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Abbreviations

ABC activated B-cell

ALL acute lymphoblastic leukemia
APC antigen presenting cell

BAC bacterial artificial chromosome
BCR B-cell receptor

BFU-E erythroid burst forming unit

BL Burkitt lymphoma

BM bone marrow

BMP bone morphogenetic protein
B-NHL B-cell Non-Hodgkin's lymphoma
CD cluster of differentiation (antigens)
CFU-E erythroid colony forming units
CGH comparative genomic hybridization
CKI cyclin dependent kinase inhibitor
CLL chronic lymphocytic leukemia
CLP common lymphoid progenitor
DLBCL diffuse large B-cell lymphoma
Epo erythropoietin

EpoR erythropoietin receptor

FACS fluorescence-activated cell sorter
FCM flow cytometry

FDC follicular dendritic cell

FISH fluorescence in situ hybridization
FL follicular lymphoma

GC germinal center

GCB germinal center B-cell

HC heavy chain

HD Hodgkin’s disease

HLH helix-loop-helix

HPC hematopoietic progentior cell
HSC hematopoietic stem cell

ID inhibitor of DNA binding



IFN

IGH
IKK
IL

KIT
LC
MALT

MCL
MHC
MM
PC
PI3K
SCF
TGF-B
Th

interferon

immunoglobulin
immunoglobulin heavy-chain

IkB kinase

interleukin

stem cell factor receptor

light chain

mucosa associated lymphatic tissue
mega base pairs

mantle cell lymphoma

major histocompatibility complex
multiple myeloma

plasma cell
phosphoinositide-3-kinase

stem cell factor

transforming growthfactor 3

T-helper



1 List of publications

L

II.

I11.

IV.

Galteland E, Sivertsen EA, Svendsrud DH, Smedshammer L, Kresse SH, Meza-Zepeda
LA, Myklebost O, Suo Z, Mu D, Deangelis PM, Stokke T. Translocation t(14;18) and
gain of chromosome 18/BCL2: effects on BCL2 expression and apoptosis in B-cell non-
Hodgkin's lymphomas. Leukemia. 2005 Dec;19(12):2313-23.

Sivertsen EA, Galteland E, Mu D, Holte H, Meza-Zepeda L, Myklebost O, Patzke S,
Smeland EB, Stokke T. Gain of chromosome 6p is an infrequent cause of increased PIM1
expression in B-cell non-Hodgkin's lymphomas. Leukemia. 2006 Mar;20(3):539-42.
Sivertsen EA, Hystad ME, Gutzkow KB, Dosen G, Smeland EB, Blomhoff HK,
Myklebust JH. PI3K/Akt-dependent Epo-induced signalling and target genes in human
early erythroid progenitor cells. Br J Haematol. 2006 Oct;135(1):117-28.

Sivertsen EA, Huse K, Hystad ME, Kersten C, Smeland EB, Myklebust JH. Inhibitory
Effects and Target Genes of BMP-6 in human T-cells. Submitted



2 Introduction

The development of new techniques in molecular biology during the last decades has opened
for new experimental possibilities and, to a large extent, changed the way biological research
is performed. The human genome is now fully sequenced (1). Use of high throughput
technologies, like the microarray technology, generate enormous amounts of reliable data in a
very short time (2). The functional interpretation of such data is still challenging, but use of
the new technologies has without doubt greatly improved our biological understanding. For
example, it is already proved that genome wide expression profiling is a tool that can be used
to define new disease entities in lymphomas (3). Hopefully, the better molecular
understanding of diseases will also lead to improved therapy. In this thesis, microarray
technology has been used to characterize how selected signaling pathways in hematopoietic

cells are affected by physiological and pathological processes.

2.1 The hematopoietic system

The function of the hematopoietic stem cell system is to produce and maintain mature cellular
components of blood and lymph (4). The various tasks performed by the fully differentiated
cells include transport of oxygen, defense against infection and hemostasis. Mature blood
cells have limited life spans and are continuously produced from a pool of multipotent
hematopoietic stem cells (HSCs). Homeostasis is achieved through tight regulation of

proliferation, differentiation and apoptosis of stem cells, progenitors and mature cells.

2.1.1 Hematopoietic stem cells

Stem cells have three unique properties:
e Stem cells have the ability to self-renew. By cell division stem cells can produce
daughter cells that are identical to the parent cells.
e Stem cells are not specialized cells. They do not perform any other tasks than to serve
as parent cells for other cell types.
e Stem cells differentiate into multiple specialized cell types.
Different classes of stem cells are responsible for renewal of the various tissues. The concept
of plasticity, meaning that one class of adult stem cells can trans-differentiate and generate
differentiated cells of another tissue, is debated (5-7). Likewise, while embryonic stem cells
are pluripotent and can differentiate into all cell-types of the body, the presence of pluripotent

stem cells in the adult bone marrow (BM) has yet to be proven.



Hematopoietic stem cells are responsible for renewal of all types of blood cells (8). These
stem cells are multipotent meaning that they can differentiate into mature blood cells of all
lineages within this organ. HSCs also have life-long self-renewal potential. Thus, HSCs have
the ability to repopulate the bone marrow when transplanted into recipients who have
received myoablative chemotherapy or irradiation. Hematopoietic progenitor cells (HPCs) are
the immediate progeny of HSCs. In contrast to HSCs, HPCs have lost the ability to self-
renew. As these cells divide and move toward terminal differentiation, they also gradually

loose their multipotential and proliferative capacity.
2.1.2 Erythropoiesis

Erythropoiesis is the process by which multipotent hematopoietic stem cells differentiate into
mature erythrocytes. In adult humans erythropoiesis occurs in the central sinus beds of
medullary marrow. The erythroid burst forming units, BFU-E, are the first cells of the
erythroid lineage that can be recognized. These cells are progeny of hematopoietic progenitor
cells called CFU-GEMM, which can differentiate into granulocytes, monocyte and
megakaryocyte as well as erythrocyte lineages in vitro. BFU-E express CD34, erythropoietin
receptor, EpoR, and start to express transferrin receptor, CD71. BFU-E give rise to erythroid
colony forming units, CFU-E. These cells have lost expression of CD34, but not of EpoR and
CD71. CFU-E give rise to proerythroblasts, that express glycophorin A, GPA, and CD71 (9).
The next steps in the development are erythroblasts, reticulocytes and finally, erythrocytes.
The differentiation is characterized by a reduction in cell volume, condensation of chromatin,
extrusion of the nucleus and increased synthesis of hemoglobin. A mature erythrocyte

functions to transport O,.

Erythropoietin, Epo, is produced in the kidneys in response to low O, tension in the blood and
is the key cytokine regulator of erythropoiesis. It exerts its effects on erythroid progenitors
upon binding to EpoR. EpoR expression begins at the BFU-E stage. The progression through
the CFU-E stage and further developmental stages is completely dependent on Epo signaling
(10;11). To obtain efficient erythropoiesis, several other cytokines are necessary of which the
most prominent is stem cell factor, SCF, the ligand of the receptor c-kit (12). Efficient signal
transduction through both EpoR as well as c-kit is necessary for survival, proliferation and

differentiation of erythroid progenitors (13).



2.1.3 B-cell development

B-lymphocytes produce and secrete soluble antibodies that recognize and bind to non-self
antigens, typically antigens of an invading micro organism (14). An antibody is the secreted
form of the B-cell receptor. B-cells develop in the bone marrow through interaction with
stromal cells, but they mature to functional cells in peripheral lymphoid organs like lymph
nodes and spleen. A B-cell may develop to a long lived memory cell with a unique receptor
that recognizes one specific antigen. The terminally differentiated cell is a plasma cell that
secretes antibodies of unique specificity. Different processes in the B-cell development ensure

that a vast antibody repertoire is available to the individual.

The B-cell receptor, BCR, consists of two pairs of polypeptide chains, the immunoglobulin
heavy and light chains (HC and LC). In the BM, B-cell progenitors rearrange their
immunoglobulin genes as a prerequisite for the expression of a functional B-cell receptor.
This first phase of B-cell development is antigen independent, but the microenvironment in
the BM provides the signals necessary for proper lymphopoiesis. Interestingly, it was recently
shown that CD10+ stromal dendritic cells form maturation niches for B-lymphocytes in the
BM (15). In the adult BM, B-cells arise from multipotent HSCs that develop through discrete
stages that are identified by rearrangement of the immunoglobulin HC (/GH) and LC genes,
by expression of surface molecules and by expression of enzymes involved in rearrangement
of receptor genes (16). The common lymphoid progenitor cells (CLPs) can develop into B-,
T- or NK-cells. CLPs express 7DT and RAG genes. Activity of these enzymes is important for
the gene rearrangements that are required to generate a functional HC. Rearrangement of
Diversity (DH) and Joining (JH) gene segments is followed by rearrangement of the Variable
(VH) gene segment at the pro-B cell stage, resulting in a VDJ HC gene (VDJy), which marks
commitment to the B-lineage. A functional VDJy rearrangement is essential for
differentiation into the next stage, the pre B-cell stage. Cells that undergo successful
rearrangement of the VDIJy are positively selected, whereas failure to rearrange a functional
VDJy results in apoptosis. In the pre-B cell, the assembled VDJ heavy chain forms together
with a temporarily expressed surrogate light chain and the signal transducing heterodimer
IgA/IgB the pre-B cell receptor. Signaling through this receptor promotes light chain (VJy)
rearrangement and allelic exclusion at the /GH locus. Once a successful VJ; rearrangement
has taken place, LCs are expressed and combine with HCs as well as IgA/IgB to form the

BCR that is expressed on immature B-cells. Now the cell is tested for self reactivity. Self

10



reactive immature B-cells that are not rescued by rearrangement of a new LC (receptor
editing) are negatively selected and undergo apoptosis or become anergic (17). The immature
B-cells that are not eliminated leave the BM and enter the blood stream from which they

migrate to the peripheral lymphoid organs.

The peripheral lymphoid organs include the spleen, lymph nodes as well as gut and mucosa
associated lymphatic tissue, MALT. These organs function to trap antigens from invading
microorganisms and to present these antigens to circulating lymphocytes. The lymph node,
LN, is composed of the cortex, where most B-cells are found, paracortex (T-cell area) and the
central medulla (dominated by macrophages and plasma cells). Antigen and antigen
presenting cells (APCs) from the periphery enter the lymph node via afferent lymphatic

vessels.

primary lymphoid
follicle, B-cell area

secondary paracortex, T-cell area

lymphoid follicle
with germinal center

medullary cords

medullary sinus

artery

High endothelial venule, )
vein

located in the paracortex

efferent lymphatic vessel

afferent lymphatic vessel

. marginal sinus
germinal center 9

Figure 1 The structure of a lymph node. Antigen and APCs are brought to the LN via afferent
lymphatic vessels. Lymphocytes enter through high endothelial venules. The fate of the
lymphocyte depends on whether it encounters its antigen. Lymphocytes and plasma cells
leave the LN via the efferent lymphatic vessels. Memory B-cells and plasma cells with
increased affinity to antigen are generated in the GC. Modified from Janeway et al. (14)

The naive B-cells circulate from the blood into the peripheral lymphoid organs, which they
enter by passing between the specialized endothelial cells of the high endothelial venules.
Upon entry to a peripheral lymphoid organ, the fate of a B-cell depends on whether it

encounters and is able to bind an antigen to its receptor.

A B-cell that has not bound antigen migrates quickly to the B-cell zone. In the primary

follicles of this zone essential survival signals are provided to the naive B-cell without which
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it cannot survive, and thus, if the B-cell is unable to enter a primary follicle it will undergo
apoptosis in a few days. Having received survival signals in the primary follicle, the B-cells
will enter the blood stream again and circulate between blood and peripheral lymphoid organs
until it encounters an antigen and becomes activated, or undergoes apoptosis after a few

weeks in circulation (14).

B-cells that have bound antigen become activated and are trapped in the T-cell areas. Here
they interact with T-cells with specificity for the same antigen that is presented on the B-cells
MHC class II molecules (18;19). These T- and B-cells form a primary focus of proliferation
and clonal expansion, and some B-cells differentiate into plasma cells that migrate to the
medullary chords (or to the red pulp in the spleen) and secrete IgM antibodies. Alternatively,
the antigen-primed B-cells may migrate into primary follicles in the B-cell area which now
are referred to as secondary follicles. Seven to ten days after initial antigen priming, a
germinal center, GC, is established in the secondary follicle (19). The function of the GC is to
generate memory B-cells and plasma cells with increased affinity to antigen. It is mainly a B-
cell area, but very important signals are delivered to the B-cells by helper T-cells. Follicular
dendritic cells, FDCs, that bind immune complexed antigens at their surface are also found

here, providing the B-cells with survival signals.

In the GC intense proliferation takes place displacing the resting B-cells of the primary
follicle towards the periphery, the mantle zone. The GC itself is polarized with proliferating
B-cells called centroblasts in the dark zone, proximal to the T-cell area, and more resting B-

cells, centrocytes, in the light zone. Three crucial activities take place in the GC:

e B-cell receptor diversification in the dark zone. In a process called somatic
hypermutation the affinity of the B-cell receptor to its antigen is altered. Normally
only the Ig variable region genes undergo this process, but aberrant hypermutation
may take place in lymphomas (20). Whether receptor editing also plays a role in the
diversification process is still debated, but the cells express low amounts of

rearrangement enzymes (21) .

e Selection of high affinity B-cells in the light zone. B-cells with increased affinity to
the antigen, present in the light zone as immune complexes on FDCs, are selected for.

The selected cells either exit the GC reaction to become memory B-cells or plasma
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cells or reenter the GC cycle. Cells with lower affinity undergo apoptosis and are

cleared by macrophages.

e Isotype switching. By deletion of the DNA region between the V region and various C
regions of the HC locus, the effector function of the antibody is changed whereas the

affinity to the antigen is unaltered.

Antigen, deposited
o_on FDC

Plasma cell
«‘/' \‘j :'
(‘\PQ

Death by apoptosis

Selection

\ Light zone

Dark zone

Retention in the GC

Mo

and
diversification

Figure 2 The function of the germinal center is to generate memory B-cells and plasma cells
with increased antigen affinity. Antigen specific B-cells are recruited into the follicles of the
cortex of the LN. Secondary follicles are formed where rapid clonal expansion takes place.
The GC reaction is defined by the polarization of the secondary follicle; rapidly dividing
centroblasts localized in the region proximal to the T-cell area and resting centrocytes apical.
The cells are cycling between the dark zone and the light zone. Expansion and diversification
take place in the dark zone. Selection takes place in the light zone where antigen is present
deposited on FDCs. Negatively selected cells undergo apoptosis and are cleared by tingle
body macrophages. The positively selected cells may re-enter the dark zone or exit the cycle
as memory B-cells or plasma cells. Modified from McHeyzer-Williams et al. (18).

2.1.4 T-cell development

T-cell development has many parallels to that of B-cells. However, T-cells develop in the

thymus from progenitor cells that migrate there from the BM. T-cells also differentiate into
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distinct populations of cells characterized by expression of different receptors; The a:3 and
the y:0 receptors. The majority of T-cells become a:f T-cells and they further differentiate
into CD4+ T helper cells and CD8+ cytotoxic cells that play different roles in the immune
response (14).

As in B-cells, the developmental stages of a:3 T-cell development are marked by changes in
receptor genes and in the expression of surface antigens. Initially, cells express neither CD4
nor CD8. Upon successful rearrangement of the beta chain locus, the cells become double
positive, i.e. they express both CD4 and CDS. Then the alpha chain locus is rearranged, and
the mature T-cell receptor is expressed. Cells that develop receptors compatible with self
MHC are positively selected through interaction with the thymic stromal cells, whereas cells
that interact too strongly with the MHC complex bound to self antigen, die by apoptosis and
are negatively selected (22). Cells that survive the selection process become single positive
CD4+ or CD8+ cells. Naive single positive T-cells leave the thymus and enter the blood

stream. They then start recirculation between the blood and the peripheral lymphoid organs.

If the T-cells encounter their specific antigen in a peripheral lymphoid organ, they become
activated, undergo clonal expansion and differentiate into effector T-cells. Antigens located in
the cytoplasm of all cells in the organism are carried to the surface on MHC I molecules. In
this context the antigens can be recognized by CD8+ T-cells which, upon activation,
differentiate into effector cytotoxic T-cells. Professional APCs ingest antigens which are
carried to the surface on MHC class II molecules. Antigens from pathogens that proliferate in
the vesicular compartment of these cells are also presented in this way. These antigens are
presented to CD4+ T helper cells. T helper cells may differentiate into either Thl cells or Th2
cells, depending on various factors, among them the character of the antigen and the external
stimuli from the cytokines in the milieu (23). Thl cells mainly produce IFN-y, activate
macrophages and are important players in cell-mediated immunity. Th2 cells produce various

cytokines, including IL-4, and activate B-cells and the humoral immune response.

2.2 B-cell non-Hodgkin’s lymphomas

B-cell non-Hodgkin’s lymphomas are malignant tumors that arise from mature B-cells. Like
other cancers, B-NHL is a genetic disease caused by activation of proto-oncogenes and loss of

tumor suppressor genes resulting in a growth advantage of the affected cells. The processes
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that generate antibody diversity in B-cells jeopardize the DNA integrity in the BM as well as
in the GC (24). At the molecular level VDJ recombination, class switch recombination and
somatic hypermutation involve DNA double strand breaks. When such breaks are aberrantly
resolved, translocations can occur. Translocations that typically involve the /GH locus are a
hallmark for lymphomas and are also thought to be the initial step for tumorigenesis. The
most common translocation found in malignant lymphomas is the t(14;18)(q32;q21). Here the
BCL?2 gene is brought under control of the enhancer region of the /GH, resulting in aberrant

regulation and overexpression BCL2 (25).

2.2.1 Classification of B-NHLs

B-NHLs constitute a heterogeneous group of tumors. This heterogeneity is also reflected in
clinical outcome and response to treatment. The classification systems aim to create
subgroups that are more homogeneous in order to optimize the treatment and improve clinical
outcome. Ideally, the different classes of B-NHLs should represent recognizable normal
cellular counterparts and be well defined disease entities with distinct clinical presentations.
Historically, tumors were first classified on a purely morphological basis and numerous
systems were in use. The Kiel classification incorporated immunological techniques in the
classification system. In the REAL classification and the current WHO classification,
lymphomas are classified according to morphology, immunophenotype, genetic features and
clinical features (26;27). By applying this approach, the categories created by the
classification systems are more reproducible and hopefully they represent real disease entities.
However, there is still substantial variation in survival within different subgroups of B-NHL,

indicating that the current subgroups may contain distinct disease entities.

