had loss of heterozygosity)
(Figure 1.6). Deletion of the CDKN2A gene in mice leads to increased susceptibility to
tumour development. For example, mice with homozygous CDKN2A deletion develop Bcell lymphoma with a high frequency (29). Inactivation of the CDKN2A gene in some
human cells causes a delay in the onset of senescence. This occurs in many human
cancers through direct inactivation of CDKN2A by small mutations, deletion or
methylation such that loss of CDKN2A function is one of the most frequent lesions
detected in human malignancy (49).
Because of the close proximity of the two genes, deletions at the 9p21 locus
frequently affect both CDKN2A are CDKN2B genes [65]. Thus, it became important to
determine which tumour suppressor proteins among p16INK4A, p14ARF and p15INK4B
(encoded by CDKN2B) are relevant to specific tumour types. Knockout mice lacking
either CDKN2A, ARF or CDKN2B genes are prone to developing cancers. However, mice
lacking either p16INK4A or p19ARF appear significantly more susceptible than those lacking
p15INK4B [66]. In addition, ARF appears more important for tumour suppression in mice
whereas CDKN2A appears to be more important in humans [67]. Furthermore, genetic
studies revealed that thousands of human cancers sustain somatic loss of CDKN2A,
which supports the idea that CDKN2A is the most important tumour suppressor coded
within the 9p21 chromosomal band in humans.
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Figure 1.5: The CDKN2A locus. The CDKN2A gene encodes negative regulators of the
pRb and p53 signaling pathways. The CDKN2A locus at chromosome 9p21 encodes 2
distinct proteins: p16INK4A and p14ARF each with a different first exon; exon 1α for
p16INK4A and exon 1β for p14ARF. Phosphorylation of pRb by CDK4/6-cyclin D
complexes releases E2F family members to induce expression of genes required for
progression into S phase of the cell cycle. p16INK4A blocks the formation of the CDK 4/6cyclin D complex, thereby suppressing pRb phosphorylation and leading to cell cycle
arrest at the G1/S boundary. p14ARF has a distinct function in stabilizing p53 by inhibiting
its degradation by the HDM2 ubiquitin ligase.
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Deletion status of CDKN2A in several cancer cell lines

Homozygous deletion

Loss of heterozygosity

Figure 1.6: Deletion status of the CDKN2A gene in cancer cell lines: A histogram
showing the frequency of CDKN2A gene deletion in 800 cancer cell lines. In total 218
cell lines showed homozygous deletions and 277 had loss of heterozygosity (LOH). SNP
array based LOH data extracted from COSMIC database- Copy Number Analysis for
cancer cell lines project (Cosmic) [68].
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1.10 Transcriptional regulation of CDKN2A expression
Transcriptional regulation of the p16INK4A protein may occur at different levels
through independent and overlapping pathways, some of which remain to be further
investigated. During cell cycle progression p16INK4A levels peak at the G1/S transition at
a time when pRb phosphorylation and cyclin-D-CDK4/6 complex activity are no longer
required [69]. One mechanism of cellular defense against uncontrolled proliferation
induced by oncogenic or mitogenic stimulation relies on the induction of senescence
mediated by the CDKN2A gene [70]. For example, inducing p16INK4A expression will
promote senescence upon RAS- or MYC activation, which supports its role as an
important regulator of oncogene-induced senescence and thus as a mediator in blocking
uncontrolled proliferation.

1.10.1 CDKN2A-mediated senescence
Oncogene-induced senescence (OIS) is associated with triggering the antiproliferative pathways of cells that have sustained oncogenic mutations [71]. The CDKN2A
gene plays a crucial role during OIS through the activation of pRb pathway. Accordingly,
a disruption of this pathway alone is sufficient to bypass senescence and promote
oncogenic transformation [72]. For example, as a consequence of OIS by oncogenic
stress in cells with RAS mutations, p16INK4A protein found to accumulate in the senescent
cells [73]. Othani et al. have proposed a model of p16INK4A induction by RAS. In this
study, RAS activation was found to stimulate CDKN2A expression mediated by the ETS1
and -2 transcription factors [74]. Another model, by Barradas et al. proposed that RAS
could promote senescence through activation of the H3K27 histone demethylase JMJD3
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and repression of the polycomb group (PcG) methyltransferase EZH2 which functions as
a transcriptional repressor of CDKN2A [75]. Bond et al. provided the first direct evidence
that p16INK4A is necessary for the initiation of senescence in human cells [76]. They used
small interfering RNA (siRNA) to knock down CDKN2A expression in a RAS-induced
cancer cell line and found that oncogenic activation by mutated RAS could not induce
senescence in the absence of a functional CDKN2A gene. Another oncogenic stress that
induces growth and proliferation by c-MYC amplification has been found to be linked to
CDKN2A expression (71). A proposed mechanism by which proliferative signals induce
CDKN2A expression is through the release of E2F transcription factors, which leads to
induction of CDKN2A expression through a feedback loop between CDKN2A and its
downstream targets [77].
In addition, repression of CDKN2A expression can be maintained through epigenetic
regulation by the PcG repressor complexes 1 and 2 (PRC1 and PRC2). The mechanism
by which PRC1 and -2 act on the CDKN2A locus and contribute to cell cycle control is
by stable transcriptional silencing of the CDKN2A locus. The PRC2 complex first
establishes a repressive chromatin state by trimethylation of lysine 27 of histone 3
(H3K27me3). This is initially catalyzed by the histone methyltransferase protein EZH2,
a member of PRC2. Subsequently, a member of PRC1, BMI-1, functions to maintain
CDKN2A transcriptional repression [78]. In senescent cells, PcG proteins are downregulated or dissociated from the CDKN2A locus leading to a decreased level of histone
H3K27me3 and consequently reactivation of CDKN2A gene.
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1.10.2 p16INK4A overexpression in cancers
The p16INK4A protein is expressed at low levels in normal tissues [79]. However,
stress-induced cellular senescence and aging induce p16INK4A expression [80]. Although
down-regulation of p16INK4A contributes to cancer progression by promoting aberrant cell
proliferation, overexpression of p16INK4A in human cancers is also observed.
Overexpression of p16INK4A has been reported to be associated with poor prognosis for
several cancers, including ovarian cancer [81], primary breast cancer [82], cervical cancer
(66) and small cell lung cancer (68) (Figure 1.7 and Table 1.1).
Aging also was found to be associated with increased p16INK4A levels in nonneoplastic mammalian tissues [80, 83]. During aging, the regenerative capacity of stem
cells decreases in different tissues, including the central nervous system and
hematopoietic cells [66]. Studies in mice have shown that the decreased proliferation of
stem cells is due to enhanced expression of CDKN2A, confirming the relationship
between p16INK4A function and stem cell regeneration. The increased level of p16INK4A in
aging tissues is believed to protect these tissues against cancer by inducing cellular
senescence in response to the accumulation of potentially oncogenic stressors that occurs
over the lifetime of the individual [66].
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Figure 1.7: Differential expression of p16INK4A in a wide variety of cancerous cell lines.
Cell lines with overexpression of p16INK4A are at the top of the chart and others with low
or null p16INK4A are on the bottom line. The associated, underlying genetic mechanism
that leads to p16INK4A elevation in some of these cell lines is indicated (see also Table
1.1). (Expression data are extracted from Human Protein Atlas version 10;
http://www.proteinatlas.org).
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Table 1.1: Overexpression of p16INK4A in some cancer cell lines with the mechanism that
leads to p16INK4A up-regulation indicated.

Cell line

Source

HDLM-2

Hodgkin Lymphoma

HELA

HPV-positive cervical
carcinomas

P16INK4A
level
High

High

Molecular alteration
Increase 9p21 copy
number
RB1 inactivation by viral
oncoprotein E7
Cyclin D1

Reference

[84]

[85]

A-431

Epidermoid carcinoma

High

SCLC-21h

Small Cell Lung Cancer

High

c-MYC amplification

[87]

RH-30

Rhabdomyosarcoma

High

CDK4 amplification

[88]

High

k-RAS activation

[89]

overexpression

[86]

Adenovirus type 5 (Ad5)
HEK-293

transformed human
embryonic kidney cells)

SiHa

HPV- positive cervical cancer
cells

High

EFO-21

Ovarian carcinoma

High

HEP-G2

Hepatocellular carcinoma

High

RB1 inactivation by viral
oncoprotein E7
RB1 inactivation by
homozygous deletion
c-MYC amplification

[90]

[91]
[92]
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1.10.3 Reciprocal relationship between CDKN2A and RB1
Inactivation of RB1 and loss of pRb protein is observed in several human neoplasms
and is associated with uncontrolled cell proliferation and elevated p16INK4A levels [93].
Experimental evidence supporting the reciprocal relationship between CDKN2A and RB1
was provided by studies that examined the ability of p16INK4A to arrest cells in the G1
phase in the absence of functional RB1 gene. Cells with inactivated RB1 (RB1-/-) are
insensitive to p16INK4A unlike cells with wild-type RB1 [94]. Comparison analysis of
p16INK4A expression in mouse embryonic fibroblasts (MEFs) specifically lacking Rb1,
(Rb1+/+ MEFs vs Rb1-/- MEFs) showed that expression of p16INK4A in cells containing
wild-type Rb1 caused a dramatic reduction in the number of cells in S phase, whereas
expression of p16INK4A in Rb1–/– MEFs had no effect, suggesting that CDKN2A
expression is unable to block tumourigenesis in Rb1-negative cancers [95]. An example
of reciprocal relationship that exists between CDKN2A and RB1 is evident in non-small
cell lung cancer, where RB1 inactivation and CDKN2A up-regulation are frequently
detected [96, 97]. Additionally, in HPV-positive carcinomas, where the viral oncoprotein
E7 is known to lead to loss of pRb protein; this in turn increases the p16INK4A level [98]
(Figure 1.7). Inactivation of RB1 by LOH is found in basal-like breast tumours and was
associated in same samples with high p16INK4A levels [99].
Inappropriate amplification of any of the components of the cyclin D- CDK4/6
complex might also provide an oncogenic stimulus by promoting pRb phosphorylation
and thus triggering p16INK4A expression (64). In mantle cell lymphoma [42], deregulation
of CCND1 by chromosomal translocation leads to increased CCND1 levels, which
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activates the catalytic function of CDK4/6 and subsequently leads to induced p16INK4A
[100].

1.11 The significance of CDKN2A gene alterations in non-Hodgkin lymphoma
CDKN2A has been reported to be one of the most frequently altered genes in NHL.
Several studies have reported that CDKN2A inactivation, usually by deletion or
hypermethylation, are relatively uncommon in early stage of FL pathogenesis, but
inactivation of this gene occurs during FL tumour progression and transformation into
DLBCL [101]. In DLBCL, recent studies done by Jardin et al. have found that 35% of
DLBCL cases examined have CDKN2A deletion and that deletion of this locus was
significantly associated with poor prognosis for patients treated with R-CHOP (69, 70).
Another study by Kreisel et al. found deletion of CDKN2A in three of four chemoresistant cases (71). A very recent study by Guney et al. showed that
CDKN2A inactivation by deletion or methylation was observed in 42.7% of DLBCL
cases and, by using pyrosequencing to measure the methylation level, they reported that
CDKN2A was methylated in 36.7% of those patients [102]. Moreover, a methylation
level greater than 25% was significantly associated with decreased expression
of CDKN2A [102].
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1.12 Genetic and epigenetic alteration of CDKN2A in FL
1.12.1 CDKN2A deletion in FL
Earlier studies have found CDKN2A deletions to be associated with histological
transformation of FL to DLBCL. For example, a study done by Elenitoba-Johnson et al.
on 11 matched pairs consisting of FL samples and their matching DLBCL samples, using
10 polymorphic microsatellite markers spanning the chromosome 9p21 region, showed
that deletions of CDKN2A were detectable in 8 of 11 cases (73%). The deletions included
6 homozygous deletions (54.5%) and 2 with LOH (18%). Homozygous deletions were
associated with loss of p16INK4A expression [21]. Another study done by Dreyling et al.
reported similar findings based on the use of a ﬂuorescence in situ hybridization (FISH)
probe designed to detect chromosomal alterations involving 9p21. Three of the 3 t-FL
(100%), 3 of 13 de novo DLBCL (23%) and 1 of 7 FL (14%) had deletion at the
CDKN2A locus [103].
Analysis of the status of CDKN2A and TP53 genes in 123 cases of NHL, including 24
cases of FL and 68 cases of DLBCL, by Gronbaek et al. has showed that CDKN2A was
inactivated by deletion in 1 of 24 FL (4%) and 6 of 68 DLBCL (9%) and by methylation
also in one FL case and in 11 DLBCL [104]. By comparing matched biopsy material
from the same individual pre- and post-FL transformation to DLBCL, Davies et al.
studied copy number alterations of CDNK2A and c-REL and mutations of TP53 genes, in
addition to expression profiling using the lymphochip cDNA microarray in paired lymph
node biopsies from 20 FL patients [105]. Only a single case of the 20 t-FL samples had
CDKN2A deletion (5%) while in 5 of the 20 t-FL cases TP53 was inactivated (4/5 by
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mutations and 1/5 by LOH) (93). Amplification of the c-REL gene was detected in two
cases and a marked increase in c-MYC expression was observed in 70% (14/20) t-FL
cases. This work is in broad agreement with the previously reported results about the
significance of these oncogenes in FL lymphomagenesis [105]. A cytogenetic study
involving a large cohort of 210 FL cases including serial biopsies obtained after
transformation revealed the presence of 9p21 deletion in 4% of the diagnostic samples
and in 27% of subsequent transformed samples [106].

1.12.2 Aberrant methylation of CDKN2A in FL
Hypermethylation of the 5′ CpG island associated with CDKN2A is a frequent event
in lymphomas [107]. CDKN2A methylation has been reported in FL and was correlated
with greater risk of high-grade transformation [58, 107]. Approximately 30% of
lymphomas show CDKN2A gene methylation, and the methylation is more frequent in
histologically aggressive than indolent lymphomas (50% and 21%, respectively) and was
associated with a reduced rate of CDKN2A mRNA transcription compared with
unmethylated cases [108, 109]. In FL, hypermethylation of CDKN2A seems to be a
frequent epigenetic event that leads to loss of p16INK4A expression and was found to be a
good marker for relapse risk following therapy [109, 110]. Accordingly, measuring
CDKN2A methylation could be a useful prognostic marker in FL. In DLBCL, the
prognostic impact of CDKN2A has been significantly correlated with an inferior OS in
patients in intermediate to high IPI risk groups [111, 112].
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1.13 Analysis of genomic aberrations in FL
A large number of genomic alterations have been reported in FL. Chromosomal
region gains and losses were described in the last two decades using either FISH, CGH,
aCGH or more recently single nucleotide polymorphism- comparative genomic
hybridization (SNP-CGH). The resolution of CGH arrays is determined by the density of
coverage over the genome, but can be as low as 2-5 kb for a 500kb SNP-array [113] . A
SNP, a variation at a single DNA nucleotide, is the most frequent type of variation in the
genome; more than 10 million SNPs have been identified recently in humans in the 1000
Genomes Project [114]. The main aim of this project is to map human genome variation
in different populations using whole genome-scale sequencing. Today, many resources
are publically available to study genomic aberrations in most human malignancies. These
include but are not limited to databases such as NCBI, TCGA and COSMIC. These
databases provide results from many genomic studies on human cancers. For example,
searching for the CDKN2A gene alterations in NHL in COSMIC database indicates that
this gene was one of the most commonly mutated genes in NHL including DLBCL and
FL (COSMIC, v61) [68]. The most common form of CDKN2A mutations is deletion;
approximately 93% of the haematopoietic lymphoid malignancies cases reported in
COSMIC database manifest deletion in CDKN2A (Figure 1.8).
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% of CDKN2A mutated cases

A
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94%

Figure 1.8: Distribution of CDKN2A mutations. Haematopoietic and lymphoid neoplasms that
harboring CDKN2A mutations with mutation rate for each neoplasm (A). The CDKN2A deletion
is the most common form of the CDKN2A mutations in lymphoid malignancies. Approximately
(94%) of the mutated cases reported in COSMIC database had CDKN2A deletion (B).
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Progenetix (http://www.progenetix.org) is a database that provides an overview of
copy number abnormalities in human cancer based on CGH experiments [115]. In this
database, aCGH data for 523 FL cases from 6 published studies show that the copy
number of CDKN2A was altered in about 10% of the cases; 75% of these were losses
whereas 25% were gains. The minimal deleted region at 9p21.3 targets both the CDKN2A
and CDKN2B loci. The median size of the deleted region was 5.3 MB (range 0.09 to 136
MB) (Figure 1.9). Another aCGH study on 25 patient-matched lymphoma and nonlymphoma samples showed that of the three patients with a 9p21 deletion, one patient
remains alive and two are dead compared with five deaths in the other 22 cases that did
not show homozygous loss of 9p21 (23%). Their data support the importance of
CDKN2A locus loss in survival of FL patients [116].
An additional, recent study by Schwaenen et al, using aCGH, demonstrated CDKN2A
deletion in 13% of FL cases (17 out of 128). They identified a minimal affected region of
0.43 MB; the deletion affected the CDKN2A locus in all of these cases. Interestingly, 10
out of 17 cases with 9p21 deletion had low histologic grade, four had histologic grade 3a
and three had grade 3b. This was the first study to report a substantial incidence of
CDKN2A deletion in FL with low tumour grade. Importantly, they also found that 9p21
deletion was significantly associated with inferior clinical outcome [59].
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Figure 1.9: Array-comparative genomic hybridization (aCGH) data from 523 FL cases.
These data show the size of the regions affected by CDKN2A copy number alterations.
Thirty-nine cases have copy number alterations (CNAs; 89.7% with losses and 10.3%
with gains). The median size of the deleted areas was 5.3 MB (range 0.09 to 136 MB).
Data were extracted from (Progenetix: www.progenetix.org) [115].
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2. Hypothesis
The pathogenesis of FL progresses from the initial t(14;18) translocation through the
subsequent accumulation of secondary genetic alterations, some of which involve key
cell cycle regulators that synergize with the anti-apoptotic effects of BCL-2. Therefore, I
hypothesize that determining the presence of either deregulated expression of p16INK4A or
deleterious genetic or epigenetic alterations of CDKN2A will identify a distinct subgroup
of FL cases characterized by relatively homogenous biology and more aggressive clinical
behavior.

3. Aims
The overarching objective of this thesis is to investigate potential associations between
the functional status of the CDKN2A gene and clinical and pathological features among
FL patients. My work has the following specific objectives:
1- Determine the expression of key proteins involved in cell cycle regulation, including
p16INK4A, in a large cohort of FL cases using tissue microarrays and
immunohistochemistry.
2- Ascertain the methylation status of CDKN2A.
3 - Ascertain the presence of homozygous or heterozygous deletions affecting CDKN2A
gene.
4 - Correlate these findings with clinical and pathological feature.

36

Chapter 2
Differential expression of cell cycle regulatory proteins defines distinct
classes of follicular lymphoma
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Abstract
Follicular lymphoma (FL), a relatively common neoplasm of mature B-lymphocytes,
generally pursues an indolent clinical course. The disease is biologically heterogeneous,
however, and aggressive instances associated with short survival are relatively common.
Since defects in the regulation of apoptotic cell death play a fundamental role in FL
pathogenesis, we hypothesized that deregulated expression of components of the Rb
signaling pathway may promote cell proliferation, thereby complementing antecedent
anti-apoptotic mutations and producing more aggressive disease. We determined the
differential expression of key cell cycle regulatory proteins in lymphoma cells by
incorporating formalin-fixed, paraffin-embedded samples from the initial, diagnostic
biopsies from 131 cases of FL into tissue microarrays, histological sections of which
were stained by immunohistochemistry for p53, pRb, p16INK4A, and cyclin D3. The
results were ascertained by visual inspection and then correlated with histopathological
and clinical parameters, including overall survival. Our findings show that increased
abundance of p53 or p16INK4A is associated with reduced overall survival and the
presence of conventional pathological markers of tumour aggressiveness, including high
histological grade and proliferation index. Therefore, subjective quantification of cell
cycle regulatory proteins by immunohistochemistry can identify biologically and
clinically distinct subsets of FL cases.
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2.1 Introduction
Follicular lymphoma (FL) is common and typically pursues an indolent clinical
course [117]. Although remissions are readily achieved, the lymphoma generally recurs
such that most patients eventually die of their disease and [118, 119]. However, some
cases are aggressive from the time of diagnosis or transform later to aggressive disease,
usually diffuse large B-cell lymphoma (DLBCL). Available treatment options are
diverse. Therefore, patients stand to benefit from the discovery of biologically
homogeneous subgroups of FL amenable to more tailored clinical management.
Conventional histopathological grading can stratify patients into prognostically more
homogeneous groups but suffers from relatively poor reproducibility [120]. Schemes for
classifying cases based on clinical parameters, such as the Follicular Lymphoma
International Prognostic Index (FLIPI), are useful, but differences in the clinical
outcomes experienced by patients within the same FLIPI category suggest persistent
biological heterogeneity.
Advances in cancer biology and the emergence of new technology have stimulated
attempts to identify informative FL biomarkers based on the intrinsic biology of the
disease. Especially noteworthy in this context have been studies that use DNA
microarrays for gene expression profiling [121]. Although these investigations have shed
light on biological factors that may underlie different clinical outcomes, the study-tostudy reproducibility of the implicated genes or signaling pathways has been modest.
Interpretations in gene expression microarray studies may be complicated by errors of
multiple hypothesis testing, sample-to-sample variability with respect to the proportions
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of neoplastic versus non-neoplastic cells, and the idiosyncrasies of different microarray
platforms.
Scientific advances also enable more conventional, hypothesis-driven approaches.
The well-established role of BCL-2 in blocking apoptotic death suggests that defective
regulation of apoptosis plays an early, fundamental role in the accumulation of
mitotically quiescent B lymphocytes that characterizes FL [122]. Genes encoding key
components of the Rb signaling pathway regulate cell proliferation and sustain mutations
in most human cancers (Figure 2.1) [123].
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Figure 2.1: Cell-cycle regulation by the Rb pathway and p53. Active pRb or p53 can interrupt
cell-cycle progression in mid or late G1. pRb may be inactivated consequent to
hyperphosphorylation by cyclin-dependent kinases 4 or 6 (CDK4/6), which, in turn, may be
activated or inactivated through direct binding with cyclin D or p16INK4A, respectively. Potential
oncoproteins are shown in black, and tumour suppressors are shown in gray; the arrow indicates
activation, and inverted T's indicate inactivation
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2.2 Materials & Methods
2.2.1

Patient selection and clinical information

One hundred twenty seven cases of FL were identified for study by searching the
pathology archive of Kingston General Hospital, Ontario, Canada using the following
entry criteria: 1) availability of formalin-fixed, paraffin-embedded tissue samples from
the original, diagnostic biopsy; and, 2) availability of clinical data including outcome
data. Patients’ samples were collected between 1995 to 2008. Written approval for the
use of these clinical materials was obtained from the Health Sciences Research Ethics
Board of Queen's University. Chart reviews were done to collect baseline clinical
parameters, treatment information and patient outcome data. Information collected
included: age at diagnosis, sex, Ann Arbor stage, number of nodal sites of disease, serum
lactate dehydrogenase (LDH) levels, presence of bulky disease, extranodal involvement
and presence of B symptoms. Treatment information included treatment at diagnosis and
at relapse, including the use of Rituximab, radiation treatment and autologous stem cell
transplant (ASCT). Date of death or last clinical follow-up visit were noted. The
Follicular Lymphoma International Prognostic Index (FLIPI) score was calculated where
the required clinical data were available.