Although morphological and immunophenotypical features of B-NHL suggest the cell of
origin of the tumor, further analyses that take into account the genetic changes that take place
during the germinal center reaction allow for a more precise categorization of these tumors.
Thus, information regarding the mutational status of the Ig variable genes (/GVH) can be
useful to determine the cellular origin of the tumors. Tumors with hypermutated /GVH genes
originate from cells that have gone through the GC reaction whereas tumors with ongoing
somatic hypermutation are arrested in the GC stage (28). In B-cell chronic lymphocytic
leukemia, CLL, the /GVH mutation status indicates whether the tumor has arisen pre or post

the GC reaction and moreover, is of prognostic significance (29).
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_ No s_omatic n_rutation Mantle GC Somatic mutation
in variable region genes [N, in variable region genes

Classical HD

ppled i " ) MM
Oma atio Lymphocyte
D d S predominant HD
0 [J 0 FL,

GCB like DLBCL

BL,
ABC like DLBCL,

MCL . MALT
lymphomas,

B-CLL

B-CLL

Figure 3 Common malignant lymphomas of B-cell origin (white boxes) and their normal
cellular counterparts (black ellipses). Naive B cells establish germinal centers upon
recognition of antigen. The processes that jeopardize the genomic DNA of these cells are
indicated in the central grey box. The mutational status of the /GVH genes is different
according to the cell of origin. Somatic mutations may be absent or present. If they are
present, there may be intraclonal /GVH gene diversity indicating an ongoing process as in
follicular lymphomas. If such diversity is absent the tumor may be derived from post—
germinal-center (memory) B cells. Abbreviations: FL follicular lymphoma, CLL chronic
lymphocytic leukemia, MM multiple myeloma, HD Hodgkin’s disease, MCL mantle cell
lymphoma, BL Burkitt lymphoma, DLBCL diffuse large B-cell lymphoma. Modified from
Kuppers et al. (21).

Although new techniques have made lymphoma diagnosis more accurate, it is conceivable
that the currently recognized subgroups contain several entities. Genome wide expression
studies of diffuse large B-cell lymphomas, DLBCLs, have shown that this subgroup can be
divided into a germinal center B-cell (GCB) like and an activated B-cell (ABC) like subtype
based on the expression profiles of the tumors (3;30;31). A third subtype, the primary
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mediastinal B-cell lymphoma, has also been identified by genome wide expression profiling

(32).

High-resolution techniques, like genome wide expression profiling, are useful to classify
current subgroups into new and smaller entities, but it is also of interest to group lymphomas
into larger classes that share clinical features in spite of histological differences. Sanches-

Beato ef al. proposed a model where lymphomas are grouped into low-growth fraction

Low-growth fraction lymphomas High-growth fraction lymphomas

t(3;N)

- —»1t BCLs
t(14;18) =4 BCL2 BCL6 mutation

t(11;18) —»} APIZ/MALT 14 NF-<B ((8:14) = MYC—> § p27

p27+/BCL6- p27-/BCL6+

Highly aggressive lymphomas

p14-MDM2-p53-p21
p16-CyclinD-CDK4-Rb
p27-CyclinE-CDK2

p27+/BCL6+

Figure 4 Different primary oncogenic events characterize low-growth fraction and high-
growth fraction lymphomas. Examples of primary oncogenic events that lead to apoptosis
inhibition in low-growth fraction lymphomas include t(14;18), resulting in BCL2
overexpression, and t(11;18), resulting in the API2/MALTI fusion gene and protein that
induce NF-«B activation. These aberrations are common in FL and MALT lymphomas,
respectively. Gain of 18q could lead to upregulation of BCL2 and MALT] and lead to
apoptosis inhibition. Examples of primary oncogenic events that activate proliferation in high-
growth fraction lymphomas include activating translocations of BCL6, common in DLBCL,
and t(8;14) resulting in c-myc overexpression. t(8;14) is a hallmark of BL and is present in
10% of DLBCL. By acquiring secondary mutations that lead to CKI inactivation both tumor
types may evolve to highly aggressive lymphomas. Modified from Sanchez-Beato et al. (33).
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lymphomas and high-growth fraction lymphomas (33). Low-growth fraction lymphomas
typically have mutations in apoptosis-regulating genes, e.g. BCL2; whereas high-growth

fraction lymphomas have alterations in genes involved in proliferation control e.g. MYC.

Both these types of lymphomas may progress to highly aggressive lymphomas by acquiring
mutations in genes that affect major tumor suppressor pathways. Most frequently this leads to
inactivation of cyclin dependent kinase inhibitors (CKlIs), and mutations in 7P53 are typical

examples.

The current view on lymphoma diagnosis and treatment regards the tumor bulk as the target
for therapy. Reduction in tumor size in response to treatment is thus considered as a criterion
for successful treatment. However, it is known that reduction in tumor volume and even
complete remission, not always can be translated into a survival advantage (34). This is the
case for follicular lymphoma, FL, where a watch and wait approach does not lead to inferior
survival compared to start of treatment at the time of diagnosis (35). The concept of tumor
stem cells proposes an explanation to this paradox. In this view, the tumor contains a small
number of cells with the ability to self-renew that give rise to all the other differentiated,
malignant cells of the tumor (36). Unless the tumor treatment is able to eliminate also the
cells with ability to self-renew one should not expect cure of the patient. Experimental
evidence for this theory exists for several tumor types, including lymphoid malignancies. In
multiple myeloma it has been shown that the plasma cells that constitute the bulk of the tumor

arise from a small population of less differentiated cells that resemble post-GC B-cells (37)

It is clear that the tumor stem cell hypothesis, if further confirmed, will have significant

impact on classification as well as treatment of malignant lymphomas.
2.2.2 Prognostic indicators

The different recognized classes of lymphomas have different clinical outcome. Thus, the
classification system in use, which includes morphological as well as immunological criteria,
serves as a prognostic indicator. In general, patients with high grade lymphomas, as defined
by morphological criteria, have very poor prognosis if left untreated, whereas some patients
with low grade lymphomas may survive for years without therapeutic intervention. However,
within the recognized classes there is substantial variation with regard to outcome and this
probably also warrants different treatment. The use of clinical and molecular markers has

been shown to stratify patients within a B-NHL category into different prognostic classes. For
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aggressive as well as follicular lymphoma simple prognostic indices have been proposed, i.e.
the international prognostic index (IPI) and the follicular lymphoma international prognostic
index (FLIPI) (38;39). These take into account several clinical parameters such as age, stage,
performance status and standard blood tests.The strength of these indices is the simplicity, but

they give no insight into tumor biology.
2.2.2.1 Expression profiles

In the recent years the microarray technology has made genome wide expression profiling
feasible. This technology has also been used to obtain gene expression profiles of lymphoma-
biopsy specimens in several studies (3;30;31;40;41). Studies of diffuse large B-cell
lymphomas, DLBCLs, have shown that clinically significant subtypes can be identified based
on variation in gene expression. Interestingly, these subtypes share expression features with
different cellular counterparts in the immune system, e.g. the germinal center B-cell and the
activated B-cell, suggesting a different cell of origin in the transformation process (42).
Moreover, the prediction of survival based on gene expression has been shown to be
independent from the clinical parameters in the international prognostic index (IPI) (3;41). In
mantle cell lymphomas, MCL, expression profiling of proliferation genes could substitute for
measurement of tumor cell proliferation and identify patient subsets with different outcome
(41). Furthermore, in FL gene expression of the tumor infiltrating cells at the time of
diagnosis was shown to correlate with survival (40). These examples show that
characterization of the molecular variation in lymphomas gives useful information regarding
prognosis and tumor biology, the latter being very important for development of therapy that

may target specific pathogenetic processes.

The microarray technology is costly and it requires relatively large amount of RNA and thus
tumor samples. Based on the results of genome wide expression profiling experiments of
lymphomas, it has been shown that measurement of mRNA expression of a very limited
amount of genes in DLBCL by real time quantitative PCR 1is able to add prognostic
information to the IPI score (43;44). At the protein level it has also been shown that
immunostaining of tissue samples with a small panel of antibodies is able to determine the
subtypes of DLBCL that have been defined by genome wide expression profiling (45). For
diagnostics at the RNA level, it would be interesting to investigate the benefit of smaller

cancer type specific microarrays in routine diagnostics of lymphomas.
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2.2.2.2 Analyses at the genomic DNA level

Analyses of lymphoma biopsies at the DNA level have also been shown to give useful
prognostic information. Cytogenetic analysis requires culturing of tumor cells in vitro
followed by visualization of metaphase chromosomes. Historically, use of this technique
revealed that distinct chromosomal abnormalities correlate with certain histological subtypes,
the most well known example being the t(14;18), which is found with a frequency of 80% in
FL. Gains or losses of chromosomes or chromosomal arms detected by this method have also
been shown to be of prognostic value (46). In the recent years comparative genomic
hybridization (CGH) has been used to test tumor DNA from interphase cells for gains and
losses of specific genomic regions. Such aberrations have been correlated to clinical outcome
in several studies. Stokke et al. found that loss of chromosome 11g21-23.1 and 17p and gain
of chromosome 6p are independent prognostic indicators in B-NHL (47). Other studies have
demonstrated the negative prognostic significance of 18q gains or amplifications and 17p
losses in DLBCL (48), whereas loss of material on chromosomal bands 6q25q27 is associated
with poor outcome in FL (49). In contrast to cytogenetic studies, CGH does not provide
information about the chromosomal organization of the tumor genome. Therefore

chromosomal translocations cannot be detected by this method.

Fluorescence in situ hybridization (FISH) with locuc specific probes to interphase cells is a
method that allows for the evaluation of numeric aberrations of single genes as well as
translocation of chromosomal regions, depending on the probes in use. This method is very
sensitive and specific and, in contrast to CGH, it gives information at the single cell level. The
method is well suited to detect common translocations in malignant lymphomas, which can
aid the diagnosis as well as have prognostic significance. Numeric aberrations like loss of 17p
as well as gain of 18q are examples of genomic aberrations associated with poor prognosis

that can be detected by FISH (48;50;51).

Point mutations of crucial DNA sequences could also lead to activation of proto-oncogenes
and inactivation of tumor suppressor genes. So far, mostly direct sequencing of the genome
and different types of techniques that are based on differential electrophoretic migration of
wild type and mutant DNA molecules have been used for detection of mutations. Both these
methods are labor intensive, and thus, studies to detect the significance of point mutations in
lymphomas have been concentrated to a limited amount of genes. The most consistent finding

in malignant lymphomas is that mutations in the 7P53 gene are of negative prognostic value
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(52-54). As novel techniques that facilitate high throughput mutation detection are developed,
one would expect that that the prognostic significance in lymphomas of point mutations of

many other genes will be clarified (55;56).

2.3 Signaling pathways and targets for therapy

The way an external stimulus is translated into a biological response in a cell is referred to as
signal transduction. Depending on the stimulus, different signaling pathways may be activated
or inhibited. The stimuli comprise unspecific changes in the physical environment like
changes in temperature or nutrition as well as highly specific binding of ligands to receptors
of the target cell. Cytokines are a group of ligands that function as inter-cellular signaling
molecules, and many cytokines play critical roles in the development of hematopoietic cells.
Cytokine stimulation often leads to activation or inhibition of signaling pathways that are
important for proliferation, apoptosis and differentiation. Alterations of such signaling
pathways are important features of malignant cells that may lead to uncontrolled growth.

Targeted cancer therapy often aims to interfere with these pathways (35;57-59).

2.3.1PIBK

Phosphoinositide-3 kinases, PI3K, comprise a subfamily of lipid kinases. These enzymes are
heterodimers and consist of a catalytic and a regulatory subunit (60). PI3K phosphorylate
phophoinositides (PI) at the 3’ position of the inositol ring , and this generates PI(3)P,
PI(3,4)P, and PI(3,4,5)Ps. These lipid products serve as second messengers and activate a
plethora of targets, including the protein kinase B/Akt. The PI3K activity is counteracted by
several lipid phosphatases, including PTEN that converts PI(3,4,5)P; back to PI(3,4)P,. The
PI3K/Akt pathway has been shown to play a central role in regulation of apoptosis and
proliferation in several systems, including normal erythroid progenitors and B- and T-

lymphocytes (61-63).

2.3.1.1 PI3K mediated Epo signaling

Activation of the signaling pathways upon Epo binding to EpoR is dependent on
conformational changes of the receptor that bring together the dimerized receptor and JAK2
(64). Autophosphorylation of JAK?2 followed by phosphorylation of cytoplasmic tyrosine
residues of the EpoR results in an activated ligand-receptor complex that recruits several
signaling molecules and adapter proteins which act as substrates for JAK2. Thus, several

signaling cascades are involved in mediating the Epo induced changes in gene expression and
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subsequent effects on differentiation, proliferation and survival (65). The PI3K-signaling
cascade is necessary for maturation of erythroid progenitors (66;67). In these cells PI3K can
be activated by direct binding of the p85 regulatory subunit to the activated EpoR, and
indirectly through binding to adapter molecules. Akt kinase, which is activated by P1(3,4,5)P;
or P1(3,4)P,, phosphorylates both GATA-1 and Foxo3a. These transcription factors are of

crucial importance in erythropoiesis (61;67;68).

2.3.1.2 PI3K in lymphocytes

In lymphoid cells it has been shown that the PI3K signaling cascade is triggered in response
to antigen-receptor activation (69-71). In addition, activation of PI3K plays a role upon
binding to co-stimulatory receptors (72). A number of cytokines, including IL-3, IL-4 and IL-
5, have also been shown to activate PI3K (73). By mediating these physiological stimuli,
PI3K controls proliferation and apoptosis. PI3K has also been associated with malignant
transformation. Mice with enhanced PI3K activity in lymphocytes show increased incidence
of lymphomas (72;74). Analogous to PI3K activation by Epo signaling, activation of receptor
complexes in lymphocytes recruits PI3K to the cell surface where the enzyme generates the
active lipid products. In lymphocytes this activates several signaling cascades. In B-cells,
PI3K signaling facilitates activation of phospholipase C-y, PLCy2, by Bruton tyrosine kinase,
leading to cleavage of P1(4,5)P, and generation of inositol triphosphate, IPs, and
diacylglycerole, DAG. This leads to sustained Ca2+ mobilization by IP3, characteristic of
lymphocyte proliferation. Moreover, DAG and Ca2+ activates protein kinase C 3, PKCf
which leads to activation of the NF-kB pathway (63). As in erythroid progenitors, activation
of Akt is also important for PI3K mediated signaling in lymphocytes (75). Important
downstream targets for Akt in B-cells include FOXO and mTOR (63). FOXO is a
transcription factor, whose activity is reduced upon phosphorylation by Akt. This leads to
reduced expression of FOXO target genes, which include CDKNIB (p27<""") and TNFSF10
(TRAIL), and subsequently reduced apoptosis and increased proliferation (76). Another
downstream target of Akt, the kinase mTOR, is important for growth and proliferation of

lymphocytes (63).

2.3.2 The TGF-B superfamily signaling system

The TGF-B superfamily comprises TGF-f, bone morphogenetic proteins (BMP) and activins.
Members of this superfamily play important roles in controlling cellular proliferation,

differentiation and apoptosis as well as migration. TGF- has been intensively studied in
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normal and malignant hematopoietic cells and is one of the most potent endogenous negative
regulators known to date (77). BMP signaling is critical for self-renewal of embryonic stem
cells and plays a role in controlling the number of HSC (78;79). In mature B-cells it has been
shown that BMP-6 has a negative regulatory role (80).

Members of the TGF- superfamily signal through ligation and heterodimerization of type I
and type II serine/threonine kinase receptors. This leads to phosphorylation of the type I
receptor, which is now activated and may phosphorylate receptor Smad proteins (R-Smads).
The R- Smads then form complexes with the co-Smad (Smad4) which are translocated into
the nucleus to exert gene regulation. The gene regulation and resulting physiological response
is context dependent. This is due to the diversity allowed for by the combinatorial interactions
of type I and type II receptors and Smads. Smads also cooperate with many different
sequence-specific transcription factors (81). The R-Smad activation is regulated by numerous
receptor binding proteins as well as the inhibitory Smads, Smad6 and Smad?7.

In addition to Smad dependent signaling and transcriptional regulation, the activated receptor

complex may activate non-Smad signaling pathways, such as MAPK and TAK1/MEKK (81).

The founder member of the TGF-f superfamily is also the best investigated. Given its critical
role as a negative regulator in non-malignant cells, it is logical to predict that disruption of the
TGF-p signaling pathway may promote malignant transformation. Indeed, many epithelial
neoplasms, including colon, breast, pancreatic, and hepatocellular carcinoma have been
characterized by alterations in TGF-f pathway genes, including SMAD2, SMAD4, and
TGFBR?2 (77). Mutational inactivation of this pathway is uncommon in hematological
malignancies, but other mechanisms may confer reduced TGF-3 responsiveness in these
diseases. In Burkitt lymphoma with t(8;14), MYC expression is under the control of the IGH
promoter. In normal cells downregulation of c-myc protein is a critical event for TGF-3
induced growth inhibition and the MYC promoter contains a Smad-responsive element (82).
By the translocation, however, this regulation is disrupted. CDKN1B, which encodes p27<'"",

is an example of another target of TGF-f that can be altered in lymphomas and thus modulate

TGF-P responsiveness (83;84).

Given that TGF-p functions as a brake, opposing many stimulatory factors that promote
proliferation and clonal expansion of normal lymphoid cells, modulation of this pathway is an

interesting therapeutic strategy in malignancies with loss of TGF-f3 sensitivity.
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2.3.3 NF«kB

The NF-kB proteins are transcription factors that can be activated by several stimuli.
Activation of NF-«B is crucial in the inflammatory response and is stimulated by pro-
inflammatory cytokines like TNF-a and IL-1. In addition to its role in inflammation, NF-xB
proteins are also important in the regulation of apoptosis and proliferation as well as in

oncogenesis (85;86).

The five mammalian NF-kB family proteins, RelA, RelB, c-Rel, NF-kB1, and NF-xB2, form
homo- and heterodimers that activate characteristic sets of genes. When the dimers are bound
to inhibitory proteins of IkB type, they are sequestered in the cytoplasm and their activity is
prevented. In response to a stimulus, like TNF-a receptor binding, the IxB proteins are
phosphorylated, ubiquitinylated and subsequently degraded by the proteasome complex. Not
bound to IkB, the active subunit of NF-kB (phospho-p65) may translocate to the nucleus and
regulate gene transcription (87). The regulatory step in this signaling pathway is the
phosphorylation of IkB performed by a specific serine/threonine kinase kB kinase (IKK).
The mechanism by which external stimuli induce IKK activity is not clear, but it could
involve a IxB kinase kinase that is activated by receptor binding and subsequently
phosphorylates and activates IKK (87). Although it induces apoptosis in some cases, NF-xB
activity in general promotes survival (86). The mechanism for this is not completely
established, but the genes regulated by NF-«xB include the apoptosis regulating BCL2 and
BLC2L]1 that encodes for BCLXL and BCLXS, several members of the inhibitor of apoptosis
(IAP) family as well as genes involved in proliferation like MYC and CCND2 (cyclin D)
(88). Interestingly, it has been shown that NF-kB is also involved in the regulation of PIM1
(89). The expression of this gene is highly correlated to the ABC subtype of DLBCL (90;91).

Constitutive activation of NF-kB is a hallmark of many cancer types including malignant
lymphomas and leukemias. However, many chemotherapeutic agents, like antracyclins, also
trigger the NF-xB pathway, which could decrease their effect (86). The therapeutic potential
of modulating the NF-kB pathway is therefore promising. Several agents that interfere with
NF-«B activity at different levels have been described. They act by decreasing NF-kB DNA
binding, blocking IxB degradation by the proteasome, inhibiting phosphorylation of IkB by
IKK or blocking nuclear translocation of NF-kB (88). The selective proteasome inhibitor
bortezomib, which prevents release of NF-kB from IkB by blocking degradation of the latter

(92;93), is now approved for the treatment of multiple myeloma in Norway.
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3 Purpose of the present study

This study was designed to:

l.

establish the consensus regions for the common gains of chromosomes 6p and 18q in
B-NHL using FISH and array CGH technologies.

correlate gains of specific genomic regions to cellular and clinical phenotypes.
examine how Epo via activation of PI3K/Akt exerts its role in development of
erythroid progenitors from CD34+ cells, and to identify early Epo target genes in
CD34+CD71+CD45RA-GPA- erythroid progenitors by microarray technology.
identify novel target genes using microarray technology and to characterize functional

effects of BMP-6 in human T-cells.
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4 Summary of publications

Publication I Translocation t(14:18) and gain of chromosome 18/BCL2: effects on BCL2

expression and apoptosis in B-cell non-Hodgkin's lymphomas.

FISH and array CGH were used to examine numeric alterations of chromosome 18 in B-NHL.
Long range PCR and FISH were used to detect t(14;18). Gain of 18q was found in 34% of
lymphomas with t(14;18) and in 20% of lymphomas without t(14;18). In lymphomas with
t(14;18), the consensus 18q gain was located centromeric of the BCL2 locus, and thus did not
include it. In lymphomas lacking t(14;18), the gain was centered around 18q21, including the
BCL2 locus in all cases. PMAIP1 and MALTI were included in the consensus region of gain
in both groups. Gain of BCL2 was mainly low level. BCL2 protein expression was quantified
by immunoblotting in the tumor samples. The cases with both t(14;18) and BCL2 gain had
higher expression of BCL2 than the tumors with t(14;18) only. The latter cases had higher
expression than the ones with BCL2 gain only which again had higher expression levels than
the tumors with no BCL?2 alterations. There was a highly significant, but weak, correlation
between BCL2 expression and levels of spontaneous apoptosis in the tumor cells. The fraction
of apoptotic tumor cells was, however, not correlated to the BCL2 genotype. In contrast to
this, the apoptotic fraction of the normal cells in t(14;18) positive tumors was increased
compared to the corresponding tumor cell apoptotic fraction. No difference between tumor
and normal cell apoptotic fractions was found for tumors with BCL2 gain only or no BCL2
alterations. When comparing the apoptotic fractions of normal cells in tumors with different
genotype, t(14;18) positive tumors exhibited increased apoptic fractions compared to tumors
with no BCL?2 alterations, whereas the normal cells of tumors with BCL2 gain only showed
intermediate apoptotic fractions. These findings indicate that the tumor genotype may

influence on factors in the tumor microenvironment of importance for cell survival.

Publication 2 Gain of chromosome 6p is an infrequent cause of increased PIM1 expression in

B-cell non-Hodgkin's lymphomas.

Array CGH and FISH was used to examine an amplicon located at 6p in the B-NHL cell line
U698. A 10-fold amplification of a narrow region at 6p21.2 (~1.5mbp) encompassing the
PIM1 gene (~20 copies) was demonstrated. High levels of PIM1 mRNA and protein in U698
cells was shown by northern- and immunoblotting. Array CGH and FISH was employed to
analyze chromosome 6p alterations in a series of B-cell non-Hodgkin’s lymphomas. These

studies revealed that the consensus region was 6p22.1-pter, not including the PIM1 locus. In
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an independent set of DLBCLs for which genome wide expression data were publicly
available, PIM1 mRNA expression was correlated to poor outcome. There was no significant
correlation between PIM copy number, as determined by FISH, and expression level in a
panel of 35 of these tumors. Taken together, these data suggest that increased PIM 1
expression, although possibly oncogenic, is only infrequently caused by gene amplification in

B-NHL, and that PIM1 is not the target oncogene for lymphomas with 6p gain.

Publication III PI3K/Akt-dependent Epo-induced signaling and target genes in human early

erythroid progenitor cells.

We employed microarray technology and immunoblotting of cell cycle related proteins to
examine Epo-induced signaling in CD34+ progenitor cells from human bone marrow.
Identification of PI3K dependent regulation was achieved by use of the specific PI3K
inhibitor LY294002. Epo alone was able to induce cell cycle progression as demonstrated by
upregulation of cyclins D3, E and A, leading to hyperphosphorylation of RB. These effects
were completely counteracted by the PI3K inhibitor LY294002, whereas enforced expression
of an activated form of the PI3K target Akt kinase highly augmented Epo induced
erythropoiesis. FACS-sorted CD34+CD71+CD45RA-GPA- erythroid progenitors stimulated
with Epo in the presence or absence of LY294002 were subjected to gene expression
profiling. Several novel target genes of Epo were identified, and the majority was regulated in
a PI3K dependent manner, including KI7 (CD117) and CDH1 (E-cadherin). FACS analysis of
Epo-stimulated erythroid progenitors showed that the increased mRNA expression of K/7 and
CDH1 was accompanied by an induction of the corresponding proteins CD117 and E-
cadherin. Taken together, the data show that ligand binding to the Epo receptor in early
CD34+ progenitors initiates a plethora of signaling cascades. The physiological effects of Epo
on survival, proliferation and differentiation at this stage are completely dependent on
functional PI3K. The observed expression changes of important target genes reflect this

dependency.

Publication IV Inhibitory effects and target genes of BMP-6 in human T-cells.

We explored the role of BMP-6 in the pre-T ALL cell line Jurkat TAg and in human CD4+ T-
cells. Expression of BMP receptors was determined by FACS analysis, and human T-cells
were found to express BMP type I and type II receptors. BMP induced signaling was

examined using immunoblotting, luciferase reporter assay, real time RT-PCR and microarray
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analysis. BMP-6 rapidly induced phosphorylation of Smad1/5/8. BMP-6 also induced
phosphorylation of p38 in peripheral blood CD4+ T-cells and of p38 and ERK1/2 in Jurkat
TAg cells. The transcriptional response to BMP-6 stimulation included potent upregulation of
ID1, ID2 and ID3. 1d1 and 1d3 were also induced at the protein level in Jurkat TAg cells.
Other transcriptional targets that were identified in BMP-6 stimulated Jurkat TAg cells were
NOG (noggin) and SMADG, in addition to several genes involved in transcriptional regulation
including NFKBIA, HEY1, DLX2, KLF10 and EGRI1. The functional response to BMP-6
stimulation in Jurkat TAg cells and CD4+ T cells was characterized by various assays. In
Jurkat TAg cells, BMP-6 exerted an antiproliferative effect as demonstrated by *H-Thymidine
incorporation and CFSE cell division tracking. This effect was counteracted by /D1 siRNA.
In CD4+ T-cells, BMP-6 significantly inhibited the differentiation into IL-4 producing
effector cells from naive precursors albeit less potently than TGF-B. Taken together, BMP-6

is a novel regulator of human T-cell responses.
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5 General discussion

5.1 Methodological considerations

5.1.1 The cell systems

In the present study we have analyzed signaling pathways in cells from lymphoid tumors
(paper I and II), in hematopoietic cancer cells (paper II and IV) and in primary hematopoietic
cells (paper III and IV). Each of these cell systems have certain advantages and disadvantages
with regard to the feasibility of the experimental procedures and the conclusions that can be
drawn from the data. The use of these three different systems gave us the opportunity to test

our hypotheses more thoroughly than use of only one system would have done.

Two sets of tumor samples were included in this study. In the first set, 93 tumors were
randomly selected based on the diagnosis of B-NHL and on the availability of frozen cell
suspensions in 10% DMSO. The preparation of single cell suspensions is described by Kvaloy
et al. (94). In this set the tumor cell fraction had previously been determined by flow
cytometry (FCM) as described by Stokke et al. (47). Since the patient samples were subjected
to batch analyses like array CGH (study I and II) and immunoblotting (paper I), this was very
useful when we interpreted the results from those experiments. The ploidy, i.e. DNA index, of
each patient sample had also been determined by FCM (47). This was taken into account
when we used array CGH to determine absolute gene copy number alterations. Material
suitable for mRNA expression analysis was only available for a limited number of the patient
samples in the first set. In the second set, 35 DLBCLs were selected based on availability of
expression data from a microarray study (30) and of tumor samples for DNA copy number
analysis. For this set we had no information regarding ploidy or fraction of normal cells. As
stated, tumors of both sets were randomly selected based on availability of material suitable
for analysis. This availability was, however, dependent on several factors, including viability

of tumor cells and sample size, which could have lead to selection bias.

The use of cancer cell lines in this study had three main advantages. First, the amount of cells
and thus protein and RNA, was not a limiting factor. Second, the population of cells from a
cell line is relatively homogeneous. Third, the feasibility of genetic manipulation is a

prerequisite for loss-of and gain-of function studies. The obvious disadvantage with regard to
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use of laboratory cell lines is the questionable physiological relevance of the results of the

experiments.

The primary cells used in this study were first positively selected from bone marrow aspirates
or blood from healthy donors by use of immunomagnetic beads coated with monoclonal
antibodies against a surface antigen (CD34, CD4). This procedure yields high purity of cells
with regard to the antigen selected for (>90%) and is not thought to alter the functional
capacity or activation status of the cells (95). However, CD34+ cells from bone marrow and
CD4+ cells from blood certainly constitute heterogeneous cell populations. In some of the
experiments we therefore needed to examine smaller subpopulations. In study III, we stained
the positively selected CD34+ cells with anti-CD71, anti-CD45RA and anti-GPA and
performed FACS-sorting to obtain CD71+CD45RA-GPA- erythroid progenitors.
Furthermore, in study IV we stained CD4+ cells with anti-CD45RA and anti-CD45RO
followed by FACS sorting to obtain CD45RA+CD45RO- naive CD4+ T-cells. This procedure
reduced, but did not eliminate, the problem with heterogeneous cell populations. The
additional ex vivo manipulation of the cells implicated by this procedure could also influence
on the results of the experiments, especially the RNA expression studies, which will be
discussed in section 5.1.4. In addition to intrasample heterogeneity, donor dependent

intersample heterogeneity is an important issue for analyses of primary cells.

With respect to the purification of erythroid progenitors, the amount of mRNA that could be
obtained from per individual donor was limited. Thus, amplification of RNA was necessary.
The relatively small amount of cells that can be obtained from isolation procedures also
imposes difficulties on gain-of and loss-of function studies. Although transfection of primary
cells can be feasible, as demonstrated in paper 111, it is generally difficult to genetically
manipulate mature lymphocytes. To conclude, studies on primary cells from human donors
are preferable with regard to the physiological relevance of the conclusions that are drawn.
However, the heterogeneity of the cell populations, the limited amount of biological material

that can be obtained and difficulties with genetic manipulation are important obstacles.

To summarize, it is necessary to have in mind the pitfalls of each of the different cell systems
when evaluating the experimental data. One also needs to be especially careful not to
extrapolate conclusions drawn from experiments in one system to another. However,
experimental results from cell line studies are very valuable for generation of hypotheses,

which subsequently can be tested in primary cells of normal or malignant origin.
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5.1.2 Detection of genomic aberrations.

Various techniques are in use to detect genomic aberrations, either at the whole genome level
or at specific regions. In traditional karyotyping of tumor cells, metaphase chromosomes of
cultured cells are stained and evaluated for numerical and structural changes. Thus, reciprocal
translocations as well as genomic gains and losses can be detected in the tumor cells. The
main disadvantages of this method are the need for cell culturing and the limited resolution
provided by the staining technique, the banding resolution. The development of the
comparative genomic hybridization, CGH, technique has improved the analysis of copy
number changes in tumors (96). In conventional CGH, tumor DNA and normal DNA are
labeled with different fluorescent dyes and then hybridized in situ to normal human
metaphase spreads. Detection of gains or losses of chromosomal regions relies on competitive
hybridization of the two samples. The sensitivity of the method is determined by the size of
the region involved as well as the copy number. In general, in case of single copy changes the
size of the affected region must exceed 5-10 mega base pairs, mbp, to be detected. High-level
gains may be detected in smaller regions (5-10 fold amplifications of ~1mbp) (97;98). To
improve the limited resolution of conventional CGH, the microarray based CGH has been
developed (99;100). In this technique, the generation of labeled probes is identical to that of
conventional CGH, but the probes are now hybridized to a microarray with spotted DNA
sequences. The spotted probes on the array can be PCR products of cDNA clones or BAC
clones, or chemically synthesized oligonucleotides. In paper I and II we used BAC arrays
with a resolution of about one mbp to profile the tumor samples. This resolution determined
how accurate the boundaries of the gains and losses could be defined. We also tried to
perform CGH on cDNA arrays with limited success, due to weak signals. However, in paper

II, we were able to identify PIM] as target of the 6p amplification in U698 using this method.

The quantification of numerical changes of genomic regions relies on the size of the
fluorescence ratio detected by the scanning equipment. Thus, the log2 transformed
fluorescence ratio is referred to as the relative copy number. Limitations of the technique
impose difficulties on the interpretation of the data. CGH techniques are batch analyses, i.e.
data regarding tumor heterogeneity are missed. The amount of normal cells in the tumor
influences on the sensitivity since they bring the detected fluorescence ratio towards unity.
Aneuploidy is also a matter of concern. The tumor DNA used in the hybridization is constant,
and in the normalization procedure the fluorescence ratio baseline is assumed to correspond to

the copy number of most loci of the genome in conventional CGH or to the average of the
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spots in array CGH. In diploid and tetraploid tumors this is not an important issue, but in
hyperdiploid and hypotriploid tumors knowledge of ploidy is important to determine the
threshold for gains or losses (101).

Data regarding tumor cell fraction and ploidy are normally not taken into account when
evaluating conventional CGH data, possibly due to lack of knowledge of these parameters.
Normally, fixed thresholds for scoring gains, (ratio>1.15), high-level gains (ratio>1.5) and
losses (ratio<0.85) are used. In our array CGH experiments we wanted to quantify the gains
and losses more precisely. First we performed control experiments with normal male and
female DNA to assess the dynamics of the assay. We observed that double amount of DNA
(XX vs XY) resulted in a log2 transformed ratio of 0.7-0.8. Furthermore, comparisons of the
experimentally obtained ratios of genomic regions with known high-level gains (i.e. PIM1 in
U698) with copy numbers obtained by the independent method FISH, indicated that the assay
was linear for practical purposes. By taking into account the linearity and the dynamics of the
assay as well as the ploidy and tumor cell fraction of the samples we scored each individual
clone, representing different regions of chromosome 18 and 6, as gained or lost for each
tumor. Moreover, this method allowed us to suggest an absolute copy number for the region

represented by the clone. How this was performed is illustrated in Figure 5.

To assess specific DNA sequences in single tumor cells we applied the FISH method. In this
technique gene sequences are labeled with a fluorochrome and hybridized to nuclei in
interphase before evaluation on a cell-to-cell basis. FISH can be used to quantify gene copy
number changes and was used in paper I and II to verify the array CGH findings. In addition,
FISH can be used to assess structural genomic changes. With respect to this, t(14;18)
translocation was assessed by FISH in paper I. This was done by scoring co-localized BCL2
(red) and /GH (green) fusion signals as BCL2 rearrangement. Assessment of t(14;18) was also
performed by conventional and long-range PCR in paper I. PCR is extremely sensitive in
determining the presence or absence of the genomic sequences tested for, and the data

obtained by FISH and PCR in paper I showed concordance with the exception of two cases.
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Figure 5 A) Frequency histogram for fluorescence ratios of tumor 358/87. This sample had a
DNA index of 2.0 and consisted of 89% tumor cells. Absolute copy numbers for given ratios
are indicated. B) Relationship between absolute gene copy number, theoretical ratio and
observed ratio. C) BAC array CGH profile of chromosome 6 for tumor 358/87. Gains are
scored as 6 copies and losses as 1 or 2 copies.
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To conclude, the whole genome techniques used in this study, conventional and array CGH,
are sensitive with regard to copy number changes, but give no information with regard to
structural changes. Locus specific FISH is practical and sensitive for the analysis of known
recurrent aberrations, but is not suitable to screen tumor samples for many different genomic

aberrations.

5.1.4 Expression analysis: General aspects

The genome itself determines the phenotype of a cell or an organism in interplay with
external stimuli. The differences in morphology and function of various cell types in the
human body, which possess identical DNA, depend on changes in gene expression. Thus, the
concept of gene regulation is central in understanding biological function. Gene expression is
physiologically controlled at several levels. The RNA is subjected to transcriptional control,
RNA processing control (splicing), RNA transport control (export to cytoplasm) as well as
mRNA degradation control. Proteins can be controlled at the translational level or can be
posttranslationally activated or inactivated. Transcriptional control of gene expression seems

to be predominant for most genes (87).