2.2.2

Tissue microarray construction, immunohistochemistry and scoring

Routine diagnostic hematoxylin, phyloxin and saffron (HPS) and immunostained
slides were retrieved and reviewed according to WHO criteria [124]. Duplicate 0.6 mm
cores of tissue were removed from a representative area of each tumour block and
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arrayed systematically in the recipient TMA block using a tissue-arraying instrument
(Beecher Instruments, Silver Springs, MD). Histological sections were cut from the
TMA block using a Leica microtome and mounted on glass slides. These were baked in a
52°C oven and stored at 4°C until immunostaining, which was carried out within one
week following sectioning. The slides were IHC stained with primary antibodies to p53
(clone Bp53-11, Ventana Medical Systems, Tucson AZ), p16INK4A (clone G175-405, BD
Pharmingen, South San Francisco CA), pRb (clone G3-245, BD Pharmingen), cyclin D3
(clone DCS-22, Santa Cruz Biotechnology Inc., Santa Cruz CA), and Ki-67 (clone 30-9,
Ventana Corp). The antibodies to p53, p16INK4A and Ki-67 were received as pre-diluted
reagents; the antibodies to pRb and cyclin D3 were used at dilutions of 1:100 and 1:50,
respectively. Immunohistochemical staining was done using an automated immunostainer
(Ventana, Tucson, AZ) according the manufacturer’s instructions. The immunostained
slides were scored visually for staining in the neoplastic B-cells only. A standard threepoint scoring system (i.e., "low", "intermediate" or "high") was used to evaluate the
intensity or prevalence of staining for most markers; the score definitions are detailed in
Table 2.2. Establishing the scoring criteria and the scoring itself were carried out without
knowledge of the clinical data.

2.2.3

Data analysis

Overall survival for each patient was calculated using the time from the date of
diagnosis to the date of death from any cause. Some subjects were censored at the date of
last follow-up. Each marker was assessed for its ability to divide patients into groups with
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significantly different overall survival using the Kaplan-Meier method. Survival curves
were generated which allowed comparison of the groups and the log-rank test without
linear trend assumptions was used to assess their similarity. Cases with missing IHC
score values were dropped from this analysis. Potential associations among significant
prognostic markers and clinical or other pathological variables were investigated using
Fisher’s exact test. The statistical software package SPSS (Version 14.0, Chicago, IL)
was used for all statistical analyses.

2.3 Results
2.3.1 Clinical and histopathological findings
One hundred and twenty seven subjects were identified. The median age at diagnosis was
57 (range 28 to 86) years and patients were evenly distributed with respect to sex (62
males, 65 females; Table 2.1). Median follow-up time was 3.96 (range 0.23 to 13.1)
years. Treatment varied but 106 patients (81%) received chemotherapy. Of these patients,
72 (68%) received Rituximab in combination with conventional chemotherapy and 19
patients went on to receive Rituximab maintenance for two years following treatment.
Twenty-five (19%) patients received radiation following chemotherapy. Ten patients
underwent ASCT at relapse according to local standards of practice. Of the patients who
did not receive chemotherapy, 10 patients received radiation alone and 15 patients
remained on watchful waiting. Data required to calculate a FLIPI score were available
from all subjects. FLIPI was effective in predicting overall survival in high- versus
intermediate- or low-risk subjects (p<0.001, Figure 2.2A).
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Table 2.1: Clinical and pathological features
Cases

%

Age (y)
≤60
72
56.7
>60
55
43.3
Sex
Male
62
48.8
Female
65
51.2
FLIPI
0-1
63
49.6
2
19
15
≥3
45
35.4
LDHa
Normal
87
68.5
High
21
16.5
ECOG stage
I and II
48
37.8
III and
IV
79
62.2
Hemoglobinb
Normal
98
77.2
Low
26
20.5
No. of nodal sites
≤5
75
59.1
>5
51
40.2
B symptoms
No
100
78.7
Yes
27
21.3
Histologic grade
1
52
40.9
2
36
28.3
3
37
29.1
3b
2
1.6
DLBCL component present in biopsy
No
98
77.2
Yes
29
22.8
a

Elevated LDH , more than 200 U/L.; bLow hemoglobin, less than 120 g/L.
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Table 2.2: Immunostaining scoring criteria
Marker
p16INK4A
pRb
p53
Cyclin
D3
Ki-67

Low
<5% of
cells
<1% of
cells
<5% of
cells
<30% of
cells

Intermediate
Weak to moderate signal in
5%-50% of cells

High
Intense staining in >5% or weak to
moderate staining in >50% of cells

1%-10% of cells

>10% of cells

5%-90% of cells

>90% of cells

30%-50% of cells

>50% of cells
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Figure 2.2: Clinical and pathological predictors of survival in FL. The Kaplan-Meier curves show
overall survival according to FLIPI score (A), histologic grade (B), and the presence of an associated
component of DLBCL (C).
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Histological grading according to WHO criteria and the presence or absence of an
associated component of DLBCL in the biopsy sample were evaluated as predictors of
overall survival (11). Eighty-eight cases were scored as grade 1 or 2, and 39 cases as
grade 3 (37 and 2 as 3a and 3b, respectively). A component of DLBCL was present in 29
of the cases. Patients with grade 3 FL or those with a component of DLBLC showed
apparent trends towards reduced survival, but the differences were not statistically
significant (Figure 2.2B and 2.2C).

2.3.2

Immunohistochemical correlates of disease biology

Immunostaining histological sections of hyperplastic tonsil for p53, p16INK4A, pRb or
cyclin D3 produced signal that was largely limited to follicle center cells; diffuse,
nonspecific signal was effectively absent (Figure 2.3A). Staining for p53 was weak,
exclusively nuclear and present in up to approximately 5% of follicle center lymphocytes.
Signal for pRb was generally intense, consistently nuclear, and present in up to
approximately 85% of follicle center cells; immunoreactive cells were especially
prevalent in the dark zone of follicle centers. Staining for cyclin D3 showed a pattern
similar to that of pRb with generally a somewhat lower prevalence (up to approximately
70%) in follicle center cells. Finally, staining for p16INK4A ranged from predominantly
nuclear to pan-cellular and was present in 5-40% of follicle center cells.
Staining for p53 in the FL samples represented in the TMAs produced an exclusively
nuclear signal (Figure 2.3A). The staining varied from case to case with respect to
intensity and prevalence among lymphoma cells. Seventy-four cases (60%) were scored
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as "low", 41 cases as "intermediate" and only 8 cases (6.5%) showed staining in greater
than 10% of cells and were consequently scored as "high". Correlating p53-high status
with clinical and conventional pathological parameters indicated significant, positive
associations with lymphoma involvement of more than 4 nodal sites and grade 3
histology (Table 2.3). A potential association with the presence of a component of
DLBCL in the biopsy was also evident (p=0.09).
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Figure 2.3: Representative immunohistology. The first column shows secondary lymphoid follicles
from hyperplastic tonsil stained as controls for the indicated cell-cycle regulators and photographed
using a ×20 objective. Images in the other columns are from representative FL samples in the TMAs
that were scored as indicated and photographed using a ×40 objective (A). Immunostaining results for,
from left to right, CD20 (brown signal), p16 INK4A (red signal), and codetection of both markers in a
single case of FL. In the image at the right side, note that p16 INK4A is expressed in B (CD20-positive)
cells in most instances (B).
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The availability of clinical outcome data allowed us to investigate possible
associations between p53 immunohistology and overall survival using Kaplan-Meier
analysis. Whereas survival in p53-low and -intermediate cases was similar, that of p53high cases was dramatically shorter (P=0.005, Figure 2.4A). The strong association
between p53 expression and reduced overall survival persisted when cases with an
associated component of DLBCL or grade 3b disease were excluded from the analysis
(Figure 2.4B).
The prevalence of FL cells expressing detectable p16INK4A varied sometimes
dramatically from case to case and the subcellular localization ranged from exclusively
nuclear to pan-cellular (Figure 2.3A). Two-color immunostaining for p16INK4A and CD20
in two representative cases confirmed that the majority of p16INK4A -expressing cells were
of B-lineage and belonged, therefore, to the neoplastic cell population (Figure 2.3B).
Seventy eight cases were scored as "low", 35 as "intermediate" and 12 as "high". High
p16INK4A staining was associated with elevated serum LDH, the presence of B-symptoms,
grade 3 histology and the presence of an associated component of DLBCL (Table 2.4).
Apparent associations with high FLIPI score (p=0.07), involvement of greater than 4
nodal sites (p=0.065), and a high proliferation index (p=0.08) approached statistical
significance. Kaplan-Meier analysis indicated that p16INK4A -high cases realized shorter
overall survival than those scored as "intermediate" or "low" (p=0.014, Figure 2.4C).
A trend toward reduced survival in p16INK4A -high cases persisted on repeating the
analysis after excluding cases with either grade 3b histology or a component of DLBCL
although the difference did not reach statistical significance perhaps due to the small
number of cases in the p16INK4A -high category (p=0.162, Figure 2.4D).
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Immunostaining our lymphoma samples for pRb produced a consistently strong,
exclusively nuclear signal in a variable proportion of lymphoma cells (Figure 2.3A).
Twenty-four, 38 and 55 cases were scored as "low", "intermediate" or "high",
respectively. Correlating these results with clinical and conventional pathology
parameters uncovered statistically significant associations between pRb-low status and
grade 1 or 2 histology and a low proliferation index (Table 2.5). Kaplan-Meier analysis
revealed no association between pRb staining results and overall survival (Figures 2.4E
and 2.4F). Immunostaining for cyclin D3 produced an exclusively nuclear signal in a
variable proportion of lymphoma cells (Figure 2.3A). Fifty-four, 56 and 9 cases were
scored as "low", "intermediate" or "high", respectively. We observed associations
between cyclin D3-low status and low hemoglobin, grade 1 or 2 histology, and the
absence of DLBCL (Table 2.6). Kaplan-Meier analysis failed to uncover any association
with overall survival (Figures 2.4G and 2.4H).
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Figure 2.4: Analysis of overall survival based on immunohistochemical staining for p53, p16INK4A,
pRb, and cyclin D3.
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Table 2.3: Clinicopathological associations with p53 immunostaining
p53 Low/Intermediate
Cases
Age (y)
65
≤60
50
>60
Sex
56
Male
59
Female
FLIPI
77
Low/Intermediate
37
High
LDHa
84
Normal
19
High
ECOG stage
44
I and II
71
III and IV
Hemoglobinb
93
Normal
23
Low
Performance status
98
≤1
16
>1
No. of nodal sites
73
≤5
41
>5
B symptoms
92
No
23
Yes
Histologic grade
83
1 or 2
33
3
DLBCL component present in biopsy
90
No
25
Yes
Proliferation indexc
87
Low
28
High

%

p53 high
Cases

%

52.8
40.7

4
4

3.3
3.3

0.729

45.5
48

4
4

3.3
3.3

1

63.1
30.3

4
4

3.3
3.3

0.44

77.8
17.6

3
2

2.8
1.9

0.249

35.8
57.7

3
5

2.4
4.1

1

75
18.5

5
3

4
2.4

0.363

80.3
13.1

8
0

6.6
0

0.595

59.8
33.6

1
7

0.8
5.7

0.006

74.8
18.7

5
3

4.1
2.4

0.364

66.7
26.8

2
6

1.6
4.9

0.012

73.2
20.3

4
4

3.3
3.3

0.088

70.7
22.8

4
4

3.3
3.3

0.204

P

a

Elevated LDH , more than 200 U/L.; bLow hemoglobin, less than 120 g/L; cHigh and
proliferation index, Ki-67 staining in more than 50% of cells.
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Table 2.4: Clinicopathological associations with p16INK4A immunostaining.