To understand the biological role of a gene it is logical to characterize the expression (102).
Traditionally, measurement of gene or protein expression has been performed at a single
target level, but the development of microarray technology has made measurement of the
whole transcriptome in one single experiment feasible. Several important issues regarding
measurement of expression levels are common for the different technologies.

e In general, the specificity of the RNA assays relies on complementarity of the sequences
of the probe and the target. In northern blotting additional information regarding the size
of the mRNA transcript is obtained. The methods used for analysis of protein expression
in this study rely on antibody-antigen recognition. The specificity of both the RNA and
the protein assays are dependent on several experimental factors that influence on the
stringency of the hybridization.

e Microarray, northern blotting, RT-PCR and immunoblotting are batch analyses. Cellular
heterogeneity may influence on the experimental obtained data and reduce the sensitivity
of the assay.

e To compare the measured gene expression between biologically different samples one
needs to normalize for differences in the amount of RNA or protein added to the

experiment as well as for other factors that may affect the measurements, for example
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degradation of RNA. This normalization can be performed by counting the cells or by
measuring the amount of RNA or protein. In single target experiments it is common to
normalize the measurements by use of an endogenous control gene. In the
phosphorylation experiments, the total level of the same protein represents an ideal
control. For the RT-PCR experiments we used PGK . Experiments performed in our lab
and published data (103) indicate that the expression of PGK/ varies less between
samples of lymphoid cells than other commonly used endogenous controls like AC7B and
GAPDH.

Knowledge on how the mRNA and protein levels of a given gene are regulated is important

when hypothesizing about its function. However, gene silencing followed by examination of

the cellular phenotype is a more powerful tool for understanding gene function and should be

performed when feasible (104).

5.1.5 Expression analysis: Microarray technology

Genome wide expression profiling at the RNA level is now feasible in one single experiment
(2). While measurements of single variables typically are experiments that are hypothesis-
driven, the data obtained by the measurement of tens of thousands of variables in one
microarray experiment are nonselective. Thus, such experiments have the potential to
discover completely new characteristics of the biological system and to generate new
hypotheses. Additionally, the parallel expression measurements in microarray experiments
allow comparison of patterns of gene expression. By sophisticated statistical approaches, this
can be used both to identify subgroups in a heterogeneous population of samples, class
discovery, and to identify patterns of gene expression that predict known subgroups, class
prediction (105). With regard to malignant lymphomas several new entities have been
identified (3;30;31;41;41;91;106;107). In our studies we have used the microarray technology

as a hypothesis generating tool.

In paper III and IV we used microarray technology to compare two sample populations. Such
analyses consist in principle of three different steps.
e Experimental procedures, data acquisition, filtering and normalization. This step is
technology dependent, and was therefore performed differently in paper III and IV. In
paper III we used cDNA arrays and in paper IV we used commercially available

oligonucleotide arrays (www.affymetrix.com). We chose to use well established

experimental procedures and methods for data acquisition, filtering and normalization
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for each platform. The output of this step is an array of data that includes expression
values of all the genes in all the experiments.

e Identification of differentially expressed genes. The large amount of measurements of
gene expression, combined with a limited amount of samples is statistically
challenging. The most widely accepted tool for adjustment for multiple comparisons,
the Bonferroni correction, implies dividing the required p-value with the number of
analyses performed (108). This is considered too conservative in microarray
experiments and the methods used in paper III and IV are tools that have been evolved
to overcome this problem (109;110).

e Functional interpretation of the data. In this step the biological processes affected by
the experimental conditions are described. To aid such interpretation automatic
procedures have been introduced and in paper III we used the PubGene tool

(www.pubgene.com) that has been developed at our institution (111).

The experimental procedures included in the first step are crucial. A microarray experiment is
complicated, and numerous technical factors may influence on the inter-assay variability in
addition to the biological factors tested for. This includes preparation of the biological
sample, RNA extraction, labeling technique and hybridization conditions. A high degree of
cautiousness is therefore required to secure reliable data. Unsupervised hierarchical clustering
can be used to detect how variations in experimental procedures may influence on expression
data. We have previously performed mRNA expression profiling of isolated B-cell
precursors. These experiments were performed at two time points, and the differences in the
procedures included; pooling vs. individual samples, different fluorescence-activated cell
sorters and different batches of arrays. The results of unsupervised hierarchical clustering of

the samples are shown in Figure 6.

Firestein et al. has suggested four general issues that should be considered when evaluating
microarray data (112):
1)  Reproducibility has to be demonstrated. This means that measurements of fold
change in one experiment are not sufficient.
2) Statistical analysis with correction for multiple testing is required.
3)  To reduce the complexity of analysis, homogeneous cell populations should be
studied.
4) A reasonable number of genes should be evaluated by an independent method.

All these criteria seem to be fulfilled in paper I1I and 1V.
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Finally, although gene expression data obtained by microarray experiments generally are
reliable, it is necessary to perform additional experiments to confirm their validity and

biological importance.
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Figure 6 Unsupervised hierarchical clustering of B-cell precursors using the 2943 clones in
the experiment set with highest standard variation. Samples from two time points cluster
separately due to differences in technical procedures, whereas the other samples from the
different developmental stages predominantly cluster together. The samples marked as
“OLD” exhibit higher expression levels of NF-«xB target genes.
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5.2 Genetic aberrations and impact on tumor phenotype

Cancer involves activation of proto-oncogenes and loss of tumor suppressor genes. Proto-
oncogenes can be converted to oncogenes by; A) Point mutations in coding sequence leading
to a hyperactive protein, B) Gene amplification leading to overproduction of the protein or C)
Chromosome rearrangements leading to overproduction or a hyperactive fusion protein (87).
Chromosomal translocations are particular common in B-cell lymphoproliferative diseases
(113). By use of the CGH technique recurrent numerical alterations have also been identified
in malignant lymphomas and, in some cases, found to be significantly correlated to clinical
outcome (47;48;114-121). The selection mechanisms, i.e. target genes, for most of these

alterations are at present poorly understood.

5.2.1 Gain of chromosome 18 and BCL2

In paper I we examined numerical alterations of regions of chromosome 18 in NHL. We
defined the minimal common region gained in the tumors negative or positive for the
t(14;18). In lymphomas lacking t(14;18) BCL2 was included in this region in all cases. In
tumors with t(14;18) the 18q gain was more frequent than in t(14;18) negative tumors, but
BCL2 was not included in the minimal common region. Typically the chromosome 18 gain
was caused by one extra der18t(14;18) and did thus not include the BCL2 locus. In some

cases an extra copy of the entire chromosome 18 was gained in t(14;18) positive tumors.

The observed gain of 18q in our material was low-level with the highest copy numbers of
BCL?2 detected being 6 in a tetraploid tumor and 5 in a diploid tumor. Other studies have
found high-level gain of BCL2 in B-NHL more frequently (48;122). The observed gain was,
however, associated with increased BCL2 protein expression. The cases with both t(14;18)
and BCL?2 gain had higher expression of BCL2 than the tumors with t(14;18) only. The latter
cases had higher BCL2 levels than the ones with BCL2 gain only, which again had higher
BCL2 levels than the tumors with no BCL?2 alterations. Increased BCL2 expression probably
confers an oncogenic effect by increasing tumor cell survival. The observed gene dosage
effect on BCL2 expression, although less pronounced than in a previous study (123), suggests

that BCL2 is an important target for the 18q gains that include this locus.

There was a weak, but significant, correlation between expression of BCL2 protein and levels
of spontaneous apoptosis in the tumor cells, but the latter levels were not different in the cases

with both t(14;18) and BCL2 gain, t(14;18), BCL2 gain and no BCL?2 alterations. However,
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levels of spontaneous apoptosis in the normal cells in the t(14;18) positive tumors were higher

than the corresponding tumor cell apoptotic fractions.

In line with a previous study of DLBCLs, gain of BCL2 only was correlated to poor prognosis
(48). However, in our material BCL2 gain had no independent prognostic value, when
assessed together with the prognostic parameters found in an earlier study (47). Our material
was heterogeneous with respect to histological subtypes and this may have contributed to the

discordance in the results of the two studies.

Although the minimal common region of gain of tumors with t(14;18) did not include the
BCL2 locus, it was found to overlap with the consensus gain of tumors without t(14;18). The
overlapping region included PMAIP and MALT1I, proto-oncogens that have been suggested as

candidate targets in lymphomas with chromosome 18 gain (124;125).

To conclude, tumors with 18q gain exhibit phenotypes that in part may be caused by gain of
the BCL2 gene. It is likely that additional genes are important for the selection mechanism

and resulting phenotype.

5.2.2 Gain of 6p and PIM1

In paper II we characterized the gain of genomic material on chromosome 6p in the DLBCL
line U698 (126) as well as in primary non-Hodgkin’s B-cell lymphomas. In U698 cells we
found a narrow (about one mbp), high-level amplification at 6p21.2 that included the
oncogene PIM1 (15-20 copies). The increased DNA content was reflected in high expression
levels of the corresponding mRNA and protein, and these observations suggest that PIM1 is
the target for the amplification. Previously there have been sporadic reports on amplica at
6p21 in a lymphoma cell line as well as in primary tumors (115;116;118;127). Gain of 6p is,
however, a common finding in B-NHL and has been detected in 10% of FL by karyotyping
(128). The incidences found are generally more frequent, up to 25%, when chromosomal or
array CGH techniques are applied on materials of DLBCLs or mantle cell lymphomas (MCL)
(47;48;119;129). Using array CGH and FISH we found 6p gain in 13% of the tumors in our
material and defined the minimal consensus region for gain as 6p22.1-ter. This consensus
region did not include PIM1, which is in line with other studies of DLBCL and MCL
(119;130). By FISH analysis, 10 out of 92 analyzed tumors exhibited increased copy number
of PIM1 relative to the DNA index. The gain was low-level.
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We also analyzed PIM1 copy numbers by FISH in a set of 35 DLBCLs that was independent
from the previously analyzed B-NHL. Genome wide expression data for these tumors were
publicly available (30). On average, the 7 tumors with increased copy number of PIM1
exhibited 20% higher expression levels of PIM1 compared to the ones without gain. This
difference was, however, not significant (95% confidence interval 0.74-1.96, p=0.41). The
observed increase in mRNA expression levels is in agreement with the findings of Pollack et
al. (131). In their study of primary human breast tumors they found that a 2-fold change in
DNA copy number is associated with a corresponding 1.5-fold change in mRNA levels.
Pollack et al. employed cDNA microarray technology to determine the mRNA expression
levels, as was done in paper II, and it has been suggested that this platform underestimates the

expression differences (132).

Increased expression of PIM1 has previously been associated with development of
lymphomas (133-135). The serine/threonine kinase encoded by PIM1 has been shown to
inhibit apoptosis in hematopoietic cells (136-138). The functional role of a moderately
increased PIM1 expression in malignant lymphomas is not clear, but one cannot rule out that
it may confer an anti-apoptotic effect which may influence on the tumor phenotype. However,
as will be discussed in section 5.3, other mechanisms for PIM1 upregulation than mere gain

of PIM1 DNA, seem to be more important.

We have previously demonstrated a negative prognostic effect of 6p gain in the material that
now was subjected to array CGH analysis (47). There was no difference in survival between
the 7 tumors with and the 28 without PIM/ gain in the analyzed DLBCL material. The
prognostic effect of 6p gain has not been confirmed in other recently published lymphoma
studies (48;129;139). The prognostic significance of 6p gain in malignant lymphomas is thus

not clear.

5.3 Dysregulation of the NF-kB pathway in malignant lymphomas

Constitutive active nuclear NF-kB has been found in many types of cancer (140). NF-kB can
suppress apoptosis through induction of numerous anti-apoptotic proteins (141). Through this
mechanism, constitutive active NF-kB may affect response to treatment and clinical outcome

in cancer patients.

Subcellular localization of the NF-kB component c-Rel can be investigated by

immunohistochemistry. Nuclear c-Rel suggests constitutive activation of NF-kB (142).

40



Several NF-kB gene signatures, that include target genes identified by microarray analysis of
manipulated cell lines, have also been defined (88;142-144). Such signatures have been used
to test for NF-«B activity in clinical samples (142). Among the genes included in NF-xB
signatures are BCL2 and PIM1. With regard to malignant lymphomas, NF-xB dysregulation
has been shown in Hodgkin’s disease, ABC like DLBCL and primary mediastinal B-cell
Lymphoma (88;142;143). Moreover, a pathogenetic role for the NF-«xB activation has also

been demonstrated.

In paper II we found no significant difference in mRNA expression of PIM 1 between tumors
with and without gain of the gene. The expression was, however, highly dependent on the
DLBCL subtype and mainly found in ABC like DLBCL, which are characterized by
constitutive activation of the NF-xB pathway (30). Recently it was shown that treatment of
ABC DLBCL cell lines with inhibitors of IkB kinase (IKK) was toxic for the cells and
accompanied by changes in gene expression that included downregulation of PIM1 (88). This
suggests that the high expression levels of PIM1 seen in ABC like DLBCL, at least partly, are

caused by transcriptional activation and dysregulation of the NF-kB pathway.

In paper I we quantified protein expression levels of BCL2, which is a NF-kB target gene, in
B-NHL. The expression levels were shown to be dependent on the BCL2 genotype. Only a
proportion of the B-NHLs in this study were DLBCLs. In this subgroup the protein
expression showed a similar trend as in the whole material with regard to dependency on
BCL?2 genotype. Although we investigated the translocation status, we had no information
regarding DLBCL subtypes; neither did we have any direct information regarding NF-kB
activity in these tumors. The relatively weak correlation between the expression of BCL2 and
levels of spontaneous apoptosis in the tumor cells probably reflects that other mediators
contribute to the regulation of apoptosis in transformed B-cells, possibly dependent on
activation of NF-xB (140). With regard to DLBCLs, BCL2 expression varies between
subgroups as does t(14;18) (145).Interestingly it was recently shown that BCL2 expression
had a significant adverse effect on overall survival within the ABC subgroup. No such effect
was observed in the GCB subgroup (146). The authors suggested increased copy number of
18q and constitutive activation of NF-«kB as alternative mechanisms to t(14;18) for

upregulation of BCL2 (146).

Several genetic mechanisms may account for constitutive activation of NF-kB in malignant

lymphomas (140;143), but interestingly, gain and high expression of the NF-kB component c-
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Rel in malignant lymphomas, does not lead to increased expression of NF-«kB target genes
(30). In paper I we demonstrated that MALT was included in the consensus region of the
frequent gain of 18q in lymphomas. MALTI is the target of t(11;18) in MALT lymphomas.
Both the fusion protein API2/MALT1 and mere increased expression of MALT1 protein can
activate NF-xB through interaction with BCL10 (140;147;148). The increased copy number
of BCL? itself as well as increased expression of MALT1 protein and subsequent activation of
NF-kB could thus mediate the increased expression of BCL2 protein in lymphomas with gain

of 18q.

5.4 The PI3K/Akt pathway:; role in erythroid progenitors and
malignant lymphomas

As introduced in section 2.3.1, various ligand-receptor interactions in non-malignant
hematopoietic cells lead to activation of PI3K. Akt is an important downstream target of the
lipid products of PI3K, and the activity of Akt has profound impact on cell growth,
proliferation and apoptosis in normal hematopoietic cells. Given its physiological role, it is
not surprising that the PI3K/Akt pathway also plays an important role in cancer pathogenesis.
In line with this, it has been shown that Akt is over-expressed or constitutively active in
several cancers (59;149). With regard to malignant lymphomas it was recently shown that
such constitutive activation also contributes to the pathogenesis of mantle cell lymphoma
(MCL), and is accompanied by phosphorylation of several downstream targets of Akt
including BAD and mTOR (150). Furthermore, inhibition of the PI3K/Akt pathway in MCL
cell lines led to cell cycle arrest and apoptosis. The authors suggested that loss of the negative
regulator PTEN, but not activating somatic mutations in the PI3KCA gene, is a possible
mechanism for the observed activation (150). Activation of the PI3K/Akt pathway has also
been shown in other lymphoma types including anaplastic large cell lymphomas and

Hodgkin’s lymphoma (84;151).

Previously, our group and others have demonstrated the critical role of PI3K in Epo mediated
cell cycle progression and differentiation of CD34+ progenitors (66;67;152). In paper III we
showed that activation of Akt is essential in this process. We also investigated how the
activation of this signaling pathway influenced on the expression of cell cycle proteins, and
showed that Epo induced upregulation of cyclins D3, E and A in a PI3K dependent manner,
whereas the protein expression of p27<"" and p21“"" largely were unaffected. The impact of

PI3K/Akt on expression of cyclins and CKI varies from cell type to cell type. In a study of
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erythroid progenitors that represented a later developmental stage than ours, PI3K dependent

SKP2

kil which was mediated by degradation by the E3 ligase SCF**"?, was

downregulation of p27

Kipl
" was also

observed (67). Recently, a role for Akt mediated downregulation of p27
implicated in anaplastic large cell lymphoma and MCL (150;153). However, in another study
Akt transformed keratinocytes did not show alterations of p27Kip ! expression (154). In
conclusion, PI3K/Akt activation invariably promotes cell cycle progression but how this is

achieved at the level of cyclin and CKI expression seems to be context dependent.

In paper III we concluded that the cyclins were not regulated at the transcriptional level. None
of the cyclins that we tested in real time RT-PCR experiments showed significant changes in
response to Epo stimulation. Neither were any cyclins or CKI among the significant changed
genes identified by gene expression profiling. Previous studies have shown that Cyclin D
expression is controlled post-transcriptionally via a PI3K/Akt dependent pathway (155;156).
In ovarian cancer cells upregulation of cyclins at the protein level was mediated by the

downstream target of Akt, mTOR (156).

The PI3K/Akt pathway controls transcriptional regulation by phosphorylation of specific
transcription factors. In this respect it has been shown that members of the Forkhead
transcription factor family are targets of PI3K/Akt in Epo mediated signaling and in
lymphocytes as well as in lymphomas (76;150;157). Upon phosphorylation, these
transcription factors are released to the cytosol and transcription of growth promoting genes
takes place. In paper III we identified novel transcriptional targets of Epo in erythroid
progenitors. KIT (CD117) mRNA as well as protein was up-regulated in response to Epo
treatment. This regulation was dependent on PI3K activity, and interestingly, inhibition of
PI3K in untreated cells also led to reduction in KI/T expression. K/T is down-regulated
(repressed by GATA-1) in later stages of erythroid differentiation, but the levels in CD34+
progenitors are high. c-kit signaling is crucial for survival and proliferation of hematopoietic
progenitors and with respect to this, inactivation of FOXO3 by a PI3K/Akt dependent
pathway has been shown to be essential (158). Thus, the increased expression of K/T and the
corresponding protein in response to PI3K/Akt activity indicates a possible positive feedback
mechanism in cells located in a microenvironment where SCF is abundant, as in the BM, and
in cells where c-kit signaling is constitutive due to K/7 mutations, as in gastrointestinal
stromal tumors (GISTs) and in acute myelogeneous leukemias, AML (159;160). With regard

to this, it was recently shown that treatment of GIST cell lines with the c-kit inhibitor Imatinib
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induced apoptosis, and this effect was mediated via PI3K (161). The role of c-kit expression
in malignant lymphomas is debated. In DLBCL c-kit expression seems to be infrequent (162).
A recent study of MM found c-kit expression in 42% of the patient samples, but treatment

with Imatinib had no effect (163).

Most identified Epo responsive genes in paper III were shown to be regulated in a PI3K
dependent manner. This included the tissue specific genes GYPA (glycophorine A) and 7FRC
(CD71) as well as non-tissue specific genes. However, it is noteworthy that the anti-apoptotic

gene PIM1, as expected, was up-regulated independently of PI3K (164).

Given the role of the PI3K/Akt pathway in cancer pathogenesis, Akt and other molecules in
the regulatory cascade are attractive targets for antitumor therapy. Oral inhibitors of the Akt
downstream target mTOR are already in phase II/III clinical evaluation (57;59). Inhibitors of
Akt itself are also being investigated, but problems with specificity and bioavailability have

so far prevented clinical trials with such components (58).

5.5 BMP-6 signaling in malignant lymphocytes and normal T-cells

It was recently shown that high expression levels of BMP-6 predict poor outcome in DLBCL
(30). BMP-6 expression has also been correlated to adverse outcome in other cancer types,
including prostate cancer (165). Several studies have pointed towards the role of infiltrating
non-tumor cells in malignant lymphomas (166-170). In FL it has been suggested that the
prognosis depends on the gene expression profile of the infiltrating non-tumor cells (40;171).
These observations have raised several questions with regard to BMP-6 signaling in normal
and malignant lymphocytes:

e  Which cells produce BMP-6 in malignant lymphomas?

e [s BMP-6 mRNA translated into protein in lymphocytes?

e  Which cells are targets for BMP-6 in malignant lymphomas?

e What is the functional role of BMP-6 signaling in malignant lymphomas?

e  Which molecular mechanisms mediate the effect of BMP-6 in the target cells?
Several of these questions have been addressed in previous studies of our group (80;172). In

this thesis the focus was on BMP-6 signaling in T-lineage cells.

5.5.1 BMP-6 signaling in malignant lymphocytes

In paper IV we showed that BMP-6 exerted an anti-proliferative effect in the pre-T ALL cell

line Jurkat TAg. This reduction in DNA synthesis is in accordance with previous findings
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concerning BMP effects on malignant lymphoid cells, although others also have demonstrated
apoptosis induction (173). We have recently shown such inhibitory effects on immature as
well as mature B-cells (80;172). Similar effects were also demonstrated for BMP-2, -4, -6 and
-7 in primary isolated human myeloma cells (174;175). In other cellular systems BMPs have
been shown to stimulate tumor growth by directly stimulating the malignant cells (176). Thus,
the effect of BMPs seems to be context dependent. Preliminary data from our group indicate
that the inhibitory effect of BMPs on transformed B-cell lines varies considerably, and seems
to be partly dependent on the cell lines’ expression levels of BMPs. The majority of
investigated lymphoma cell lines showed high expression levels of BMP-7, and they were all
resistant to BMP-7 induced growth inhibition. Fewer of the cell lines expressed detectable
levels of BMP-6, and the resistance to this cytokine was more unpredictable (June Myklebust,
personal communication). On basis of these data one could speculate that high BMP-6 levels
are a marker of loss of BMP sensitivity that potentially could mediate adverse outcome in

malignant lymphomas.

IDI-ID3 are central transcriptional targets of BMP-6 in Jurkat TAg cells as demonstrated by
the microarray data in paper I'V. This was associated with Smad phosphorylation.This finding
is in accordance with others that have demonstrated that BMP induced /D upregulation is
dependent on Smad phosphorylation (177). The functional effect was, at least partly,
dependent on induction of the Id1 protein. Id1 also mediates the effect of BMPs in other
cellular systems. In endothelial cells BMP-6 stimulated migration and tube formation via Id1
upregulation (177). The functional effects of BMP-2 in a lung cancer cell line were also
related to Smadl dependent upregulation of Id1 (176). Id1 and other Id proteins act by
binding to other helixloop-helix, HLH, transcription factors inhibiting their DNA binding
activity. Therefore, the effects of Id proteins are dependent on expression of other HLH
transcription factors. In lymphoid cells E-proteins are crucial targets for Id proteins, which
can modulate these transcription factors in regulating survival, proliferation and
differentiation (178;179). In this respect, loss of E24 and overexpression of /D/ and /D3 have
been shown to suppress T-cell development (180-182). Importantly, the effect of Id proteins
is different in other cellular systems. Id1 seems to play a role in tumorigenesis and has been
found to be over-expressed in several cancer types where it frequently is associated with poor
outcome (183-185). The role of Id proteins in B-NHL is largely unexplored, but Id1 has been
suggested to play a role in MM (186). Enforced expression of Id1 or Id2 in T-cell progenitors
also results in lymphomagenesis (178;187).
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In paper 1V, NFKBIA, the gene encoding IkBa, was identified by the microarray analysis as a
transcriptional target for BMP-6 in Jurkat TAg. IxBa is a negative regulator of the critical
transcription factor NF-kB and functions by sequestering NF-kB in the cytoplasm (85;86). It
has previously been shown that increased transcription of IkBa opposes NF-«xB activity in a
B-cell line (188). As discussed in section 5.3, dysregulation of NF-«xB activity is an important
feature of subgroups of B-NHL. Whether BMP-6 also promotes such activity in lymphoma
cells is not known, but it is noteworthy that high BMP-6 expression is correlated to the ABC
like DLBCL phenotype, in which NF-«xB target genes are highly expressed (30).

The physiological effects of BMPs are regulated also by extracellular antagonists that can
block BMP-receptor binding. With regard to cancer biology, it was recently shown that one
such antagonist, gremlin 1, was expressed by non malignant stromal cells in tumors where the
malignant cells had high BMP expression. Moreover, expression of gremlin 1 promoted self-
renewal of the tumor cells, inhibiting the differentiation signals from BMP (189). In paper IV
we showed that the gene that encodes noggin (NOG), another extracellular BMP antagonist,
was a transcriptional target for BMP-6 in Jurkat TAg cells. BMP-6 also induced expression of
noggin protein in rat osteoblasts (190). Induction of NOG and SMADG6 represents negative
feedback mechanisms of BMP-6 signaling. These molecules are thus potential targets for
manipulation of BMP-6 signaling in vivo. Whether noggin protein is expressed in malignant
lymphomas, either by the tumor cells or by the non-malignant infiltrating cells, remains to be

tested.

5.5.2 BMP-6 signaling in normal T-cells

Recent studies have reported physiological effects of BMPs in hematopoietic stem cells,
normal B-progenitors and mature B cells (80;172;191). Less is known regarding possible
effects of BMPs in T-lineage cells, although a role of BMPs have been implicated in
thymopoiesis (192-194).

In paper IV we investigated the role of BMP-6 in mature human T-cells. In contrast to the
effect on normal B-progenitors and mature B-cells, BMP-6 did not affect DNA synthesis in
PHA- or anti-CD3/anti-CD28 activated CD4+ T cells as determined by 3HT incorporating
assays. Neither did BMP-6 promote the generation of CD25+CD4+ regulatory T-cells as
determined by expression of the transcription factor FOXP3 in real time RT-PCR assays.
However, BMP-6 significantly inhibited the differentiation into IL-4 producing Th2 effector

cells from naive precursors. This inhibitory effect of BMP-6 was somewhat weaker than that
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of TGF-B. BMP-6 stimulation led to a rapid phosphorylation of Smad1/5/8 in CD4+ T-cells
and /D1-3 were identified as transcriptional targets. This is in line with findings in B-lineage
cells and in Jurkat TAg cells. The role of Id proteins in mediating the inhibitory effect in
CD4+ T cells is, however, elusive as no changes in the expression of Id proteins was detected
upon BMP-6 stimulation. This could be due to sensitivity problems of the immunoblot assay.
With respect to receptor expression, it is noteworthy that CD4+ T cells constitute a
heterogeneous population with the expression of the BMP receptors Alk-3 and BMPRII

confined to smaller subpopulations.

Other molecular mechanisms than Id protein mediated inhibition of HLH transcription factors
could, however, account for the inhibitory effect of BMP-6 on Th2 differentiation. GATA-3 is
the crucial transcription factor for Th2 differentiation. It has been shown that TGF-f directly
inhibits the expression of GATA3 in T-cells (195). Further, NF-xB activity is also important
for proper induction of GATA3 expression. It has been shown that inhibition of NF-xB
activity could prevent expression of this transcription factor and the resulting Th2 cytokine
production in developing Th2 cells (196). In paper IV we did not identify GATA3 as an
immediate transcriptional target of BMP-6 in Jurkat TAg, but interestingly, the NF-«xB
inhibitor NFKBIA (IkBa) was identified as an up-regulated gene in the microarray analysis.
One could therefore speculate that the inhibitory effect of BMP-6 in CD4+ T-cells on Th2
differentiation is mediated via an upregulation of NFKBIA and subsequent reduction in NF-

kB activity and GATA-3 expression.

The inhibition of Th2 differentiation of naive CD4+ T-cells induced by BMP-6 argues for an
immunomodulatory role of this cytokine on T-cells. This could be of importance with regard
to anti tumor immune responses. Data on how the Th1/Th2 balance affects lymphoma risk are
not consistent. In clinical settings with generally reduced Th1 activity, such as HIV infection,
use of TNF-a inhibitors or other immunosuppressive agents, an increase in NHL incidence is
observed (197). Epidemiological studies of non-immune deficient people indicate, however,
that persistence of a Th2 dominated immune response, as in patients with atopic diseases, is
associated with reduced risk of NHL (198). In a recent study an impaired differentiation to
effector T-cells was found in patients with B-cell NHL (199). The tumor infiltrating
lymphocytes in this study were predominantly found to be of an immature phenotype. A
potential immunoregulatory role of BMP-6 in T cells with implications for lymphoid

malignancies will be a subject for future investigations.
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6 Conclusions

e Array CGH with genomic BAC clones can detect numeric genomic alterations with
high sensitivity and resolution, thus it is a powerful tool for establishing consensus
regions for common gains and losses in malignant lymphomas.

e Whole or partial gains of chromosome 18 are common in B-NHL. In lymphomas with
t(14;18) the consensus 18q gain did not include BCL2. In lymphomas lacking t(14;18)
the gain was centered around 18q21, including the BCL2.

e Low-level gain of BCL2 led to elevated expression of the corresponding protein.
t(14;18) and, to a lesser extent, gain of BCL2 of the tumor cells was associated with
increased normal cell apoptotic fraction, compared to the normal cell apoptotic
fractions of tumors with no BCL?2 alterations.

e The consensus region in lymphomas with 6p gain was 6p22.1-pter, not including the
PIM1 locus. PIM1 expression in DLBCL was correlated to the ABC like subtype, and
was not dependent on copy number.

e In CD34+ progenitor cells, Epo alone was able to induce cell cycle progression, and
this effect was dependent on PI3K activity. Enforced expression of an activated form
of Akt kinase highly augmented Epo induced erythropoiesis.

e The majority of Epo target genes, identified by microarray analysis, were regulated in
a PI3K dependent manner, including KIT (CD117) and CDH1 (E-cadherin).

e A functional BMP signaling pathway was present in human T-cells and the
transcriptional response to BMP-6 stimulation included potent upregulation of ID1,
ID2 and ID3. 1d1 and Id3 were also induced at the protein level in Jurkat TAg cells.

e Stimulation with BMP-6 exerted an antiproliferative effect in Jurkat TAg that was
counteracted by /D7 siRNA.

e In CD4+ T-cells, BMP-6 significantly inhibited the differentiation into IL-4 producing

effector cells from naive precursors albeit less potently than TGF-f.
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7 Perspectives

Genome wide expression profiling has proven valuable for characterization of signaling
pathways. Technical development in array based technologies will provide the scientific
community with better tools for high-throughput analyses at the DNA, RNA and protein
levels. At the RNA level arrays with transcript specific probes will be useful in analysis of
mRNA splicing in gene regulation. Small miRNA arrays are already in use, and more
comprehensive arrays will be interesting tools for analysis of the role of miRNA in normal
hematopoietic cells as well as in lymphomas. Tiling path BAC clone arrays are already
available for the analysis of copy number changes at the DNA level as are arrays for analysis
of single nucleotide polymorphisms and high-throughput mutation detection. The expanded
possibilities to analyze biological samples in a genome wide manner are challenging with
regard to planning of experiments and organization of studies. With regard to profiling of
lymphomas international cooperation is probably necessary to secure sample sets that are

sufficiently large.

The combined use of technologies on the same samples is appealing. A dataset with
information on copy number changes and expression profiles for a large set of lymphomas
could serve several purposes. First, it could be used to identify novel oncogenes and tumor
suppressor genes. Second, with such data it would also be possible to determine to what
extent the expression of a given gene is dependent on gene copy number, or is regulated by
unrelated mechanisms. Third, one could also identify the copy number alterations associated

with constitutive activation of given signaling pathways, defined by gene signatures.

In this study we showed that BMP-6 may have an immunomodulatory role in T-cells. This
finding combined with the recognized role of BMP-6 as a negative prognostic factor in
DLBCL warrants further exploration of BMP-6 signaling in lymphomas. In characterizing
both the tumor cells and the infiltrating non-malignant cells with respect to BMP-6 production

and effects, use of microarray based technologies will be valuable.
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Translocation t(14;18) and gain of chromosome 18/BCL2: effects on BCL2 expression
and apoptosis in B-cell non-Hodgkin’s lymphomas
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Gain of chromosome 18q and translocation t(14;18) are]
frequently found in B-cell non-Hodgkin’s lymphomas (B-NHL).
Increased BCL2 transcription and BCL2 protein expression
have been suggested to be the result of the gain. We utilized
FISH, PCR and array CGH to study BCL2 and chromosome 18
copy humber changes and rearrangements in 93 cases of B-
NHL. BCL2 protein was expressed in >75% of the tumor cells in
92% of the cases by immunohistochemistry. Gain of BCL2 was
associated with a 25% increase in BCL2 expression levels
(immunoblotting), whereas t(14;18) resulted in a 55% increase
in BCL2 levels compared to cases without BCL2 alterations.
The tumor cell (spontaneous) apoptotic fractions were similar
for the cases with different BCL2 genotypes. However, the
normal cell apoptotic fractions were higher for the tumors with
t(14;18) compared to the tumors without BCL2 alterations, while
the tumors with gain of BCL2 only showed intermediate levels.
Low-level gains of parts of chromosome 18 were found in 14 of
the 38 B-NHL cases with t(14;18), with a consensus region
18pter-q21.33 that did not include the BCL2 gene. The 11 cases
with 18q gain only showed a consensus region encompassing
18921.2-18¢21.32 and 18g21.33, which contain PMAIP1/MALT1
and BCL2, respectively.

Leukemia (2005) 19, 2313-2323. doi:10.1038/sj.leu.2403954;
published online 29 September 2005

Keywords: B-cell non-Hodgkin’s lymphoma; translocation t(14;18);
chromosome 18 gain; BCL2; apoptosis

Introduction

Translocation of the BCL2 gene (18q21.3) to the IGH transcrip-
tional enhancer, as a result of the t(14;18)(q32;q21), causes
constitutive overexpression of the antiapoptotic BCL2 protein.'
Translocation t(14;18) is the primary tumorigenic event in most
follicular lymphomas (FL) and some diffuse large B-cell
lymphomas (DLBCL).>™* Increased BCL2 levels confer extended
survival to B-cells, and may thus cause accumulation of cells
likely to be targets for additional oncogenic events and
transformation.>®

Gain of chromosome 18 material has been detected
frequently in non-Hodgkin’s lymphomas (NHL), lymphomas
with t(14;18) included.””'® It has been suggested that BCL2
could be the target gene in the DLBCL cases with gain of
18q.""2% BCL2 protein expression was enhanced in the tumors
with either t(14;18) or BCL2 amplification; the latter two
aberrations appeared to be exclusive.'” This is in agreement
with the study of Horsman et alV’ showing that der(18)t(14;18),
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not containing the BCL2 coding sequences, was frequently
gained in FL cases with BCL2 rearrangement. In contrast, the
BCL2 gene was found to be included in the 18q amplica in
lymphomas with t(14;18).2" The proto-oncogene MALTI, also
involved in the t(11;18)(q21;921) translocation,?? is another
possible target in some B-cell non-Hodgkin’s lymphomas
(B-NHL) with 18¢21 gain.?® The expression of PMAIPT at locus
18q21.3 was upregulated in transformed FL with 18¢21 gain,*'
as well as in some cases of DLBCL.?

We have studied the impact of BCL2 genotypes on
phenotypes such as BCL2 expression, apoptosis, proliferation
and survival in 93 cases of B-NHL. Copy number alterations on
chromosome 18 were also assessed by array CGH and FISH.