Age (y)
≤60
>60
Sex
Male
Female
FLIPI
Low/Intermediate
High
LDHa
Normal
High
ECOG stage
I and II
III and IV
Hemoglobinb
Normal
Low
Performance status
≤1
>1
No. of nodal sites
≤5
>5
B symptoms
No
Yes
Histologic grade
1 or 2
3
DLBCL component present in biopsy
No
Yes
Proliferation indexc
Low
High

p16INK4A Low/Intermediate
Cases
%

p16INK4A High
Cases
%

62
51

49.6
40.8

8
4

6.4
3.2

0.547

56
57

44.8
45.6

5
7

4
5.6

0.764

76
36

61.3
29

5
7

4
5.6

0.108

82
16

75.9
14.8

5
5

4.6
4.6

0.023

46
67

36.8
53.6

2
10

1.6
8

0.128

91
21

73.4
16.9

7
5

5.6
4

0.127

96
16

77.4
12.9

12
0

9.7
0

0.362

70
42

56.5
33.9

4
8

3.2
6.5

0.065

93
20

74.4
16

5
7

4
5.6

0.004

82
31

65.6
24.8

4
8

3.2
6.4

0.009

91
22

72.8
17.6

5
7

4
5.6

0.006

86
27

68.8
21.6

6
6

4.8
4.8

0.08

P

a

Elevated LDH , more than 200 U/L.; bLow hemoglobin, less than 120 g/L; cHigh and
proliferation index, Ki-67 staining in more than 50% of cells.
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Table 2.5: Clinicopathological associations with pRb immunostaining
pRb intermediate/high
Cases
%
Age (y)
10
≤60
14
>60
Sex
15
Male
9
Female
FLIPI
18
Low/Intermediate
6
High
LDHa
15
Normal
2
High
ECOG stage
11
I and II
13
III and IV
Hemoglobinb
19
Normal
4
Low
Performance status
21
≤1
3
>1
No. of nodal sites
14
≤5
10
>5
B symptoms
20
No
4
Yes
Histologic grade
21
1 or 2
3
3
DLBCL component present in biopsy
18
No
6
Yes
Proliferation indexc
23
Low
1
High

pRb low
Cases

%

8.5
12

57
36

48.7
30.8

0.106

12.8
7.7

41
52

35
44.4

0.116

15.5
5.2

60
32

51.7
27.6

0.467

15
2

66
17

66
17

0.516

9.4
11.1

33
60

28.2
51.3

0.356

16.5
3.5

72
20

62.6
17.4

0.779

18.1
2.6

79
13

68.1
11.2

1

12.1
8.6

56
36

48.3
31

0.819

17.1
3.4

72
21

61.5
17.9

0.78

17.9
2.6

58
35

49.6
29.9

0.026

15.4
5.1

71
22

60.7
18.8

1

19.7
0.9

64
29

54.7
24.8

0.007

P

a

Elevated LDH , more than 200 U/L.; bLow hemoglobin, less than 120 g/L; cHigh and
proliferation index, Ki-67 staining in more than 50% of cells.
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Table 2.6: Clinicopathological associations with Cyclin D3 immunostaining
Cyclin D3 low/intermediate
Cases
%
Age (y)
67
≤60
51
>60
Sex
60
Male
58
Female
FLIPI
76
Low/Intermediate
42
High
LDHa
80
Normal
19
High
ECOG stage
46
I and II
72
III and IV
Hemoglobinb
91
Normal
24
Low
Performance status
101
≤1
16
>1
No. of nodal sites
68
≤5
49
>5
B symptoms
95
No
23
Yes
Histologic grade
31
1 or 2
87
3
DLBCL component present in biopsy
96
No
22
Yes
Proliferation indexc
87
Low
28
High

Cyclin D3 high
Cases

%

P

52.8
40.2

5
4

3.9
3.1

1

47.2
45.7

7
2

5.5
1.6

0.165

59.8
33.1

6
3

4.7
2.4

1

74.1
17.6

7
2

6.5
1.9

1

36.2
56.7

2
7

1.6
5.5

0.481

73.4
19.4

7
2

5.6
1.6

1

80.2
12.7

8
1

6.3
0.8

1

54
38.9

7
2

5.6
1.6

0.31

74.8
18.1

5
4

3.9
3.1

0.095

24.4
68.5

1
8

6.3
0.8

0.001

75.6
17.3

2
7

1.6
5.5

0.001

70.2
22.6

4
5

3.2
4

0.056

a

Elevated LDH , more than 200 U/L.; bLow hemoglobin, less than 120 g/L; cHigh and
proliferation index, Ki-67 staining in more than 50% of cells.
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2.4 Discussion
TP53 mutations are often associated with stabilization and accumulation of the
protein product despite deleterious functional consequences [125]. Thus, abundant IHC
signal has been used as a surrogate measure of TP53 dysfunction. Previous studies have
associated TP53 mutations with FL progression and transformation [54, 126, 127], and
IHC-detectable p53 protein expression with higher-grade FL tumours, transformation, or
accelerated progression [55, 128-130]. We are aware of only 2 previous reports that
directly evaluate the relationship between IHC-detectable p53 expression and survival in
FL. Llanos and colleagues, studying 49 cases of FL, reported a shorter time to
progression in association with p53 expression but failed to detect a significant
association with overall survival [51]. Pennanen et al, demonstrated a statistically
significant reduction in survival in the 8 cases with elevated p53 expression among the 67
FL cases in their study [131]. Similarly, we identified 8 of 123 FL cases characterized by
abundant p53 expression and very poor survival. The somewhat lower prevalence of
“p53-high” cases in our study could be attributable to our use of more stringent criteria
for the p53-high category. Therefore, our study, the largest to date, confirms IHC
detection of p53 as a powerful predictor of adverse clinical outcome in FL. Furthermore,
the apparent association with high histologic grade suggests that IHC detection of p53
reflects aggressive underlying disease biology.
Ours is the first study to examine directly the prognostic significance of p16INK4A
expression in FL. p16INK4A is encoded by CDKN2A, a tumour suppressor gene frequently
inactivated in neoplasms [132]. Deletion, mutation, or transcriptional silencing of
CDKN2A is associated with histologic transformation in FL [21, 58, 133]. Therefore, we
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expected that reduced IHC staining for p16INK4A protein might identify more aggressive
cases. Instead, our findings show that abundant staining for p16INK4A is associated with
clinical (high LDH) and pathological (grade 3 histology and associated DLBCL)
evidence of more aggressive disease and reduced overall survival. These findings are not
necessarily discordant with those of earlier investigations. Whereas the studies cited
above correlated molecular genetic alterations of the CDKN2A gene with surrogate,
histologic evidence of tumour aggressiveness in small sets of FL cases, we determined
p16INK4A protein expression in a larger set of exclusively diagnostic FL samples and
correlated these results directly with clinical and pathological variables and overall
survival. Clearly, further study is required to determine the relationship between
CDKN2A gene status, p16INK4A protein expression, and disease biology. Available
evidence pertaining to p16INK4A function suggests speculative mechanisms for upregulation of p16INK4A in aggressive instances of FL [64, 134, 135]. For example, the
presence of immunohistochemically detectable p16INK4A in FL cells might reflect a
cellular response to promitotic stimulation or mutations.
Elevated pRb expression is associated with G2-, M-, and S-phases of the cell cycle; a
high S-phase fraction in non–Hodgkin-type lymphomas; and high histologic grade among
FLs [136-139]. Therefore, the associations that we observe between relatively low pRb
staining and low histologic grade and low proliferation index are consistent with earlier
results and may reflect physiological regulation of pRb rather than oncogenic deletion or
silencing of RB1.
Expression of cyclin D3 was associated with reduced relapse-free and overall survival
in 71 indolent lymphomas amongst which 21 were FLs [140]. Therefore, our study
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addresses a need to evaluate the prognostic potential of cyclin D3 expression in a larger
set of FL cases. Although we find that abundant expression of cyclin D3 is associated
with high histologic grade, the presence of DLBCL, and high proliferation index, we fail
to confirm an association with survival.
In conclusion, we find that IHC detection of either p53 or p16INK4A is more effective
than conventional histologic grading in identifying subsets of FL patients with
particularly aggressive disease. Our findings should be validated on separate data sets
derived from subjects managed according to standardized treatment protocols. Further
work is also required to elucidate the underlying biology.
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Chapter 3
Inactivation of the CDKN2A tumour suppressor gene by deletion or
methylation is prevalent at diagnosis in follicular lymphoma and associated
with poor clinical outcome.
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Abstract
Follicular lymphoma (FL) is a common indolent lymphoma. The product of the
CDKN2A tumour suppressor gene, p16INK4A, can block cell proliferation. CDKN2A
inactivation is prevalent among aggressive neoplasms. However, the role of CDKN2A
inactivation in FL has not been investigated systematically. This study was undertaken to
investigate the potential role of CDKN2A inactivation in driving tumour biology and
clinical outcomes in FL. We determined the deletion and promoter methylation status of
CDKN2A in pre-treatment, formalin-fixed, paraffin-embedded biopsy samples from 105
FL cases. Laser-capture Microdissection (LCM) was used to enrich the samples for
lymphoma cells. CDKN2A gene deletion was detected by single nucleotide
polymorphism/loss of heterozygosity (SNP-LOH) analysis using the Sequenom
MassARRAY platform. Methylation of CpG islands in the CDKN2A promoter was
quantified by methylation-specific PCR, and p16INK4A expression was determined by
immunohistochemistry.
CDKN2A was deleted in 9 cases and methylated in 22 cases. The 29 cases (28%) with
CDKN2A deletion or methylation had decreased overall survival (OS) (p=0.046). There
were no statistically significant associations between CDKN2A status and conventional
clinical or pathological predictors of FL behavior. The 8 cases associated with abundant
p16INK4a expression were largely non-overlapping with those with CDKN2A deletion or
methylation but also showed a trend towards decreased survival. To our knowledge, this
is the first molecular study of the CDKN2A gene in FL to examine the prognostic value of
CDKN2A gene methylation. Our findings indicate that deleterious alterations of CDKN2A
are relatively prevalent at diagnosis in FL and raise the possibility that alterations of
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CDKN2A or other components of the pRb signaling pathway could predict clinical
responses to more tailored clinical management strategies.
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3.1 Introduction
Follicular lymphoma (FL) is common, accounting for approximately 20-30% of nonHodgkin's lymphoma (NHL), and its clinical course it typically indolent [117].
Nonetheless, patients with FL experience reduced life expectancy with a median overall
survival (OS) of approximately 10 years [141]. Furthermore, some cases have a poor
prognosis because of clinically progressive disease or histological transformation to
aggressive lymphoma, mostly diffuse large B-cell lymphoma (DLBCL) [120, 142]. The
recent addition of rituximab, a humanized monoclonal antibody directed at CD20, to
therapeutic regimens used to treat follicular lymphoma has improved survival (124). The
primary genetic event in most cases of FL is a somatic chromosomal translocation,
t(14;18)(q32;q21), which results in the up-regulation of the proto-oncogene BCL-2 [143].
However, t(14:18) is not sufficient to induce FL; secondary genetic alterations are
required for full manifestation of the disease.
The CDKN2A genetic locus at human chromosome 9p21 encompasses two genes,
ARF and CDKN2A, that encode the proteins p14ARF and p16INK4A, respectively (Figure.
1.5) [66]. p14ARF activates p53 by rescuing it from proteosome-mediated proteolysis
while p16INK4A antagonizes cyclin-dependent kinases 4 and 6 (CDK4/6), thereby
blocking phosphorylation of the retinoblastoma protein pRb and, consequently, cell cycle
progression. The p53 and pRb signaling pathways are required in the induction of
apoptosis or cellular senescence in response to a number of cellular stressors, including
DNA damage and oncogene activation. Consistent with its role in the regulation of both
of these pathways, deleterious alterations of CDKN2A are prevalent in human cancers
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and play an important role in oncogenesis and tumour progression. Inactivation of
CDKN2A in lymphoma can occur by gene deletion or, more frequently, promoter
methylation whereas small deleterious mutations are relatively rare [109, 144-146].
Although deleted regions are commonly sufficiently large as to eliminate both ARF and
CDKN2A, small mutations in human cancers cluster in the coding exons of CDKN2A,
which appears to be the more important gene in human cancers [147].
Deletion of CDKN2A occurs relatively commonly in association with histological
transformation of FL to DBLCL but has been considered rare in FL samples obtained
prior to transformation [21, 145, 146, 148]. However, the recent application of single
nucleotide polymorphism (SNP) array technology capable of detecting either
homozygous deletions or copy-neutral loss of heterozygosity (LOH), also called acquired
uniparental disomy (aUPD), involving the CDKN2A locus has detected such alterations in
a substantial 12 to 20% of non-transformed FL samples [59, 116, 145, 149].
Methylation of cytosine residues within CpG islands associated with CDKN2A is
associated with transcriptional silencing and represents the functional equivalent of gene
deletion [109, 150, 151]. CDKN2A methylation is more prevalent in aggressive- than
indolent-histology lymphomas and has been detected in up to 52% of FL samples [108,
144, 152]. Therefore, CpG island methylation is a more common mechanism of CDKN2A
inactivation in FL than gene deletion and appears to be an important step in tumour
progression and transformation.
These considerations suggest the possibility that the presence of deleterious
alterations at the CDKN2A locus ascertained at diagnosis in FL biopsy specimens might
define a substantial subset of cases associated with aggressive underlying biology and
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clinical behavior, including a differential response to therapy. Indeed, a recent study
reported an association between the presence of CDKN2A deletion or aUPD in diagnostic
FL specimens and reduced overall survival [59]. However, no study has yet evaluated the
prognostic impact of the most prevalent mechanism of CDKN2A silencing in FL, gene
methylation, nor has the clinicopathological impact of CDKN2A silencing been evaluated
in the rituximab era.
Methylation of CDKN2A silences transcription and is therefore functionally
equivalent to gene deletion [109, 150]. Therefore, in the current study we have evaluated
the clinicopathological associations of CDKN2A silencing by either of these mechanisms,
ascertained at diagnosis in 106 cases of FL. We find that deletion or methylation of
CDKN2A is associated with reduced overall survival and that this association is most
striking when the analysis is restricted to the 65 patients who had been treated with
rituximab.