Patients and methods
Tumor samples

Cell suspensions in DMSO prepared from 93 individual lymph
node biopsies, histologically and immunologically typed as
B-NHL, were included in this study. Preparation of the cell-
suspensions, as well as the clinical characteristics and treatment
of the patients, has been described in previous studies.'>?%>*
Table 1 gives the classification of lymphomas according to
WHO, as well as previously published data for gains and losses
of chromosome 18 by conventional CGH, DNA index and
malignant/normal cell apoptotic fractions.'>**

Detection of t(14;18) by conventional
and long-range PCR

The oligonucleotide primer for the 150-bp MBR was 5'-AAC
TCT GTG GCA TTA TTG-3' and for the mer 5'-GAC TCC TTT
ACG TGC TGG TAC-3'. The primers were combined with a
consensus /GH joining region primer: 5'-ACC TGA GGA GAC
GGT GAC C-3' in the conventional PCR experiments. Long-
range PCR, as described by Akasaka et al,*® was applied to
detect translocations outside the MBR and mcr as well. A primer
hybridizing to a sequence 5" of the MBR (5'-CAC AAG TGA
AGT CAA CAT GCC TGC CCC AAA CAA AT-3) was used
together with a primer specific for the Ex region in the IGH gene
(5’-CTA GGC CAG TCC TGC TGA CGC CGC ATC GGT GAT
TC-3') for the detection of translocations with breakpoints in the
MBR and 3’-MBR. 5’-mcr and mcr translocations were detected
with a primer recognizing a sequence approximately 9.5 kbp
5" of the mer (5'-GGT AGA GGT GAA TAC CCC AGG GCT
GAG CAG GAA GG-3') and the Eu-primer as above. Cases with
MBR or mcr translocations only detectable by long-range PCR,
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Table 1 BCL2 genotypes and phenotypes in 93 cases of B-NHL
Case Lymphoma DNA CGH gain PCR FISH IHC®  IB° Apoptosis®
subtype index? Chr. 18%  1(14;18) BCL2 BCL2
(WHO) —_—
#red  #fusion # blue BCL2 Tumor  Normal
signals red/green signals  copy # cells cells
signals  (cen 18 (derived)®
copy #)

t(14,18) positive
377/83 FL I/ 1.00 No 3-MBR 3 2 2 2 >75 1.69 0.2 0.6
364/86 FL I/I+SLL 1.02 18pter-g21 MBR 4 3 3 2 >75 1.88 1.8 2.7
369/86 FL I 1.02 No mcr 3 2 2 2 1.15 1.4 21
021/87 FL I/ 1.00 18pter-g21.1  MBR 4 3 3 2 >75 1.66 0.6 2.0
241/87 FL /1l 1.02 No mcr 3 2 2 2 >75 1.00 1.3 4.0
345/87 FL I 1.00 189 MBR 4 2 3 3 >75 1.38 0.4 0.4
018/88 FL I 1.00 No mcr 3 2 >75 1.10 2.2 2.0
041/88 FL I 1.03 18g12.3—gter MBR 4 2 3 3 >75 1.42 0.9 1.9
046/88 FL I 0.97 No MBR 3 2 2 2 >75 1.37 0.3
047/88 FL /1l 1.00 No 5-mer 3 2 2 2 1.29 0.7 1.6
176/88 FL I 1.04 18g12-g22  MBR 4 3 3 2 >75 1.66 0.3 1.6
233/88 FL I 1.00 No MBR 3 2 2 2 1.42 0.6 18.8
275/88 FL /1l 1.00 No MBR 3 2 2 2 >75 1.32 3.4 1.5
284/88 FL I 1.02 No MBR 3 2 2 2 >75 1.29 2.2 2.5
381/88 FL I 1.03 18 mcr 4 2 3 3 >75 3.4 4.5
399/88 FL NI 1.00 No MBR 3 2 2 2 >75 0.91 2.5 2.0
468/88 FL I 1.00 No MBR 3 2 2 2 0 0.59 2.2 2.1
064/89 FL I 1.26 No MBR 5 4 3 3 >75 1.45 0.9 1.1
287/89 FL I 1.03 No MBR 3 2 2 2 >75 0.84 0.5 20.0
311/89 FLII 1.05 No MBR 3 2 2 2 >75 1.36 0.8
521/89 FL I 1.00 No 5-mer 3 2 2 2 >75 1.07 0.3 0.7
140/90 FL I 1.03 18 MBR >75 1.19 0.8 4.0
372/90 FL I 1.07 No 3-MBR 3 2 2 2 >75 0.68 3.3 3.2
377/90 FL I 1.06 No 5-mer 3 2 2 2 >75 0.74 3.5 1.2
416/90 FL I 1.00 No 3-MBR 3 2 2 2 >75 0.98 2.7 5.4
581/90 FLII 1.22 18g12.3-g21 5-mcr 4 3 3 2 >75 1.19 1.8 1.2
635/90 FL /1l 1.00 No 3-MBR 3 2 2 2 1.18 0.8 6.4
382/91 FL I 1.02 No MBR 3 2 2 2 0 0.38 0.6 15.4
436/91 FLII 1.04 18,18pter— MBR 5 4 4 2 >75 1.54 1.3 12.4

q21

489/91 FL I/ 1.03 No 0 3 2 2 2 >75 1.30 1.6 8.0
021/92 FL I 1.02 No MBR 3 2 2 2 >75 0.87 2.8 1.2
103/92 FL I 1.00 No MBR 3 2 2 2 >75 1.20 0.5 4.1
130/92 FL I/ 1.03 18pter—g21 MBR 5 3 4 3 >75 214 3.3 5.7
287/88 DLBCL 1.00 18cen—-g22 mcr 4 3 3 2 >75 1.46
454/88 DLBCL 1.02 No mcr 3 2 2 2 >75 1.12 0.9 0.5
34/90 DLBCL+SLL 1.16 No 3-MBR 3 0 3 3 >75 222 1.2 2.3
472/90 DLBCL 1.16 18pter-g21 MBR 4 3 3 2 >75 1.33 0.2 2.3
340/91 DLBCL 1.03 No MBR 3 2 2 2 >75 1.30 0.0 1.8

BCL2 gain only
051/90 SLL 1.05 18qg12.3—qter 0 4 0 2 4 >75 1.09 0.8 0.6
154/88 MCL 0.95 No 0 3 0 2 3 >75 0.1 1.0
265/88 MCL 1.00 18q12-qgter 0 3 0 3 3 >75 1.14 0.4 4.9
309/89 MCL 1.83 No 0 4 0 4 4 >75 0.89 0.5 0.4
383/91 MCL 0.97 No 0 3 0 2 3 >75 0.75 8.0 1.8
122/84 DLBCL 1.23 No 0 3 0 3 3 >75 1.00 2.5 1.9
255/85 DLBCL 1.04 18g21-qgter 0 3 0 3 3 >75 1.09 0.6 0.2
131/89 DLBCL 2.23 18 0 6 0 5 6 >75 1.02 0.9 0.8
525/89 DLBCL 1.07 18g21-qgter 0 3 0 2 3 >75 0.49 3.0 3.7
050/93 DLBCL 1.00 No 0 5 0 2 5 1.25 1.4 3.7
448/91 MZL 1.05 18 0 3 0 3 3 >75 1.02 0.2 0.5
8/92 Unclass. 1.00 18 0 3 0 3 3 0.72 3.1 2.8

No BCL2 alterations
577/90 FL I 1.97 No 0 4 0 4 4 515 0.24 7.6 7.6
533/91 FL I 1.00 No 0 2 0 2 >75 0.64 1.8 1.3
300/92 FL I 1.00 No 0 2 0 2 2 >75 0.74 8.8 0.9
140/83 SLL 1.00 No 0 2 0 2 >75 0.97 2.1 0.5
086/85 SLL 1.00 No 0 2 0 2 >75 1.07 1.5 0.6
320/88 SLL 1.00 No 0 2 0 2 >75 0.81 0.7 0.7
325/88 SLL 1.00 No 0 2 0 2 >75 1.31 0.8 0.4
416/88 SLL 1.08 No 0 2 0 2 >75 0.74 0.2 0.1
470/88 SLL 1.02 No 0 >75 0.88 3.4 1.6
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Table 1 Continued
Case Lymphoma DNA CGH gain PCR FISH IHC®  IB® Apoptosis®
subtype index? Chr. 182 t(14;18) BCL2 BCL2
(WHO)
#red  #fusion # blue BCL2 Tumor  Normal
signals red/green signals  copy # cells cells
signals  (cen 18 (derived)®
copy #)

191/89 SLL 1.02 No 0 2 0 2 >75 0.79 0.2
339/89 SLL 1.00 No 0 2 0 2 >75 0.77 1.1 2.1
445/89 SLL 1.02 No 0 2 0 2 >75 0.64 1.3 2.9
452/89 SLL 1.00 No 0 2 0 2 2 >75 1.08 0.4 0.3
159/90 SLL 1.04 No 0 2 0 2 0.71 1.1 1.9
571/90 SLL 1.00 No 0 2 0 2 >75 0.50 0.7 0.3
156/91 SLL 1.00 No 0 2 0 2 >75 0.70 0.4 2.1
244/91 SLL 1.00 No 0 2 0 2 1.00 1.2 0.3
462/91 SLL 1.00 No 0 2 0 2 >75 0.80 0.5 0.9
225/92 SLL 1.03 No 0 2 0 2 >75 0.63 0.0 0.0
315/92 SLL 1.00 No 0 2 0 2 2 >75 1.16 0.3
538/92 SLL 1.00 No 0 2 0 2 2 >75 0.75 6.5 1.9
123/84 MCL 1.04 No 0 2 0 2 2 >75 1.00 0.7 8.7
358/87 MCL 1.94 No 0 4 0 4 4 >75 0.90 1.2 2.8
010/89 MCL 1.00 No 0 2 0 2 >75 0.69 2.7 14.4
129/89 MCL 1.02 No 0 2 0 2 >75 0.82 1.5 1.2
428/91 MCL 2.00 No 0 4 0 4 4 >75 0.98 0.4 0.3
037/92 MCL 1.00 No 0 2 0 2 >75 0.96 7.2 8.7
067/92 MCL 0.98 No 0 2 0 2 >75 0.95 8.4 6.0
245/92 MCL 1.03 No 0 2 0 2 2 >75 1.05 0.3 0.0
377/87 DLBCL 1.08 No 0 2 0 2 >75 0.58 0.9 3.5
399/87 DLBCL 1.06 No 0 2 0 2 >75 0.46 3.8 1.9
258/88 DLBCL 1.07 No 0 2 0 2 >75 0.52 2.6 1.3
438/89 DLBCL 1.00 No 0 2 0 2 >75 0.45 3.2 2.2
612/90 DLBCL 1.04 No 0 2 0 2 15_75 0.39 0.7 2.0
070/92 DLBCL 1.01 No 0 2 0 2 15_75 0.61 1.5 0.5
117/92 DLBCL 1.00 No 0 2 0 2 2 >75 0.89 0.8
277/89 BL 1.04 No 0 2 0 2 2 5-15 0.14 6.7 15.3
458/88 BL-like 1.08 No 0 2 0 2 2 >75 0.98 1.6 9.1
42/92 BL-like 1.03 No 0 2 0 2 2 >75 0.25 21.5 4.9
315/88 MZL 1.00 No 0 2 0 2 >75 0.95 0.5 0.3
237/91 MzL 1.00 No 0 2 0 2 >75 0.87 0.5 0.0
214/88 Unclass 1.00 No 0 2 0 2 >75 0.63 2.9 2.4

Loss of BCL2:
390/87 DLBCL 1.00 Loss 18q 0 1 0 2 1 0 0.31 7.7 2.2

Bold indicates high-level gain.

aThe DNA indices (by flow cytometry) and conventional CGH results for these cases have been published.'®

BIHC =immunohistochemistry; IB =immunoblotting.
°The data for apoptosis were published previously.?*

%The BCL2 copy number was derived as described in ‘Patients and methods’.

and not by conventional PCR, were assumed to have break-
points in the 3’-MBR or 5'-mcr, respectively. As a control for
DNA integrity, a 10560 bp germline sequence 5’ of the mcr was
amplified employing the primers 5-GCG GCT ATT GAG CAC
TGA AAT GTG ACT GAA ATG AC-3’ and 5-CAT CCA ACT
GGC TTA GGA GGC AAG ACA GAA ACC TT-3".

Translocation t(14,18) and BCL2/MALT1/PMAIP1/
centromere 18 copy number analysis by FISH

A dual-color translocation probe (LSl IGH Spectrum Green/LSlI
BCL2 Spectrum Orange) from Vysis (Downers Grove, IL, USA)
was hybridized as previously described?”?® to detect t(14;18)
and BCL2 copy number. This probe set yields red (BCL2 locus)
and green (IGH locus) signals. The red and green signals are split
and the two colors are colocalized if a translocation event has

occurred. The BCL2 probe covers the BCL2 gene and extends
approximately 250kbp 5’ as well as 3’ of the gene (http://
www.vysis.com/ProbeMap_5235.asp). A blue fluorescent centro-
mere 18 probe (CEP 18 Spectrum Aqua, VYSIS) was cohy-
bridized with the t(14;18) probe set. The numbers of total
red, cohybridized red/green and blue signals were assessed
in a correlated manner.?” der(14)t(14;18), and not the
der(18)t(14;18), contains the BCL2 coding sequences in the
cases with breakpoints 3’ of the BCL2 coding sequences
(assuming no other complicated rearrangements). The number
of fusion signals was assumed to represent the total number of
derivative chromosomes, while the number of blue centromere
18 signals was used to assess the total number of chromosome
18 and der(18)t(14;18). If there are no local amplica including
the BCL2 gene, an assumption that will be discussed in ‘Results
and discussion’, the number of BCL2 coding sequence copies in
the cases with t(14;18) can be calculated as follows: #BCL2
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coding sequences =2 x #red signals —#red/green fusion signals
—#cen 18 signals.

FISH was also applied to examine the copy numbers of sequen-
ces corresponding to the RP11-108P20 (MALT1), RP11-103A19
(PMAIP1), RP11-46D1, RP11-563B11 and RP11-154H12 clones
on chromosome 18, as well as the RP11-12F16 clone covering
PAC820M16 at the telomere of chromosome 14 (BACPAC
Resources, Oakland, CA, USA). The DNA was isolated, nick
translated and labelled with Cy3-dUTP (Amersham Biosciences,
Buckinghamshire, UK).> Hybridization was performed with
40ng of labelled probe and 1pug Cot-1 DNA (Invitrogen,
Carlsbad, CA, USA) in 10 ul 50% formamide, 2 x SSC, 10%
dextran sulfate.

Chromosome 18 copy number alterations examined
by array CGH

The genomic microarrays printed covered the human genome at
~1mbp resolution, and contained 77 BAC (RPCI-11 library®°)
and one PAC clone for chromosome 18 (Wellcome Trust Sanger
Institute, Cambridge, UK). The localization of each clone was
obtained from Ensembl. DNA isolation, amplification by DOP-
PCR and preparation of microarrays were carried out as
described previously.®' The PCR products were arrayed in
quadruplicate onto amine-binding slides (CodeLink, Amersham
Biosciences). Two sets of duplicate spots were printed in
separate areas of the array.

Sequence-verified human cDNA clones (approximately
40000 clones) were purchased from Invitrogen. The cDNAs
were amplified by PCR, purified, resuspended in 3 x SSC and
printed onto two Corning Gamma Amino Propyl Silane (GAPS)
slides (Corning, NY, NY, USA) with each of the two slides
consisting of 20 000 cDNA clones. The chromosomal position of
the printed cDNAs was determined by BLAT analysis of the
UCSC human genome browser (http://genome.ucsc.edu/).

DNA (1.5 ug) was digested, purified and labelled with Cy3-
dCTP or Cy5-dCTP (Perkin Elmer, Boston, MA, USA) as
described previously.’’ Labelled tumor and sex-matched
reference DNA were combined and ethanol precipitated
together with 135ug human Cot-1 DNA. The DNA and
400 ug yeast tRNA (Invitrogen) was dissolved in 108 ul 50%
formamide, 10% dextran sulfate, 4% SDS, 2 xSSC and
denatured for 10min at 70°C. Hybridization (48h at 37°C)
and washing was performed in an automated hybridization
station, GeneTAC (Genomic Solutions/Perkin-Elmer).

Microarrays were scanned using an Agilent G2565BA scanner
(Agilent Technologies, Palo Alto, CA, USA). The spots were
segmented, local background was subtracted, and the fluores-
cence intensities and the intensity ratio of the two dyes were
calculated for each spot. Further data processing, including
filtering and normalization, was carried out using M-CGH, a
MATLAB toolbox specifically designed for this purpose.®

BCL2 protein analysis by immunohistochemistry (IHC)
and immunoblotting (IB)

The protocols for IHC and IB, and the interpretation and
evaluation of the data, have been described in detail.2>28:33:34
The anti-BCL2 antiserum C-15 (Santa Cruz Biotech, Santa Cruz,
CA, USA) and a monoclonal anti-BCL2 antibody kindly
provided by DY Mason (Oxford, UK) were used for IHC and
IB, respectively.

Leukemia

Results and discussion
BCL2 genotype

PCR and long-range PCR were used to detect and charac-
terize the translocation t(14;18) involving the BCL2 and IGH
loci (Figure 1a, Table 1). t(14;18) was found by PCR in 32
of 36 FL and in five of 18 DLBCL (Table 1). The BCL2
breakpoints were within the MBR in 22 cases (59%) and
within the mcr in six (16%) cases, that is, t(14;18) was also
detected by standard PCR in these cases (standard PCR data not
shown). The breakpoints in the remaining nine cases were
distributed between these regions (3’-MBR, 5’-mcr) (Table 1).
The t(14;18) translocations were also assessed by FISH
(Figure 1b, Table 1). BCL2 rearrangement results by PCR/
long-range PCR and FISH showed concordance with the
exception of two cases (Table 1; cases 489/91 and 34/90).
Case 489/91 may have a t(14;18) involving the 5’ region of
BCL2, which will not be found by PCR with the primers
employed in this work. Case 34/90 may have a more complex
rearrangement, with, for example, insertion of a short fragment
of the IGH gene containing the Eu enhancer between the MBR
and the mcr.

The BCL2 coding sequence copy number was derived
from the FISH counts as described in ‘Patients and methods’.
Eight of the lymphomas with a translocation t(14;18) involving
the BCL2 locus had increased numbers of red signals (>3) and
red/green signals (>2) compared to the majority of the cases
with t(14;18) (Table 1; cases: 364/86, 21/87, 176/88, 287/88,
472/90, 581/90, 436/91, 130/92). However, in seven of
these eight cases (excluding case 130/92), the number of
centromere 18 signals was increased correspondingly (Table 1),
indicating that der(18)t(14;18), and not der(14)t(14;18)
containing the BCL2 coding sequence, was gained (Figure 1b,
case 21/87). Case 130/92 may additionally have gained an
extra-chromosome 18. Three cases with t(14;18) (345/87,
41/88, 381/88) had four red and three blue signals, but only
two red/green fusion signals, indicating that an extra copy of
chromosome 18 was gained. Case 64/89 had a DNA
index of 1.26, and by FISH this case had 5 red signals, four
fusion signals and 3 centromere 18 signals. This result can be
due to gain of both the translocation-derived chromosomes.
Case 489/91 was suggested to have a t(14;18) 5 of the BCL2
gene from the PCR and FISH results, and the BCL2 coding
sequences are found on der(18)t(14;18). However, this case
showed the expected pattern for a balanced translocation (three
red, two red/green and two blue), and the BCL2 copy number
was therefore 2.

In the cases without t(14;18), the number of red spots
in the FISH experiments gives the BCL2 copy number directly.
Of 55 lymphoma cases, 12 without t(14;18) had gain of
BCL2 and/or chromosome 18 (five DLBCL, four MCL, one
SLL, one MZL, and 1 unclassified B-NHL; Table 1, Figure 1b:
case 265/88). Hence, BCL2 was gained in the seven tumors
without BCL2 translocation that displayed 18q gain by conven-
tional CGH, as well as in five others (122/84, 154/88,
309/89, 383/91, 50/93). The near-tetraploid cases 577/90,
358/87 and 428/91, which had no gain of chromosome 18 by
conventional CGH, had four BCL2/centromere 18 copies
(Table 1). The latter cases with no relative gain of BCL2
compared to the DNA index were not included in the group
with gain of BCL2. The suggested composition and number of
chromosome 18 derived chromosomes will be discussed in
more detail after presentation of the array CGH results (Figure 4,
Table 2).
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364/86

(Normal cell)

Figure 1

BCL2 genotypes in B-cell NHL. (a) Long-range PCR was applied for the detection of t(14;18) translocations. PCR was performed with

primers for t(14;18) with breakpoints on chromosome 18 within and 3’ of the major breakpoint cluster region (Ma), or within and 5’ of the minor
breakpoint cluster region (Mi). The reverse primer was in the Eu region of the IGH gene. The germline product (GL) of length 10560bp was
amplified with primers for a sequence located in the 3’-MBR region. (b) Detection of t(14,18) and BCL2/centromere 18 copy number by FISH. The
BCL2 probe was labelled in red, the IGH probe in green and the centromere 18 probe in blue. The upper panels show centromere 18 (blue) and
background nuclear fluorescence (green), while the lower panels show BCL2 (red) and IGH (green) for the same fields as shown in the upper

panels. Arrows indicate colocalization (translocation).

BCL2 protein levels and dependence on BCL2 genotype

IHC showed that more than 75% of the tumor cells expressed
BCL2 in 79 of 86 tumors examined (Table 1). Hence, BCL2
expression is a property of the tumor cells in almost all B-NHL.
IB could be used to assess the expression levels of BCL2
(Figure 2a, Table 1), because of the high fraction of tumor cells
in the samples (mean: 75%)."” The cases with both t(14;18) and
BCL2 gain had higher expression of BCL2 (mean: 1.63 relative to
p83) than the tumors with t(14;18) only (mean: 1.19; P=0.008).
The latter cases had higher BCL2 levels than the ones with BCL2
gain only (mean: 0.96;, P=0.05), which again had higher BCL2

levels than the tumors with no BCL2 alterations (mean: 0.77;
P=0.03; Figure 2b). Case 390/87 with loss of one BCL2 allele
was excluded from this analysis. Hence, gain of BCL2, in most
cases one extra copy, was associated with a 25% increase in
BCL2 expression compared to the cases without BCL2 altera-
tions, whereas t(14;18) caused a 55% increase in BCL2
expression. There was no difference in the expression of BCL2
for the different translocation regions (P=0.70). The expression
levels of BCL2 were also compared in 17 cases of DLBCL. Case
34/90 had both t(14;18) and gain of BCL2, four cases showed
t(14;18) only, five cases carried BCL2 gain and seven cases had
no BCL2 alteration. The mean BCL2 protein levels in these
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Table 2 BAC array and FISH results for the 27 NHL cases with gains on chromosome 18
Case Lymphoma DNA BAC array CGH FISH Suggested number of chromosome 18 and derivatives
subtype index
(WHO)
Chromosome 18 Chr14 gter gain cen 18 MALTT  PMAIP1 BCL2
gain (loss) (pac820m16) copy # copy # copy # copy #
t(14,18) positive
364/86 FL I/I+SLL 1.02  pter-ba215a20 + 3 3 3 2 1 x 18+1 x der(14)t(14;18)+2 x der(18)t(14;18)
021/87 FL 1/ 1.00  pter—ba215a20 - 3 3 3 2 1 x 18+1 x der(14)t(14;18)+2 x der(18)t(14;18)
345/87 FL I 1.00  pter—qter — 3 3 3 3 2 x 18+1 x der(14)t(14;18)+1 x der(18)t(14;18)
041/88 FL I 1.08  pter—qgter + 3 3 3 3 2 x 18+1 x der(14)t(14;18)+1 x der(18)t(14;18)
176/88 FL I 1.04  pter-ba215a20 + 3 3 3 2 1 x 18+1 x der(14)t(14;18)+2 x der(18)t(14;18)
381/88 FL I 1.08  pter—qter — 3 3 3 3 2 x 18+1 x der(14)t(14;18)+1 x der(18)t(14;18)
064/89 FL I 1.26  pter—qgter — 3 3 3 3 1 x 18+2 x der(14)t(14;18)+2 x der(18)t(14;18)
140/90 FL I 1.03  pter—qter - 2 x 18+1 x der(14)t(14;18)+1 x der(18)t(14;18)
581/90 FL I 1.22  pter-ba215a20 + 3 3 3 2 1 x 18+1 x der(14)t(14;18)+2 x der(18)t(14;18)
436/91 FL I 1.04 pter-ba215a20 + 4 4 4 2 1 x 1841 x der(14)t(14;18)+3 x der(18)t(14;18)
130/92 FL /1 1.03  pter-ba215a20 + 4 4 4 3 2 x 18+1 x der(14)t(14;18)+2 x der(18)t(14;18)
287/88 DLBCL 1.00  cen-ba215a20 + 3 3 3 2 1 x 18+1 x der(14)t(14;18)+2 x der(18)t(14;18) (loss 18p)
(pter—cen)
34/90 DLBCL+SLL 1.16  pter—qgter — 3 3 3 3 3 x 18 (complex rearrangement)
472/90 DLBCL 1.16  pter-ba215a20 + 3 3 2 1 x 18+1 x der(14)t(14;18)+2 x der(18)t(14;18) (loss 18g23)
(bad5ai-qter)
Gain only
051/90 SLL 1.05  ba25c13-gter - 2 4 4 4 2 x 18 (gain 18qg12.3-gter)
154/88 MCL 0.95 ba397a16-badbat — 2 3 3 3 2 x 18 (gain 18921.2-g22.3(?), loss 18922.3-qter)
(ba169f17-qter)
265/88 MCL 1.00  cen-gter (pter—cen) — 3 3 3 3 3x 18 (loss 18p)
309/89 MCL 1.83 pter—gter — 4 4 4x18
383/91 MCL 0.97  bail16k4-qgter — 2 3 3 3 2 x 18 (gain 18921.2-gter(?))
122/84 DLBCL 1.23 pter—qgter - 3 3 3 3 3x 18
255/85 DLBCL 1.04  pter—qgter — 3 3 3 3 3x18
390/87 DLBCL 1.00  ba296e23-ba178f10 - 2 1 1x18 (gain 18cen-q11.2)
(rest of 18)
131/89 DLBCL 2.23  pter-gter — 5 6 6 6 5 x 18 (gain 189(?))
525/89 DLBCL 1.07 ba116k4-qgter - 2 3 3 3 2 x 18 (gain 18g21.2-gter (7))
050/93 DLBCL 1.00  bal16k4-ba28f1 — 2 3 3 5 2 x 18 (gain 18921.2-21.33)
448/91 MzL 1.05  pter—qgter — 3 3 3 3 3x18
8/92 Unclass. 1.00 pter—qgter - 3 3 3 3 3x18
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Figure 2 BCL2 protein analysis and dependence on BCL2

genotype. (a) BCL2 and p83 protein levels were assessed by IB. p83
is an abundantly expressed nuclear protein used as a control for
loading. The cell lines KG1 and Daudi served as positive and negative
controls, respectively. (b) BCL2 expression according to BCL2
genotype.

groups of DLBCL cases were 2.22, 1.30, 0.97 and 0.56,
respectively, which was similar to the trend observed for the
whole material. Hence, the gene dosage effect on BCL2
expression was less pronounced compared to the effect of
t(14;18) in this study than in a previous one,'® where similar
BCL2 protein levels were measured in DLBCL with BCL2
amplification and t(14,18), respectively.

Cellular and clinical phenotypes and dependence on
BCL2 genotype and phenotype

There was a highly significant negative correlation between the
expression of BCL2 and levels of spontaneous apoptosis in the
tumor cells (P<0.001) (Figure 3a). The correlation was not very
strong ( =0.11), probably reflecting the fact that mediators

BCL2 gain and t(14;18) in B-NHL
Galteland et af

a 100 . .

% apoptotic tumor cells

0 1 2 3
BCL2 expression (relative to p83)
b 100 100
_ Tumorcells___ _ Normal cells____
® L)
[ ]

10 5 £ 10

% apoptotic cells
]
[ 1]

$
. .
0.1+ ° ° ° ° F0.1
& S & S
q}@‘ q;'bé‘ N\ 6\3’ q}@ %'q}*\ & 0\9'
\)O' 0\3’ s \)O’ 0\9’ \x‘b
&9 ® &9 S
< N < N
Y A

Figure 3 Apoptotic fractions correlated with BCL2 expression and
dependence on BCL2 genotype. (a) There was a negative correlation
between apoptosis levels’® and BCL2 protein levels (Figure 2a)
(P<0.001, #=0.11). @ =cases with no BCL2 alteration; O = cases
with t(14;18); and ¥ = cases with BCL2 gain only. The regression line
and the 95% confidence interval are also shown. (b) The apoptotic
fractions of tumor cells and normal cells according to BCL2 genotype.

other than BCL2 can regulate apoptosis in transformed B
cells.**>7 However, the median tumor apoptotic fractions in
the cases with both t(14;18) and BCL2 gain (0.9%), t(14;18)
(1.1%), BCL2 gain (0.9%) and no BCL2 alterations (1.2%) were
not different (P=0.86; Figure 3b). Surprisingly, levels of
spontaneous apoptosis in the normal cells in the t(14;18)-
positive tumors without (2.1%) and with (2.3%) BCL2 gain were
higher than the corresponding tumor cell apoptotic fractions
(P=0.002 for the cases with t(14;18); Figure 3b). No difference
in tumor and normal cell apoptotic fractions was found for
tumors with BCL2 gain only and no BCL2 alterations (P=0.86
and =0.96, respectively). Furthermore, the normal cells of
t(14;18)-positive tumors showed increased apoptotic fractions
compared to the normal cells in tumors with no BCL2 alterations
(median: 2.1 and 1.45%, respectively; P=0.02). The normal
cells in the tumors with BCL2 gain only showed intermediate
apoptotic fractions (median: 1.8%). A mean of 23%
(£5.d. =11%)/1.2% (+1.2%), 17% (+11%)/2.2% (+1.8), and
23% (+14%)/1.5% (+2.4%) of the cells in the suspensions
were T lymphocytes/monocytes in the cases with t(14;18)
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(N=36), with BCL2 gain only (N=11) and without BCL2
alterations (N =43), respectively, as assessed by immunofluore-
scence. Since the average tumor cell fraction was 75%,'” this
means that the large majority of normal cells in the samples
were T-lymphocytes. It may be speculated that disruption of an
apoptotic pathway (increased BCL2 levels) in the tumor cells
may cause the release of proapoptotic mediators causing cell
death in normal T-lymphocytes in the affected lymph node.

The median tumor cell S-phase fraction was higher in the
B-NHL with BCL2 gain only (6.2%), compared to the cases with
t(14;18) (1.1%; P<0.001), and without BCL2 alterations (1.3%;
P=0.02). The normal cell S-phase fractions were not different in
the lymphomas with various BCL2 genotypes (0.9-1.5%;
P>0.17).

Patients with lymphomas with gain of BCL2 only had a poor
prognosis (relative risk: 2.9, P=0.002), in agreement with the
results of Bea et al.*® Cox multivariate survival analysis was
employed to assess the prognostic value of BCL2 gain when
entered together with the prognostic parameters found in an
earlier study (TP53 aberrations, 11g21-23.1 deletions, 6p gain,
IPI)."”” The results showed that BCL2 gain only had no
independent prognostic value (P=0.09), probably due to
covariation with the (stronger) prognostic parameters 6p gain
(P=0.007), and TP53 aberrations (P=0.05). The six patients
with lymphomas with concomitant BCL2 rearrangement and
amplification, as well as the others with t(14;18) only, survived
slightly longer than the remaining patients, but the differences
were not significant (P>0.29).

Our previous study showed that spontaneous apoptosis in the
tumor cells has no prognostic value in this tumor material.>° The
apoptotic fraction of the normal cells did not have any
prognostic value for the whole group of patients (P=0.91,
cutoff at median =1.9%), or for the patients with FL (P=0.62).
The gene expression patterns in the normal cells in FL have
prognostic value,*® however, the majority of the genes with
prognostic value in this study were not apoptosis associated.

Assessment of DNA copy number changes
on chromosome 18 by array CGH and FISH

Array CGH was applied to define amplified regions on
chromosome 18 in more detail (Figure 4, Table 2, web Table:
radium.no/stokke/FTP/Stokke/Chromosome18arrayCGH.xls).

The observed ratios in microarray experiments will generally
depend on the linearity and dynamic range of the assay, as well
as on the fraction of normal cells in the sample, tumor
heterogeneity and the DNA index of the tumor. We used the
near-diploid DLBCL cell line U698 to test the dynamics of our
array CGH platforms. U698 has a narrow amplicon (~ 1 mbp) at
chromosome 6p, which was observed by both BAC and cDNA
array CGH. The expected ratio of approximately 10 was
observed with one probe on the BAC array (20 copies of the
6p locus by FISH), whereas the ratio at this locus was only two
when U698 cells were examined by cDNA array CGH with
several more densely spaced probes. Thus, there was not a one-
to-one relationship between copy number and ratio in the
cDNA array experiments. There was also noise in the data, and
the sensitivity for detection of copy number aberrations was
much lower for cDNA arrays compared to BAC arrays. The
primary tumors also contained an average of 25% normal
cells,'® which tended to bring the ratios towards unity. Hence,
the ratios in the BAC array CGH experiments were expected to
be somewhat lower than predicted from the copy numbers in
the case of gains. No sharp high-level amplifications were
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detected by BAC array CGH in any of the 93 tumors, and the
log, ratios varied between —1.05 and +0.92 (web Table:
radium.no/stokke/FTP/Stokke/Chromosome18arrayCGH.xls).
The spacing between the probes on the BAC array was
approximately 1 mbp. We therefore employed cDNA arrays
with a much closer spacing of the probes (~ 100 kbp) to reveal
any high-level amplification of small regions that could have
been missed with the BAC arrays. No gains were detected on
chromosome 18 by cDNA array CGH in any of the tumors listed
in Table 2, indicating that there were no high-level amplification
of regions of size larger than ~ 100 kbp. FISH showed that one
to two extra copies of MALTT and PMAIP1 were gained
compared to the average copy number of the tumors in Table 2,
in agreement with the low-level gains observed by BAC array
CGH.

Seven of the tumors with t(14;18) had gains that extended
from 18pter to clone ba215a20 at 18g21.33, thus defining the
consensus region of gain (defined by at least three tumors). Case
287/88 had gain from the centromere to clone ba215a20. Clone
ba215a20 is the closest clone (in this study) centromeric of
BCL2, and since the segment recognized by the 14qter probe
pac820m16 was gained in seven of these eight tumors (Figure 4,
Table 2; none of these tumors had any other gains on
chromosome 14), it is strongly suggested that one extra copy
of der(18)t(14;18) was gained in cases 364/86, 21/87, 176/88,
472/90 and 581/90. Case 472/90 showed loss from ba45a1 to
18qter, indicating that either the der(14)t(14;18) or the
untranslocated chromosome 18 had lost this region. Case 287/
88 may have gained an extra copy of a der(18)t(14;18) lacking
the p-arm, or the p-arm may have been lost from the
untranslocated chromosome 18 and 1 of the der(18)t(14;18).
Case 436/91 had probably gained two extra copies of
der(18)t(14;18), while case 130/92 may have gained one copy
of der(18)t(14;18) and one of chromosome 18. These results are
in agreement with the study of Horsman et al,'” which showed
that der(18)t(14;18) was frequently gained in FL cases with BCL2
rearrangement. The six other cases with chromosome 18 gain
and BCL2 rearrangement showed gain of the entire chromosome
18. There were no indications of local amplica in the tumors
with t(14;18), also justifying the calculation of BCL2 copy
numbers performed in Table 1.

Six of the 12 tumors with BCL2 gain, but without translocation
had gains extending from 18pter to 18qter, suggesting that an
extra copy of the whole chromosome 18 was gained in these
cases. Case 390/87, with loss of BCL2, had a narrow amplicon
extending from the centromere to ba17i14. The other lympho-
mas with 18q gain only defined the consensus region to be
18921.2 (bal116k4)-18qter (Figure 4). In case 50/93, the ratio
was increased for clone ba28f1, which was in agreement with
the five copies detected by FISH for this tumor. However, there
was a clear decrease in ratio telomeric of ba28f1 also in cases
154/88, 383/91 and 525/89 (Figure 4). Also, the ratios appeared
to be lower between ba350k6 and ba28f1 in cases 154/88, 383/
91, 525/89 and 50/93. If these fine structures in the amplica
were taken into consideration, the consensus regions of gain
were 18g21.2 (bal16k4)-18¢21.32 (ba350k6) and 18q21.33
(ba28f1).