66

3.2 Materials and methods
3.2.1 Clinical samples
Cases were identified by searching the pathology and clinical records of Kingston
General Hospital, Ontario, Canada. Patients’ samples were collected between 1995 to
2008. The following inclusion criteria were used: 1) availability of formalin-fixed,
paraffin-embedded tissue samples (FFPE) from the original, diagnostic, pre-treatment
biopsy; and, 2) availability of baseline clinical and outcome data from clinical charts.
Written approval for access to these clinical materials was obtained from the Health
Sciences Research Ethics Board of Queen's University.

3.2.2

Laser-capture microdissection and DNA extraction

Sections of FFPE biopsy samples 8 mm thick were mounted on uncharged glass
slides and immunostained with an anti-CD20 antibody (Epitomics, Burlingame, CA)
using an automated immunostaining device as previously described to identify lymphoma
cells [57]. In cases in which lymphoma cells congregated within lymphoid follicles, as
usually occurred, entire follicles were collected by laser-capture microdissection (LCM);
tissue from 3 to 10 lymphoid follicles, or an equivalent quantity of neoplastic tissue, was
collected per case (Figure 3.2). DNA was purified from microdissected tissue using a
commercial kit (QIAamp DNA Micro Kit, QIAGEN Inc, Toronto, Canada) according to
the manufacturer's instructions and quantified using a NanoDrop spectrophotometer
(Thermo Fisher Scientific Inc, Mississauga, Ontario, Canada).
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Figure 3.1: The relative locations of 15 highly heterozygous SNPs used in this study are
shown to scale, as are those of the CpG island used to ascertain methylation status and
the sequences lying adjacent to exons 2 and 3 of CDKN2A that are the targets of the PCR
primer sets used to ascertain homozygous deletions.
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Figure 3.2: Laser capture microdissection of neoplastic lymphoid follicles, magnification
10x. A histological section immunostained for CD20 is shown before (A) and after (B)
laser capture microdissection of 4 neoplastic lymphoid follicles.
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3.2.3

Single nucleotide polymorphism analysis for gene deletions affecting
CDKN2A

Single nucleotide polymorphism (SNP) analysis was performed at the Analytical
Genetics Technology Center at the University Heath Network, Toronto, Canada, using
the iPLEX Gold assay on the MassARRAY platform (Sequenom, San Diego, CA), as
described [153]. Fifteen highly polymorphic SNPs spanning a region of approximately 65
kb encompassing the CDKN2A locus were selected based on their heterozygosity rates in
Utah residents with ancestry from northern and western Europe (CEU), as per the current
release of the Human HapMap Project (Figure. 3.1) [154]. Primers for the multiplex PCR
used in these assays were designed using the Sequenom MassARRAY designer software
SpectroDesigner (Sequenom); primer sequences are shown in Table S1. At least 10 ng/µl
of DNA was used for each assay. Cases were considered homozygous at the CDKN2A
locus if all analyzed SNPs were homozygous. In such cases, matching germline DNA
samples were obtained by searching the pathology archive for samples of non-neoplastic
tissues from the same subject and this DNA was isolated and subjected to SNP analysis.
Loss of heterozygosity (LOH) was considered to have occurred if the matching, nonneoplastic sample contained at least one heterozygous SNP. "No calls” for individual
SNPs resulted from PCR failure due either to homozygous deletion involving CDKN2A
or excessive DNA degradation. These possibilities were distinguished using endpoint
PCR with primer sets that amplify regions adjacent to exons 2 and 3 of CDKN2A or
control loci (Figure 3.1 and Table 3.S2).
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3.2.4

Methylation of a CpG island within CDKN2A

Genomic DNA was modified by the sodium bisulfite method using the EpiTect
Bisulfite Kit (QIAGEN) and then analyzed by quantitative PCR (qPCR) using the
EpiTect MethyLight PCR Kit and the Hs_CDKN2A EpiTect MethyLight Assay
(QIAGEN) according to the manufacturer's instructions [155]. This assay detects
methylation at 2 CpG elements (Figure 3.1, chr9: 21974737-21974742 according to
genome assembly GRCh37/hg19) that fall within a CpG island that begins 5' of exon 1α
of CDKN2A and extends into the coding region (chr9: 21,974,579-21,975,306). The
proportion of methylated DNA (Cmeth) was calculated as a percentage using the formula
Cmeth=100/{1+2(CtCG- CtTG)}%, where CtCG represents the threshold cycle of the CG
reporter (FAM channel) and CtTG represents the threshold cycle of the TG reporter (VIC
channel). The assays were run on a Mastercycler ep realplex real-time PCR instrument
(Eppendorf North America, Toronto, Ontario, Canada). Commercially-obtained
methylated versus unmethylated human DNA (Qiagen), and DNA purified from the Raji
and HL60 human cell lines known to be completely methylated versus unmethylated,
respectively, at the index CpG island were used to validate the assay [156].

3.2.5 Quantitative immunoﬂuorescence for pRb expression by automated
quantitative analysis (AQUA)
The pRb quantification was performed using a multi-channel immunofluorescencebased method for automated quantitative analysis (AQUA) of protein abundance. To
identify B-cells, rabbit anti-human CD20 (Ventana Medical Systems, Tucson AZ) was
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detected with an Alexa-488-labeled, anti-rabbit secondary antibody (1:1000, Cell
Signalling, Danvers, MA). A DAPI counterstain was used to identify nuclei. Slides were
co-stained for pRb using a mouse anti-pRb antibody (BD Pharmingen, San Francisco,
CA) which was detected, in turn, using an anti-mouse EnVision kit (Dako), according to
the manufacturer's instructions, followed by application of substrate for the deposition of
Cy5-labelled tyramide (Perkin Elmer Corp, Waltham, MA, Figure 3.S5). For AQUA
analysis, Cy5 signal was quantified within the nuclei of CD20-positive cells based on
signal for Alexa-488 and DAPI so as to generate an AQUA score which essentially
represents mean signal intensity for Cy5 normalized for exposure time.

3.2.6 Statistical analysis
All statistical analyses were performed using the chi-squared test or Fisher’s exact
test in cross tables to assess the relationships between CDKN2A deletion or promoter
methylation and clinicopathological variables. OS was determined from diagnosis up to
the last follow-up or death. The OS rate was calculated by the Kaplan-Meier method
using the log-rank test. Cases with missing SNP-LOH or methylation data were dropped
from this analysis. The one-way analysis of variance (ANOVA) was used to determine
whether there are any significant differences between the various subgroups defined by
CDKN2A status with respect to pRb expression as ascertained by the AQUA system.
A P-value less than 0.05 was considered to be significant. Statistical analysis was
performed with SPSS software (version 20 SPSS Chicago, IL).
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Results
3.3.1

CDKN2A gene deletions

Genetic deletions affecting the CDKN2A locus were detected using a SNP-based
approach with the Sequenom MassARRAY platform [153]. Samples were considered to
have retained heterozygosity if at least one of 15 highly heterozygous SNPs that span
65.4 kb of DNA encompassing the CDKN2A locus on chromosome 9 were found to be
heterozygous in DNA from microdissected lymphoma samples (Figures 3.1 and 3.2).
Applying this assay to DNA purified from a group of established human cell lines with
known CDKN2A status produced the expected results: Raji cells in which both alleles of
CDKN2A are intact were heterozygous at 3 SNPs, HL60 cells that carry a hemizygous
deletion involving CDKN2A were homozygous at all SNPs, and K562 cells associated
with homozygous CDKN2A deletion gave rise to no PCR products for SNP analysis
(Figure 3.3A) [157, 158]. Also as expected, diverse SNPs were found to be heterozygous
in each of 5 samples of primary, non-neoplastic tonsillar lymphoid tissue.
Applying this assay to DNA purified from microdissected samples of 118 pretreatment FL biopsies demonstrated retention of heterozygosity in 102 cases; these were
therefore considered to be free of CDKN2A deletions (Figure 3.3B). Of the remaining 16
cases, all SNPs were found to be homozygous in 12, whereas failed PCR reactions
prevented SNP determinations in 4 (Figure 3.3C). Of the 12 cases in which all of the
SNPs were found to be homozygous, matching samples of germline DNA were
retrievable from the pathology archive in 9 cases; LOH was found to have occurred in 6
of these (Figure 3.3C). The results were uninformative in the other 6 homozygous cases
either because all SNPs were homozygous in the germline samples (3 cases) or because
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no matching germline sample was available (3 cases).
For the cases in which no results were obtained for any of the SNPs due to failed PCR
reactions, the possibility of homozygous deletion of CDKN2A was investigated using
endpoint PCR. Primers for intronic sequences adjacent to exons 2 and 3 of CDKN2A
(denoted "Exon 2 PCR" or "Exon 3 PCR" in Figure 3.3) were evaluated for their ability
to amplify products of the expected size; homozygous CKDN2A deletion was considered
to have occurred if no PCR product was obtained with either of the CDKN2A primer sets.
PCR for genomic sequences associated with irrelevant genes (ACTB on chromosome 7
and GAPDH on chromosome 12) was used to control for DNA integrity. Applying this
assay to DNA from cell lines confirmed homozygous CDKN2A deletion in K562 cells
but not HL60 or Raji cells (Figure. 3.3D and Figure 3S.1). Applying the assay to the FL
samples demonstrated homozygous CDKN2A deletions in 3 cases (case nos. 33, 72 and
197), all of which were among the 4 samples from which no SNP results had been
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Figure 3.3: Detection of genomic deletions involving CDKN2A. Validation of the SNP-based assay
using DNA from cell lines of known CDKN2A deletion status and samples of hyperplastic tonsils
(A). Results for individual SNPs are in columns whereas results for individual samples are in rows.
Black, heterozygous; grey, homozygous; and, white, no data. Raji cells carry 2 intact alleles of
CDKN2A whereas HL60 and K562 cells carry hemizygous and homozygous CDKN2A deletions,
respectively. T1-5, samples of hyperplastic tonsil tissue from different subjects. Follicular
lymphoma samples with retained heterozygosity at CDKN2A (B). Follicular lymphoma samples
with either homozygosity or no data for all SNPs tested across the CDKN2A locus (C). L,
lymphoma; N, matched non-neoplastic tissue. Results of endpoint PCR assay for homozygous
deletion of CDKN2A (D). Primers for genomic sequences associated with the ACTB and GAPDH
loci were used to control for DNA integrity. The 4 cases for which no SNP data were obtainable, as
shown in part (C), are indicated with asterisks.
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obtainable (compare Figures. 3.3C and 3.3D). CKDN2A PCR products were obtained
from the fourth case from which no SNP results were obtainable (case no. 12). This case
was therefore considered uninformative relative to CDKN2A deletion status. In summary,
of the 111 FL cases from which informative results were obtained, deletion of CDKN2A
was demonstrable in 9 (8%); LOH occurred in 6 of these cases, consistent with either
hemizygous deletion or aUPD, and homozygous deletion occurred in 3.

3.3.2

CDKN2A methylation analysis

We determined the methylation status at 2 CpG elements within exon 1α of CDKN2A
(Figure. 3.1) using quantitative methylation-specific PCR (MSP) [155, 159]. The ability
of this assay to detect methylation in a quantitative manner was verified using serial
dilution of chemically methylated DNA into unmethylated DNA, DNA from cell lines of
known methylation status at this locus, and DNA purified from 10 samples of
hyperplastic tonsil tissue (Table 3.S3). The ages of the patients from whom the tonsil
samples were obtained ranged from 17 to 66 (mean 27) years, although the age range
after exclusion of the 66 year-old outlier was 17 to 35 years. The methylation status was
evaluable in microdissected FL samples from 113 cases. No methylation was detectable
in 91 (81%) cases, methylation of 1 to 80% of DNA was detected in 16 (14%) cases and
methylation of greater than 80% was detectable in 6 (5%) cases (Figure. 3.4A). Because
all the 10 tonsil samples assessed for CDKN2A methylation were completely
unmethylated (i.e. 0% methylation), FL cases with methylation of 1% or greater were
considered positive. However, we observed that using a cut-off of 25% as a minimum
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degree of methylation also defined groups of FL cases with significantly different OS
(Figure 3.S3).
Examining the relative distribution of CDKN2A gene deletion, methylation and highlevel p16INK4A expression, as determined by IHC in a previous study, across the cases
uncovered no cases with both CDKN2A gene deletion and abundant p16INK4A expression
(Figure. 3.4B) [57]. Two CDKN2A-deleted cases (nos. 139 and 45) and 2 cases with
abundant p16INK4A expression (nos. 135 and 188) showed methylation of from 6 to 10%
of DNA.
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Figure 3.4: Quantification of CDKN2A methylation. The bins in the histogram correspond to percent
methylation of tandem CpG elements associated with CDKN2A (A). Relative distribution across
samples of alterations affecting CDKN2A (B). Columns correspond to individual cases. For deletion
status, black indicates loss of heterozygosity or homozygous deletion. For methylation status, the
degree of methylation is indicated by shades of grey or black, which correspond to those used in part
A. For p16INK4a protein expression status, black indicates abundant expression as defined in reference
(23). Only cases from which data were available for all 3 parameters are included in the plot.
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3.3.3

CDKN2A silencing is associated with reduced overall survival

Baseline clinical and outcome data were available from 106 subjects from whom
CDKN2A deletion and methylation status were ascertained. Fifty-two subjects were
female and 54 were male. The median age at diagnosis was 58 (range, 34-89) years.
Forty-two cases were histological grade 1, 31 cases were grade 2, 32 cases were grade 3a
and 1 case was grade 3b. A tumour component that met the histological criteria for
DLBCL was appreciable in the biopsy sample in 25 cases; in 18 of these the associated
FL component was grade 3 [124]. Median follow-up time was 5.5 (range, 0.15-15) years.
No statistically significant effect on overall survival was evident for either CDKN2A
gene deletion or methylation when these variables were examined individually, although
trends towards reduced survival were apparent with a more pronounced effect for
methylation (P=0.56 and 0.185, respectively, Supplemental Figures. 3.S2A and 3.S2B).
However, combining cases with either of these alterations into a single group uncovered a
statistically significant association between CDKN2A silencing and reduced OS
(P=0.052, Figure. 3.5A). The presence of a component of DLBCL in primary biopsies
showing FL has a minor impact on prognosis and is not equivalent to histological
transformation, as reported by our group and others [57, 160]. We nonetheless repeated
the survival analysis after excluding cases that contained a DLBCL component and noted
persistence of the association between CDKN2A silencing and reduced OS (P=0.043,
Figure. 3.5B). Finally, the adverse prognostic association was most striking when the
analysis was limited to patients treated with rituximab (P <0.001, Figure. 3.5C).
Treatment with rituximab significantly modified the association between CDKN2A
silencing and OS (Wald test for interaction by Cox PH model, P=0.025). Having shown
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previously that high-level expression of p16INK4A is associated with inferior overall
survival, we note here that the prognostic impact of CDKN2A deletion/methylation status
persisted when p16INK4A expression was taken into account (P=0.017, Figure. 3.5D) [57].
The data from the group who had been treated with rituximab were evaluated for
associations between CDKN2A silencing and other clinical or pathological features
(Table 3.1). CDKN2A silencing by deletion or methylation was associated with age
greater than 60 years (P=0.005) and a high risk of death within 5 years of diagnosis
(P=0.002). The average age was 11.8 years higher in patients with silenced CDKN2A,
with mean ages of 67.8 and 56.0 years in patients with versus without silenced CDKN2A
(95% CI 4.9-19.8; P=0.0011). The adjusted log-rank test showed that the association
between CDKN2A status and reduced OS remained significant after stratifying for age
(P=0.0008). The unadjusted hazard ratio estimated by the Cox Proportional hazards
model was 4.5 (95% CI, 1.8-10.8; P=0.0009 by Wald test) for patients with silenced
CDKN2A compared to those without. After adding age (years), FLIPI (high versus
medium/low), histological grade (1or 2 versus 3)) and DLBCL (present versus absent) to
the model, the estimated adjusted hazard ratio for CDKN2A status was 5.2 (1.9-14.2;
P=0.0015). No statistically significant associations were noted between CDKN2A status
and sex, FLIPI score, ECOG stage, hemoglobin, LDH, performance status, number of
involved nodal sites, B symptoms, histological grade, the presence of a component of
DLBCL, or proliferation index.
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3.3.4

Correlation between CDKN2A status and pRb

The association between pRb protein expression (as determined by AQUA) and
CDKN2A status was analyzed by the one-way ANOVA test. There were no significant
correlations between the pRb AQUA score with CDKN2A gene silencing mediated by
deletion or methylation and with p16INK4A expression (as determined by IHC) (P = 0.793
and 0.086, respectively, Supplemental Figures 3.S4A and 3.S4B). Specifically, cases with
silenced CDKN2A demonstrated a wide range of pRb expression levels (n= 24), and
AQUA scores ranged from 14 to 52. There were thirteen cases with relatively low AQUA
scores (>10 to ≤20), eight cases with intermediate scores (>20 to ≤40) and three cases
with high scores (>40 to ≤60). Notably, more than half of the CDKN2A silenced cases
(54%) were also among those with low pRb protein abundance. In addition, there was no
significant association observed between pRb and p16INK4A expressions, and different
levels of pRb protein expression corresponding to AQUA scores in the range of 17 to 52
were detected in the seven cases with high p16INK4A expression.
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Figure 3.5: Overall survival according to CDKN2A status. In all cases (A); cases without a
component of diffuse large B-cell lymphoma (B); cases treated with rituximab (C) and in all cases
with p16INK4A expression status taken into account (D).
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Table 3.1: Clinicopathological factors and CDKN2A status
CDKN2A not silenced
No.
%

CDKN2A silenced
No.
%

≤60
>60

33
16

49.30%
23.90%

5
13

7.50%
19.40%

0.005

Male
Female

25
24

37.30%
35.80%

10
8

11.90%
14.90%

0.789

30
19

44.80%
28.40%

9
9

13.40%
13.40%

0.577

Normal
High

31
12

52.50%
20.30%

14
2

23.70%
3.40%

0.31

I or II

15

22.40%

6

9.00%

0.526

III or IV

34

50.70%

12

17.90%

P

Age (y)

Sex

FLIPI
LDHa

Low/Intermediate
High

ECOG stage

Hemoglobinb

Normal
36
55.40%
14
21.50%
Low
12
18.50%
3
4.60%
Performance Status
≤1
43
64.20%
12
17.90%
>1
6
9.00%
6
9.00%
No. of nodal sites
≤4
30
44.80%
9
13.40%
>4
19
28.40%
9
13.40%
B symptoms
No
36
55.40%
13
20.00%
Yes
12
18.50%
4
6.20%
Histologic grade
1 or 2
32
47.80%
13
19.40%
3
17
25.40%
5
7.50%
DLBCL component present in biopsy
No
40
59.70%
11
16.40%
Yes
9
13.40%
6
10.40%
Proliferation indexc
Low
32
49.20%
14
21.50%
High
16
24.60%
3
4.70%
Alive at 5 years
Yes
34
58.60%
10
17.20%
No
8
13.80%
6
10.30%
a
Elevated LDH , more than 200 U/L; b Low hemoglobin, less than 120 g/L;
c

0.741

0.07

0.577

0.904

0.771

0.081

0.353

0.002

High proliferation index, Ki-67 staining in more than 50% of cells.
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3.4 Discussion
Inactivation of the CDKN2A locus in cancer can occur by deletion, small mutations,
or epigenetic changes including DNA methylation [146, 161]. Since small mutations of
this locus are rare in primary B-cell lymphomas, we have concentrated in this study on
gene deletion and DNA methylation of this locus in FL with a view to determining
clinicopathological correlates of potential clinical utility.
We employed a SNP-based strategy targeted to a 65.4 kb genomic region
encompassing CDKN2A and CDKN2B to detect LOH combined with endpoint PCR to
detect homozygous deletions. We found deletions in 9 (6 LOH, 3 homozygous deletions)
out of 111 (8%) primary diagnostic FL samples. The apparent prevalence of
chromosomal alterations affecting CDKN2A in FL is affected by case selection and the
techniques used. For example, current methods for microarray-based comparative
genomic hybridization (aCGH) are more sensitive and precise than conventional
cytogenetics, fluorescence in situ hybridization (FISH) or conventional CGH. Our results
may most fruitfully be compared with those generated recently by applying aCGH to
non-transformed FL specimens. Schwaenen et al. used aCGH with bacterial artificial
chromosome (BAC) arrays to detect CDKN2A deletions in 17 out of 128 (13%) cases of
FL; 110 of these were initial diagnostic samples [162]. Cheung et al. applied aCGH to
samples in which lymphoma cells had been enriched by flow sorting and detected
CDKN2A deletions in 4 out of 25 (16%) cases [116]. The use of 500K SNP array
technology and the availability of matched germline samples in this study allowed the
authors to determine that 2 of their cases showed aUPD at the CDKN2A locus. Using 50K
SNP arrays, Ross et al. detected copy loss or LOH spanning the CDKN2A/B locus in 9
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out of 46 (20%) cases [149]. And, Fitzgibbon et al. carried out aCGH with 10K
GeneChip arrays to detect abnormal heterozygosity in 3 out of 26 (12%) pretransformation FL samples [145]. Our prevalence of CDKN2A deletion of 8% is
somewhat lower than the 12 to 20% detected in these other studies despite our use of a
technique capable of detecting heterozygous deletions as small as 65.4 kb, which is
comparable to the resolution achievable using the 500K SNP arrays and smaller than the
430 kb minimally affected region across the CDKN2A/B locus reported by Schwaenen
and colleagues [59]. Our stringent requirement for all of the SNPs that we examined
across the locus to be homozygous in order for LOH to be considered to have occurred,
and our exclusive use of initial diagnostic specimens, may have contributed to a relatively
low apparent prevalence of CDKN2A deletion in our dataset. On the other hand, our use
of LCM to enrich for lymphoma cells should have militated against false negative results
occasioned by infiltration by non-neoplastic cells that are characteristically numerous in
FL. Irrespective, our results are consistent with those of others in showing that deletion of
CDKN2A occurs in a substantial minority of non-transformed FL cases, including those
of grade I or II.
Several studies have shown that methylation of the CDKN2A locus is more prevalent
than gene deletion in non-Hodgkin lymphomas, including FL [58, 108, 109, 133].
Furthermore, CDKN2A methylation is more prevalent in histologically aggressive
lymphomas, suggesting a potential role in tumour progression. The prevalence of
CDKN2A methylation in FL as reported in several small series ranges from 0 to 53%
[109, 133, 144, 152, 163]. This broad range is no doubt influenced by case selection and
technical considerations. Ours is by far the largest study to evaluate CDKN2A
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methylation in FL. MSP is the most sensitive assay for the detection of DNA methylation
and can be made quantitative by the application of qPCR [144]. Using this quantitative
assay, we demonstrate at least some methylation of the CDKN2A locus in 24 out of 113
cases (19%).
Given the direct relationship between p16INK4A and pRb, we felt this merited further
study. Typically, pRb expression is significantly higher in germinal centers (GC) of
normal reactive lymph nodes [164]. Similarly, we observed a strong pRb immunostaining
in some FL cases, and the staining was more intense in GC (Figure 3.S5). To explore
the potential relationship between the CDKN2A gene silencing status and p16INK4A
protein levels with the pRb expression, we used the AQUA system to measure the
expression levels of pRb. Although an inverse relationship between p16INK4A and pRb
expression has been seen in many human cancers [93-99]. This inverse relationship was
not apparent here as we observed no significant difference between cases with low versus
high p16INK4A expression and pRb protein levels (P = 0.086), and between cases with
versus without silenced CDKN2A and pRb expression (P = 0.793) (Figure 3.S4A and B).
This inconsistent association between p16INK4A and pRb suggests that additional factors
may be involved, and it will be interesting to explore this hypothesis further.
Ours is the first study to investigate the clinical implications of CDKN2A methylation.
Our observation that silencing of CDKN2A by either gene deletion or methylation is
significantly associated with reduced OS, whereas neither of these gene alterations is
significantly associated with survival when evaluated alone, indicates that the two
markers are prognostically complementary in our dataset and supports their expected
equivalency relative to CDKN2A function. In order to reduce the clinical heterogeneity of
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our retrospectively ascertained patient cohort and elucidate the prognostic impact of
CDKN2A status in the post-rituximab era we limited the analysis to subjects who had
been treated with rituximab and found that the association with reduced OS was
strengthened. These findings suggest that loss of CDKN2A function contributes to more
aggressive disease biology and raise the possibility that CDKN2A silencing contributes to
resistance of FL cells to rituximab-mediated toxicity, consistent with the recentlydescribed association between CDKN2A deletion in DLBCL and resistance to therapy
with R-CHOP [163, 165].
Given the importance of rituximab in the current management of FL, we evaluated
our data for additional clinicopathological associations with CDKN2A deletion in the
rituximab-treated group and found an association between CDKN2A silencing in the FL
samples and advanced age. Multiple tumour suppressor genes including CDKN2A
become methylated with age in non-neoplastic tissues [166]. This raised the possibility
that the apparent effect of CDKN2A silencing on OS was attributable to advanced age.
However, the association between CDKN2A silencing and reduced OS remained strong
after stratifying for age in an adjusted log-rank test or incorporating age in a Cox
proportional hazards model, consistent with a direct causal relationship between
CDKN2A silencing and clinical outcome. It is possible that FL cells in older patients have
had more time to acquire silencing alterations of CDKN2A and that these then mediate
progression to relatively aggressive disease.
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Supplementary tables
Table 3.S1: Sequences of primers used in SNP determination by Sequenom iPLEX assay
SNP ID

Allele

Start position
on chr. 9

Predicted
heterozygosity

rs4977750

C/A

21944317a

0.258

rs10965197

T/C

21948666

0.487

rs10757260

G/A

21953137

0.488

rs10757261

A/G

21954953

0.479

rs7041637

C/A

21961866

0.398

rs67226702

T/A

21964463

0.347

rs3731257

C/T

21966221

0.375

rs2518719

A/G

21970427

0.244

rs3731239

C/T

21974218

0.446

rs3731211

T/A

21986847

0.376

rs7036656

C/T

21990457

0.384

rs78545330

T/A

21995941

0.207

rs3218020

T/C

21997872

0.458

rs1063192

T/C

22003367

0.446

rs2069418

G/C

22009698

0.466

a
b

Primer sequence

Fb ACGTTGGATGCAATGAATAGCGTCTCCCAC
R ACGTTGGATGTTACTCTCACTATTCACAGG
E CCACAAAGATATTTCCAAGACCTAA
F ACGTTGGATGTGGAGGTAACAACTTAATC
R ACGTTGGATGAGCCAAAGAACAGATCAGAG
E CTAGTAATCCATAGACAGAATATGTAA
F ACGTTGGATGCAAAATGTTACAGGCTCATC
R ACGTTGGATGAGGGAAACAGGGCTTCTTAG
E TGTTCCAGGCTCATCATGTATATTTC
F ACGTTGGATGATTCAAACCTCCAGAGCTGA
R ACGTTGGATGTTTCCCATTGAGCCCAATTC
E CAAGCTAAGCTGCCAC
F ACGTTGGATGTGGAGGTAACAACTTAATC
R ACGTTGGATGAGCCAAAGAACAGATCAGAG
E CTAGTAATCCATAGACAGAATATGTAA
F ACGTTGGATGCACCATGACATGATCAAGTG
R ACGTTGGATGTTCTGTTTTCGTGGTGTATC
E CATACCAGGAATGTAGGG
F ACGTTGGATGGTTCAGCACTCACTTGGTTG
R ACGTTGGATGAGCTGCCAGAATTGACTTCG
E TTGGTTGCTGTAAAACTTTCTTA
F ACGTTGGATGCATCATCTGGAGATCTCTCG
R ACGTTGGATGGGAGGGTCAGATTAGCTGAG
E TCTCGATCTCGGCTCT
F ACGTTGGATGATCAGTGGAAATCTGTGGTG
R ACGTTGGATGGCCGCTTCTGAATAATTTCG
E TGTATGTTGGAATAAATATCGAATA
F ACGTTGGATGCAGCATGTAAATTGCATGGAG
R ACGTTGGATGGACTCCCCCAGTTGAACATC
E GGAGAATTCAAAGTGTCCGATG
F ACGTTGGATGCTACCCATCTAAGGGTAGAG
R ACGTTGGATGTCCAAAGCCTTTGACACACG
E CGGTCATCCACTGTGTAGGA
F ACGTTGGATGTGAGAAGCGGGCCACATTTC
R ACGTTGGATGTGAGTGGGTGGGTGTGTGCC
E CCCCCTGGGCCTAGTCCCG
F ACGTTGGATGAACTGTCACATTATCCCGTC
R ACGTTGGATGGATCCTCAGAAAACTGAGGG
E CGTCATGCCTGAGGG
F ACGTTGGATGACTGTGGGATCCACAATAAC
R ACGTTGGATGCTTGTGGAATCTTTCCTAA
E TTCTTTAGTTTCCCTTAATATCA
F ACGTTGGATGTGACCGAGAGAAAGTCATTC
R ACGTTGGATGCTTGTATGACAGGTGCAGAG
E GTCATTCAAAATAACTCCGT

positions refer to genome assembly GRCh37/hg19
F, forward; R, reverse; E, extension
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Table 3.S2: Primers used for deletion analysis by end-point PCR
Gene

Chromosomal
location

Amplicon
size (bp)

Primer sequence
a

INK4a exon 2

9p21

223

INK4a exon 3

9p21

139

ACTB

7p22

250

GAPDH

12p13

166

a

F
R
F
R
F
R
F
R

ACCTGCCAGAGAGAACAGAATGGTC
CGGAGGATATAATGGAATTCATTGTGTACT
AGGCGTTAGAAACCTGAGGTCAAAGAT
GTACATGCACGTGAAGCCATTGCGA
CATGTACGTTGCTATCCAGGC
CTCCTTAATGTCACGCACGAT
TACTAGCGGTTTTACGGGCG
TCGAACAGGAGGAGCAGAGAGCGA

F, forward; R, reverse

Table 3.S3: Validation of MethylLight assay for quantification of CpG island
methylation at CDKN2A
Input DNA

Ct FAM

Ct
VIC

Calculated methylated DNA
(%) a

100%
30.62
No Ct
100
methylated
80% methylated
30.93
35.27
95.3
60% methylated
32.56
33.6
67.3
40% methylated
31.95
31.41
40.8
20% methylated
33.42
31.75
23.9
0% methylated
No Ct
31.76
0
Raji b
28.75
No Ct
100
HL60 c
No Ct
28.27
0
Tonsil 1
No Ct
42.15
0
Tonsil 2
No Ct
38.41
0
Tonsil 3
No Ct
40.55
0
Tonsil 4
No Ct
35.41
0
Tonsil 5
No Ct
39.47
0
Tonsil 6
No Ct
37.35
0
Tonsil 7
No Ct
38.04
0
Tonsil 8
No Ct
33.51
0
Tonsil 9
No Ct
37.84
0
Tonsil 10
No Ct
38.55
0
a
Calculated according to: Cmeth=100/{1+2(CtFAM- CtVIC)}%
b
CDKN2A locus methylated
c
CDKN2A locus unmethylated
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Supplementary figures:

Figure 3.S1: Validation of the SNP-LOH analysis used to study CDKN2A gene deletion. The
figure shows results of copy number analysis (CNA) for the three control samples, which have
been used in the SNP-LOH analysis. As shown in the figure, HL60 has loss of heterozygosity
(red), Raji no deletion or heterozygous (red and blue), and K565 has homozygous deletion
(black) (A). In addition, these results were confirmed by using end-point PCR and primers for
CDKN2A exon 2 and 3 (B). CNA data from Sanger, cancer cell lines project (COSMIC).
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Figure 3.S2: Survival analysis according to the CDKN2A status. Kaplan–Meier survival curves for
patients with deletion and methylation. No statistically significant effect on OS of CDKN2A gene
deletion or methylation when these variables were examined separately P=0.456 and 0.185, respectively
.

93

Figure 3.S3: Overall survival according to the CDKN2A status using cases with degree of
methylation greater than 25%. In all cases (A); cases without a component of diffuse large B-cell
lymphoma (B); cases treated with rituximab (C) and in all cases with p16INK4A expression status
taken into account (D).

94

CDKN2A status

A

Not silenced

p16INK4A expression levels

B

Silenced

Low

40

40

20

20

0

0
10.0

5.0

Frequency

0.0

5.0

10.0

Frequency

15.0

AQUA pRb score

60

60

60

40

40

20

20

0

0
20.0

15.0

10.0

Frequency

5.0

0.0

5.0

10.0

15.0

Frequency

Figure 3.S4: Relationships between pRb expression assessed by AQUA with CDKN2A
silencing status (A) and with p16INK4A expresssion levels (B). The one-way analysis of
variance (ANOVA) is used to determine whether there are any significant differences
between the subgroups.
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20.0

AQUA pRb score

60

AQUA pRb score

AQUA pRb score

P = 0.793

15.0

High

P = 0.086

Figure 3.S5: Representative example for pRb staining in a case of FL using tripleimmunofluorescent labeling for DAPI, CD20 and pRb. Nuclei are counterstained with
DAPI (blue), CD20 (Alexa 488, green) for staining B-cells and pRb (CY5, red). A
significantly higher intense of pRb staining has been detected within neoplastic germinal
centers.
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Chapter 4
General discussion

FL is characterized by its generally indolent clinical course, and patients can live for
many years with median OS expectations of 8–10 years [12]. However, in a proportion of
patients, aggressive tumour progression and transformation to more aggressive subtypes
may occur, which dramatically reduces OS. The molecular pathogenic events that
characterize FL represent a synergistic effect resulting from a combination of background
genetic alterations of BCL-2 at the early phase of the FL and ongoing genetic events that
contribute to the evolution of pre-neoplastic clones (indolent clones) that gain growth
advantage over time (17). During progression, accumulations of oncogenic events are
likely to occur leading to aggressive clone development, which outnumber the indolent
clones, and increase disease severity thus decreasing survival of the patients.

4.1 Summary of the main findings in this thesis
This thesis studies the prognostic value of CDKN2A gene status in FL. A number of
achievements to this end have been described. First, through an IHC-based analysis, we
demonstrated that p16INK4A protein expression correlates significantly with patient
outcome (Chapter 2). Second, we conducted comparative studies for deletion and
methylation of the CDKN2A gene, using SNP-based LOH analysis and quantitativemethylation specific-PCR (q-MSP), finding that CDKN2A methylation or deletion were
associated with inferior survival in all patients, and in a subset of patients treated with a
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combination of rituximab and chemotherapy (Chapter 3). Third, the correlation of
CDKN2A gene expression with genomic perturbation, whether by deletion or
methylation, showed that the cases associated with abundant p16INK4A expression were
largely non-overlapping with CDKN2A deletion or methylation, and by examining them
separately as a potential prognostic factor for patients’ OS, we were able to distinguish
the cases into two groups, reflecting a differential prognosis.
Therefore, by connecting our biological and clinical data from this study, we were
able to produce a novel insight in the prognosis and molecular classification of FL. Based
on the IHC and molecular analysis data of the CDKN2A gene, we proposed models that
successfully cluster patients into three clinically relevant subgroups (Figure 4.1).
In Chapter 2, in order to examine the prognostic value and influence of key regulators
of the cell cycle on FL patients’ outcome, the expression of p53, pRb, p16INK4A and
cyclin D3 protein was studied using IHC in FL tumour samples arranged in a TMA
format. IHC data revealed that increased expression of p53 and p16INK4A is significantly
associated with aggressive histological features and poor prognosis in FL, including
reduced OS (P=0.005 and P=0.014), respectively. In this study, neither cyclin D3 nor
pRb provide a significant association with OS. However, high CCND3 expression was
significantly associated with high histologic grade (grade 3a and 3b) and the presence of
DLBCL. In contrast, we observed positive associations between low pRb expression and
low histologic grade (grade 1 and 2) and with low proliferation index (i.e., tumours
showing low Ki-67 level). The key findings from this study are the significant
associations between increased p53 and p16INK4A level and inferior OS in FL.
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Figure 4.1: Overall survival (OS) according to CDKN2A status. This diagram represents
the difference in OS in three subsets of FL patients identified here, the first group with
high expression of p16INK4A (n=13), and the second group with a silenced CDKN2A gene
by either deletion or methylation (n=29). Patients with either CDKN2A silencing or
p16INK4A increased expression have significantly shorter OS compared with the third
group of patients, with neither CDKN2A perturbations nor increased expressions.
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To the best of our knowledge, ours is the largest study in FL to show this association
between increased p53 and OS. Two studies, however, showed an association between
increased expression of p53 and inferior OS in FL. Pennanen et al. reported a correlation
between high p53 expression and OS in a study conducted on 67 FL cases (56). Another
study by Llanos et al. on 49 FL patients reported an association between high p53
expression and shorter time to progression in FL [53-55, 167]. The mechanism of the p53
overexpression in some cancers is related, in most instances, to TP53 mutations,
specifically certain forms of missense mutations that lead to the stabilization and
accumulation of non-functional p53 protein in cancer cells [168]. In FL, increased p53
expression and TP53 mutational status are associated with poor prognosis and high
histological tumour grade [53, 57]. Furthermore, inactivation of TP53 is associated with
tumour transformation of FL to DLBCL [54, 55, 169]. Similarly, associations between
TP53 mutations and p53 protein overexpression and poor prognosis were described in
DLBCL [101, 168]. The observation that increased p16INK4A expression is associated
with reduced OS in FL was unexpected and reported for the first time in our study.
Moreover, we found that IHC detection of p16INK4A is more effective than conventional
histologic grading in identifying a subset of FL patients with relatively more aggressive
disease. The observed differences in p16INK4A expression levels in FL samples (ranging
from low to abundant expression) seem to be caused by molecular perturbations that
directly affect CDKN2A gene function. We are not yet certain of the reason for this
elevation of p16INK4A expression in a subset of our FL cases. However, it is well known
that the level of p16INK4A in normal cells is extremely low, but it is significantly upregulated in response to different cellular senescence inducers [170]. Moreover, a
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progressive increase of p16INK4A expression has been described in association with
malignant transformation and inferior outcome in several types of cancer [171-174]. It is
well established that oncogene-induced senescence (OIS) plays a role in opposing
tumourigenesis. OIS-induced p16INK4A expression may explain the increased level of
p16INK4A protein in the early stages of tumour development [175]. This OIS-induced
p16INK4A expression, however, should stop proliferation in cells with a normal,
functioning pRb pathway. Therefore, alterations in this pathway may be present in cases
where an increase in p16INK4A expression is seen. For example, a reciprocal relationship
between p16INK4A and pRb expression was demonstrated in human papillomavirus
(HPV)-associated tumours, as hyperphosphorylation and thus inactivation of the RB1
normally occurs by the viral oncoprotein E7 and leads to markedly increased levels of
p16INK4A through negative feedback regulation and release of the E2F transcription factor
(174). Furthermore, the activity of RB1 is directly regulated by its upstream regulator, the
CDKN2A [176]. According to this notion, in HPV-positive cervical cancers, expression
of E7 and p16INK4A have shown a positive correlation, and increased expression of
p16INK4A is reported to be a specific and sensitive marker for HPV-positive cervical
cancers [63, 177, 178]. However, although this inverse correlation between p16INK4A and
pRb is well established, we saw no association between p16INK4A and pRb expressions in
this study as previously suggested (Figure 3.S4), which promotes a question about the
selective rationale for mutually exclusive alterations of p16INK4A and pRb in FL. The
interpretation of this result is complicated by the fact that the molecular mechanism
accounts for the p16INK4A up-regulation in some of our FL cases, and whether the
accumulated p16INK4A protein is mutated or functionally inactivated remains unknown.
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The up-regulation of p16INK4A can be also explained by the continued presence of
oncogenic stress, such as activated c-MYC, which will make tumour cells insensitive to
the anti-proliferative effects of p16INK4A. Moreover, studies have implicated c-MYC
amplification in promoting cell-cycle progression by inducing a rapid increase of CDK4
expression [179]. In FL, c-MYC deregulation has been consistently reported as one of the
critical events that drives transformation to more histologically and clinically aggressive
phases of FL [180, 181]. Furthermore, there is consensus that c-MYC confers a worse
prognosis in patients with DLBCL treated with R-CHOP [182, 183].
Genetic or epigenetic inactivation of CDKN2A has been observed in a fraction of Bcell lymphomas; it is commonly detected in aggressive compared to indolent lymphoma
(i.e., more in t-FL cases than primary FL). In Chapter 3, we applied deletion and
methylation analysis to samples derived from a cohort of 106 FL patients. We found that
deletion or methylation of the CDKN2A gene was significantly associated with inferior
OS in all FL patients and in patients treated with rituximab-based chemotherapy
(P=0.052 and P<0.001), respectively. With regard to increased expression of p16INK4A
that we observed in a fraction of FL cases, most cases with CDKN2A methylation or
deletion showed low or undetectable IHC staining for p16INK4A, which may indicate a
loss of p16INK4A expression in these cases.
Consider that the CDKN2A locus encodes two crucial tumour suppressor proteins
p16INK4A and p14ARF each with a different critical function in controlling the pRb or the
p53 pathways. Deletion of the CDKN2A locus normally affects both genes. Hence,
inactivation of this locus leads to simultaneous deregulation of two crucial cell cycle
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pathways: pRb and p53 [61]. Although all patients in this study had been diagnosed with
FL and generally have a good prognosis [1], we found that patients who had tumours
with CDKN2A deletion or methylation had a significantly shorter survival period than
other patients for whom neither deletion nor methylation were detected. The presence of
CDKN2A dysregulation in the primary FL samples suggests that the early occurrence of
cell-cycle dysregulation may be critical in tumourigenesis of FL. CDKN2A gene silencing
by either deletion or methylation is associated with high-risk disease in patients treated
with rituximab-based chemotherapy, therefore, this raises the possibility that those
patients may develop a chemoresistance mediated by CDKN2A perturbation. A decision
must be made as to whether those patients should receive different or more aggressive
treatments. Although it seems that rituximab did not improve OS in this group, this
finding remains to be validated in prospective studies, since the benefit of rituximab was
found to be consistent in treating patients with FL [36]. Interestingly, a similar finding of
the association between CDKN2A inactivation and resistance to rituximab-based
chemotherapy has also been shown in DLBCL [163, 165]. These findings suggest that
CDKN2A inactivation may have a role in sensitizing malignant cells from chemotherapyinduced apoptosis by bypassing replicative senescence, which may lead to the emergence
of FL malignant transformation.
Some of the significant challenges of the testing of molecular markers in FL are the
ability to get enough DNA from FFPE tissue samples and the intra-tumour heterogeneity.
Contamination with non-tumour cells reduces the purity of neoplastic cell populations
and may affect the molecular profiling results. To facilitate such profiling, it will be
essential to reliably extract DNA and RNA from FFPE tissue, as this is the most
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frequently used sample preparation and the vast majority of biopsy samples upon which
the diagnosis of FL is based exist exclusively as FFPE material. Since macromolecules in
such samples are extensively degraded and cross-linked, this limits the assays that may be
used productively in correlative research. Perhaps more importantly, severe limitation is
also imposed on the implementation of novel biomarkers in clinical practice. Biomarkers
that may be ascertained using IHC or PCR-based assays in routinely processed tissue
samples are attractive on this basis since they are readily applicable to FFPE samples. In
this study, to overcome these limitations, we conducted locus-specific SNP-genotyping
analysis with the Sequenom iPLEX SNP genotyping platform, which required a small
amount of DNA (approximately 5-10 ng) to generate multiple small PCR fragments.
Also, by using LCM to obtain lymphoma-enriched cell populations from FFPE sections,
we were able to address the issue of tissue heterogeneity. Furthermore, the quality of
DNA and RNA obtained from FFPE tissue is widely variable and affected by the duration
of FFPE tissue block storage. We successfully extracted enough total DNA compatible
with downstream analysis from archival specimens that were 3 to 16 years old.
Additionally, we have evaluated the potential association of CDKN2A methylation
with clinical outcome by utilizing q-MSP with dual-labeled probe-based discrimination
of 2 CpG sites within the first exon of CDKN2A gene. This approach offers benefits over
the conventional MSP method, as it determines the relative amounts of a particular
methylation pattern with quantitative accuracy. This allows a simultaneous quantification
of methylated relative to unmethylated CpGs in the same sample. Using this method, we
were able to measure the degree of methylation in FL samples used in this study.
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4.2 Clinical significance
Collectively, this work contributes to achieving the longer-term objective of
developing biomarkers that are ascertainable at the time of diagnosis and that inform the
clinical management of patients with FL. Patients with low-risk disease may benefit the
most from a watchful waiting strategy. However, high-risk patients could be enrolled in
clinical trials to modify the expected aggressive disease course. Findings from these
studies suggest potential roles to determine the functional status of the CDKN2A gene in
both informing clinical management and understanding the underlying biology of FL
toward the ultimate development of new therapeutic options to improve patient outcomes.
Our studies are the first to assess the prognostic significance of the p16INK4A protein
expression level and CDKN2A gene status in primary untreated FL samples. We were
able to produce molecularly and clinically relevant subtypes whose patients exhibited
reduced OS of FL. Overwhelming evidence from many studies including lymphomas
showed that the biological prognostic factors represent a useful tool to predict patients’
outcome based on individual molecular signatures. However, because of the high degree
of molecular heterogeneity in lymphoma in general and FL particularly, the use of
patients’ molecular profiling into the current clinical practice remains a challenge, and
controversial and molecular prognosticators are yet to routinely influence patient
management.
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4.3 Future directions
Our contributions in this study form a base for investigation of the role of the
CDKN2A gene in FL. One reasonable place to begin would be utilizing Next-Generation
Sequencing (NGS) technology to produce a genome-wide analysis of genetic changes in
order to obtain a comprehensive spectrum of the mutational changes in FL and unbiased
genome-wide analysis of the influence of CDKN2A perturbations. Future work in
biomarker research will be greatly dependent on the use of NGS. The cost of this
technology is rapidly declining such that the “thousand-dollar genome” is almost here
[184]. NGS technology can now establish the human genome sequence within hours, thus
using this technology may eventually enable the production of cancer molecular
signatures that could be applied clinically to enhance lymphoma patient management and
accelerate the development and implementation of personalized treatments.
Recently, utilizing NGS contributed greatly to our understanding of the molecular
basis of this disease and showed promising prognostic factors. For example, exome and
transcriptome sequencing of cases of FL and DLBCL using NGS has recently uncovered
a multitude of novel, recurrent somatic alterations most of which are candidate “drivers”
of tumour biology and clinical behavior [185-187]. Most of the affected genes suffer
deleterious alterations including missense, nonsense or frameshift mutations, or hetero- or
homozygous deletion, and thus represent candidate tumour suppressor genes. The
application of this technique has enabled the identification of novel gene mutations in FL
samples, which include mutations in EZH2 and MLL2 [185, 186]. For many of these
genes, the possibility exists that alterations of DNA sequence represent “the tip of the
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iceberg” in that effective silencing may also be achieved by stable epigenetic alterations
of DNA or chromatin, or other, less direct regulatory mechanisms.

4.4 Conclusion
Genetic alterations of CDKN2A are associated with a poor outcome in FL patients,
which raises the possibility that the dysregulation of the CDKN2A gene and other
components of the pRb signaling pathway might synergize with the anti-apoptotic effect
of BCL2 up-regulation, and consequently, FL lymphomagenesis. Identifying particular
CDKN2A alterations in FL patients and determining the speciﬁc effects of these
alterations on FL lymphomagenesis may aid in developing tailored treatments and
producing reliable prognostic markers.
The findings presented in this work need validation in larger FL patient cohorts
managed on standard protocols in order to further study the prognostic significance of
CDKN2A. In this manner, this research finding could be translated into clinical practice.
Finally, far from representing the final word in cancer biology or biomarker discovery, it
seems likely that large-scale sequencing exercises will in fact provide the basis for new,
productive, often hypothesis-driven, clinically relevant research directed at understanding
the functional status of regulatory systems that determine response to treatment and, more
generally, clinical outcomes. We hope that the work presented herein will provide a
useful prognostic tool to help patients suffering from FL.
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