Although the level of amplification was lower in the present
study employing primary tumor samples, we found the same
regions of gain as Sanchez-lzquierdo et al,*° centered on the
BCL2 and MALT1/PMAIPT loci. However, while the cell lines of
MCL and DLBCL origin showed preferential amplification of the
region containing the BCL2 locus,?® we found coamplification
of these regions in the primary MCL cases 154/88 and 383/91,
and the DLBCL cases 525/89 and 50/93. The high-level gains
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may be more frequent in B-cell lymphoma lines than in primary
tumors,?® in agreement with the results presented here and in
another study.'”

Interestingly, the majority of tumors with BCL2 alterations
(Figure 4), as well as the ones without (radium.no/stokke/FTP/
Stokke/Chromosome18arrayCGH.xls), showed selective loss of
the IGH probe ba417p24, covering the region between the
D-segments and C«3. This loss was probably the result of V(D))
and, in some cases, class switch rearrangements.

Conclusions

In this study, we have shown that whole or partial gains of
chromosome 18 are common in B-NHL, both with and without
t(14;18). There appears to be a BCL2-collaborating gene in the
region 18pter-q21.33 (excluding BCL2), as this was the
consensus region of gain for the cases with t(14;18). The low
level gain of BCL2 in primary tumors led to elevated BCL2 levels
in the t(14;18)-negative cases. Increased BCL2 expression was
associated with increased apoptosis in the normal cells in the
tumors. The region 18g21.2-18¢21.32 was amplified together
with the region containing BCL2 in the t(14;18)-negative tumors,
indicating that the increased expression of another gene in this
region, together with the increased BCL2 expression, is of
importance in lymphoma development.
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Gain of chromosome 6p is an infrequent cause of increased PIM1 expression in B-cell

non-Hodgkin’s lymphomas

Leukemia (2006) 20, 539-542. doi:10.1038/sj.leu.2404094;
published online 26 January 2006

Gains and losses of genomic material are changes that play
central roles in tumor development and progression. Compara-

tive genomic hybridization (CGH) allows for the detection of
over- and underrepresented sequences in tumor DNA as
compared to normal DNA, and such genomic aberrations have
been shown to have prognostic value in several studies of
primary lymphomas. The serine/threonine kinase PIM1 is a
known oncogene that has previously been shown to be
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Figure 1 Gain of 6p21 in the lymphoma cell line U698. (a) CGH

profile of chromosome 6 in U698. (b) BAC array CGH profile.
(c) cDNA array CGH profile. (d) Detailed view of the cDNA array
CCH profile of the 6p21 amplicon in U698. The two clones
representing PIM1 are encircled.

upregulated in prostate cancer. Overexpression of PIMT in cell
lines protects against apoptosis induced by genotoxic agents.
The PIMT gene is localized to chromosome 6p21.2. Parts of
chromosome 6 or the whole 6p arm are gained in a subset of
B-cell non-Hodgkin’s lymphomas, and these gains are asso-
ciated with a poor prognosis.

In order to identify genomic aberrations important for
tumorigenesis of non-Hodgkin’s lymphomas, we characterized
in detail the gains and losses of genomic material in the mature
B-cell lymphoma cell line U698, originally classified as a
lymphoblastic lymphosarcoma.” The general procedures of
DNA isolation, CGH hybridizations and gene copy number
analysis by FISH has been described earlier.” A local DNA gain
mapping to region 6p21 was identified by conventional CGH
analysis (Figure 1a). To identify genes in the amplified region,
we performed array CGH analysis using a BAC-array with an
average spacing of 1 Mbp between the probes (Figure 1b). This
analysis narrowed the region of gain down to nine megabases.
The most telomeric clone (RP3-431A14) was located on
6p21.31, whereas the most centromeric clone (RP11-546015)
was located on 6p21.1. A 10-fold gain was observed with the
probe RP1-90K10. To further resolve any fine structure in the
amplicon, DNA from U698 cells was hybridized to cDNA
arrays with an average spacing of 150 kbp (Figure 1c). Although
the dynamics and sensitivity of the array CGH analysis was
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Figure 2 BAC array CGH profile of B-NHLs with chromosome 6
alterations. Genomic gains are shown in red whereas genomic losses
are shown in green. The color intensities reflect the experimentally
obtained log, transformed ratios. The most intense red and green
colors reflect values above 1 and below —1, respectively. Regions with
normal DNA copy number are shown in black.

much lower with cDNA arrays than with BAC arrays, the former
analysis indicated that the amplicon was approximately
1.5 Mbp. PIM1 was approximately in the center of this amplicon
(Figure 1d).

Dual color interphase FISH studies showed that there were two
copies of centromere 6 in both Reh and U698 cells. In contrast,
U698 exhibited one normal signal and in addition a cluster of
15-20 signals from the PIMT probe (RP3-355M6), probably
representing intrachromosomal amplification of the PIMT gene
(Supplementary Figure 1). Translocations in lymphomas targeting
CCND3 has been described, and high BMP6 expression has been
shown to be of negative prognostic value in DLBCL.* Considering
these genes as possible targets for chromosomal alterations, we
performed FISH with a probe for CCND3 (RP5-973N23), located
at 6p21 and BMP6 (RP1-119C5) located at 6p24. Whereas
there were only two signals from the BMP6 probe, the CCND3
probe generated four signals, indicating that this gene is also
represented in a proportion of the amplica in U698 cells.

Having established that PIMT is included in the high-level
amplified region of 6p observed in U698, we investigated
whether the increase in DNA content was reflected in high
expression levels of the corresponding mRNA and protein.
Northern blot analysis revealed that the basal mRNA levels of
PIMT1 in U698 are higher than in other cell lines (Supplementary
Figure 2). U698 cells also express high amounts of PIM1 protein,



Table 1
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B-NHL with chromosome 6 alterations: summary of chromosomal CGH findings, copy number data of CCND3, PIM1 and BMP6

obtained by FISH and the copy numbers of the same genes suggested by array CGH. The order of the tumors is the same as in Figure 2.

Case  Histology Tumor Ploidy CGH Copy number determined Copy number
no. fraction %B by FISH suggested by array
CGH
Gain Deletion ~ Centromere 6 CCND3 PIM1 BMP6  CCND3 PIM1 BMP6

258/88 dlbcl 44 1.07 6p 3 3 3 3 3 3 3
008/92 unclass 81 1 6p 69 2 3 3 3 3
064/89 fcl Il 69 1.26 6pter-q15 3 3 3 3 3 3 3
309/89 mcl 79 1.83 6p 69 4 6 6 8 6 6 8
255/85 dlbcl 71 1.04 6p 6q 3 3 3 3 3 3 3
214/88 unclass 84 1.00 ©6p 69 2 3 3 3 3 3 3
090/89 fcl lll 52 121  6p 69 2 3 3 3 3 3 3
454/88 dibcl 92 1.02 69 2 Inconcl.  Inconcl. 2 2 2 2
358/87 mcl 89 1.94 6p 6q 3 6 6 6 6 6 6
525/89 dlbcl 84 1.07 6p 2 2 3 3 2 3 3
117/92 dlbcl 98 1 6p21.3-ter 2 2 2 3 2 2 3
472/90 dlbcl 85 1.16  Bp22-ter 2 2 2 3 2 2 3
123/84 mcl 94 1.04 ND 2 2 3 2 2 3
050/93 dlbcl 85 1.00 2 2 2 2 2 2 2
377/83 fcl /I 78 1 2 ND 2 2 2 2 2
612/90 dibcl 82 1.04 ND ND 2 ND 2 2 2
122/84 dibcl 86 1.23 69 2 ND 2+5 2+5 2 2 2
399/88 fcl lll 54 1 Bcen-q24 ND ND 2 ND 2 2 2
047/88 fcl I/ll 72 1.00 Bcen-g22 ND ND 2 ND 2 2 2
233/88 fcl |l 90 1.00 6q14-ter ND ND 2 ND 2 2 2
067/92 mcl 90 0.98 ND ND 2 ND 2 2 2
339/89 sl 90 1.00 2 2 2 2 2 2 2
377/87 dibcl 48 1.03 ND ND 2 ND 2 2 2

dibcl =diffuse large B-cell lymphoma; mcl=mantle cell ymphoma; fcl =follicle center lymphoma; ND = not determined; Inconcl. =inconclusive.

whereas the levels are undetectable in Reh cells (immunoblot-
ting data not shown).

We now proceeded to define the core chromosome 6p
amplicon in B-NHL to clarify whether PIM1 could be the target
of these gains. 93 B-cell lymphomas were subjected to analysis
with array CGH as well as FISH with probes corresponding to
PIM1, CCND3, BMP6 and centromere 6. These tumors have
previously been analyzed by chromosomal CGH, and in this
study gain of chromosome 6p was found to have independent
negative prognostic value." Compared to the data obtained by
chromosomal CGH, the BAC array CGH experiments revealed
more copy number changes and could better define the
boundaries of the gains and losses. The data of the array CGH
experiments are available in Supplementary Table 1. The
minimal consensus region for the gain on chromosome 6 was
6p22.1-ter (Figure 2). Loss of the whole arm of 6q was the most
common change on 6q, and this was previously also detected by
chromosomal CGH." The minimal consensus region for the
deletions at 6q was 6q16.2—-q21 by BAC array CGH. In addition,
we observed high-level gains at 6cen-q13 in tumor 64/89
(ratio=2.9), 6q15 in 377/83 (ratio = 6.6) and 6p22.2-ter in 309/
89 (ratio=1.7) (Figure 2). The cDNA array CGH experiments
did not reveal any high-level gains on chromosome 6 in this
material. By FISH analysis, we found that 10 out of 92
successfully analyzed tumors exhibited increased copy number
of PIMT relative to the DNA index. Nine of these tumors had
also gain of 6p detected by chromosomal CGH analysis,
whereas one tumor contained a clone of tumor cells with five
copies of both PIM1 and BMP6 (122/84). Table 1 summarizes
the chromosomal CGH data for chromosome 6, the copy
number data of CCND3, PIMT1 and BMP6 obtained by FISH, and
the copy numbers of the same genes suggested by array CGH.

Given that gain of PIM1 is a feature of a significant proportion
of B-NHL, we wanted to clarify whether this gain is reflected in

increased expression levels that might influence on the tumor
response to treatment. We therefore proceeded to analyze a set
of diffuse large B-cell lymphomas,” that was independent from
the previously analyzed B-NHL." By assessing the copy number
of PIM1 in 35 of the tumor samples from this study of which we
had material available,* we first examined whether increased
copy number of PIMT in the tumor samples could account for
the variation in the expression levels of the gene. Seven of the
tumor samples had increased copy number of PIMT; three
tumors had four copies while four had three. On average, these
tumors exhibited 20% higher expression levels of PIMI
compared to the ones without gain. This difference was,
however, not significant (95% confidence interval 0.74-1.96,
P=0.41).

We then proceeded to investigate the role of PIM1 expression
with respect to DLBCL subtype and prognosis. Analysis of the
data revealed that expression higher than the median of PIMT is
associated with the activated B-cell phenotype (P<0.001).
Moreover, patients with high expression levels had significantly
poorer outcome (P=0.0054) (Supplementary Figure 3).

Our data indicate that other genes than PIM1 are the targets
for the 6p gain frequently observed in malignant lymphomas,
since the gene is not included in the core chromosome 6p
amplicon. Moreover, the variation in PIMT expression seen in
lymphomas cannot merely be explained by an increase of the
copy number of the gene. Changes in transcriptional regulation
could be a mechanism for PIM1 upregulation. It has been shown
that the NF-kappa B pathway is involved in PIM1 regulation.’
This would fit well with the fact that high PIM1 expression
mainly is found in activated B-cell like DLBCL (ABC), which are
characterized by constitutive activation of the NF-kappa B
pathway.* Recently, it was shown that that inhibitors of IkappaB
kinase (IKK) are toxic for ABC DLBCL cell lines, but not for cell
lines derived from the germinal center like DLBCLs. Interest-
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ingly, treatment of the cells with such inhibitors was accom-
panied by changes in gene expression that included down-
regulation of PIM1.° This suggests that the high expression levels
of PIMT seen in this tumor type, at least partly, are caused by
transcriptional activation. However, other mutations of the
genome than a mere increase in copy number could also lead to
activation of the proto-oncogene, and PIM1 has been shown to
be involved in translocations as well as to be a subject for
hypermutations in lymphomas. The highest number of PIM1
copies detected by FISH in our material of 125 primary
lymphomas was five, indicating that high-level gain of this
locus must be a rare event in this tumor type. Previously, there
have been sporadic reports on amplica at 6p21 in primary
lymphomas.”® Our findings in U698 where the high-level gain
at this locus was accompanied by high expression levels of
PIM1, suggest that PIMT can be the target of these rare
amplifications, and thus in some cases play a role in the
tumorigenesis of lymphomas.

The PIM1 locus was not included in the consensus region of
the 6p gain in our study, which is in line with the finding of
others. Other candidate target genes for the gain are BMP6 at
6p24 or IRF4 at 6p25. High expression of both these genes has
been associated to poor prognosis in DLBCL,* and they are also
included in the core 6p amplicon in our study.

It is now well established that certain gene expression features
of the tumor in part cause the clinical heterogeneity of the
lymphomas in terms of outcome, and the different tumor
phenotypes have also been correlated to certain genotypes.
The great variability of lymphomas regarding tumor genotype
and phenotype as well as clinical behavior, is a therapeutic
challenge. PIMT is promising as a therapeutic target, since it is
overexpressed in tumors with poor response to therapy, and
since silencing of this gene potentially could lead to higher
sensitivity of the tumor cells to apoptosis inducing agents.
However, since our data indicate that the transcriptional
regulation to some extent overrides the gene dosage effect of
this gene, the ideal targeting of PIM1 probably also involves
factors upstream in the regulation cascade. It will therefore be
interesting to examine the effects of selective PIMT knock down
combined with inhibitors of lkappaB kinase in B-NHL.
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Summary

Erythropoietin (Epo) is the major regulator of differentiation, proliferation
and survival of erythroid progenitors, but the Epo-induced changes in gene
expression that lead to these effects are not fully understood. The aim of this
study was to examine how Epo, via activation of phosphatidylinositol 3-
kinase (PI3K)/Akt, exerts its role in the development of erythroid progenitors
from CD34" cells, and to identify early Epo target genes in human erythroid
progenitors. In CD34" progenitor cells, Epo alone was able to induce cell
cycle progression as demonstrated by upregulation of cyclin D3, E and A
leading to hyperphosphorylation of the retinoblastoma protein (RB). These
effects were completely counteracted by the PI3K inhibitor LY294002.
Furthermore, enforced expression of an activated form of Akt kinase highly
augmented Epo-induced erythropoiesis. Fluorescent-activated cell sorting
(FACS)-sorted ~ CD34"CD71"CD45RA™GPA™  erythroid
stimulated with Epo in the presence or absence of LY294002 were
subjected to gene expression profiling. Several novel target genes of Epo
were identified, and the majority were regulated in a PI3K-dependent
manner, including KIT (CD117) and CDHI (E-cadherin). FACS analysis of
Epo-stimulated erythroid progenitors showed that the increased mRNA
expression of KIT and CDHI was accompanied by an induction of the
corresponding proteins CD117 and E-cadherin.

progenitors

Keywords: Erythropoietin, phosphatidylinositol 3-kinase, KIT, erythropoi-
esis, microarray.

Human erythropoiesis takes place in the bone marrow, where
multipotent stem cells differentiate into mature erythrocytes.
The earliest committed cells of the erythroid lineage, the
erythroid burst-forming unit (BFU-E), express the erythro-
poietin receptor (EpoR), and progression through further
developmental stages are completely dependent on signalling
through this receptor (Krantz, 1991). Epo alone is able to
induce erythroid development, but this process is enhanced by
other cytokines, of which the most prominent is stem cell
factor (Scf) (McNiece et al, 1991).

Activation of the signalling pathways upon ligand binding to
EpoR is dependent on conformational changes of the receptor
that bring together the dimerised receptor and Janus kinase 2
(JAK2) (Remy et al, 1999). Autophosphorylation of JAK2,
followed by phosphorylation of cytoplasmic tyrosine residues
of the EpoR results in an activated ligand-receptor complex
that recruits several signalling molecules and adapter proteins
that act as substrates for JAK2. Thus, several signalling cascades

© 2006 The Authors

are involved in mediating the Epo-induced changes in gene
expression and subsequent effects on differentiation, prolifer-
ation and survival (Richmond et al, 2005). Signal transducer
and activator of transcription (STAT)5a/b, but also STAT1 and
STATS3, have been shown to play a role in signal transduction,
and JAK2 phosphorylation leads to dimerisation of these
transcription factors and subsequent gene activation (Woj-
chowski et al, 1999; Richmond et al, 2005). The Ras/Raf-1/
mitogen-activated protein kinase (MAPK) pathway is activated
upon recruitment of the Grb2-Sos adapter molecules to the
EpoR and this pathway also participates in mitogenesis
(Jacobs-Helber & Sawyer, 2004; Arcasoy & Jiang, 2005).

The phosphatidylinositol 3-kinase (PI3K)-signalling cascade
is crucial in mediating signals for survival and proliferation
and is necessary for maturation of erythroid progenitors
(Myklebust et al, 2002; Bouscary et al, 2003). PI3K can be
activated by direct binding of the p85 regulatory subunit to the
activated EpoR, and indirectly through binding to adapter
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molecules. The lipid products of PI3K activate a plethora of
targets, including the protein kinase B/Akt. The PI3K-Akt
pathway has been shown to play a central role in regulation of
apoptosis and proliferation in several systems, including
normal erythroid progenitors (Haseyama et al, 1999; Uddin
et al, 2000). In the context of Epo signalling it has been shown
that Akt kinase, which is activated by PI(3,4,5)P3 or PI(3,4)P2,
phosphorylates both GATA-1 and Foxo3a, transcription
factors of crucial importance in erythropoiesis (Uddin et al,
2000; Bouscary et al, 2003; Kadri et al, 2005).

In the present study we have investigated how Epo, by
activating PI3K, exerts its effects on cell cycle progression and
differentiation in human CD34" progenitor cells. By use of
genome wide expression profiling of Epo-stimulated
CD34"CD71"CD45RA™GPA™ erythroid progenitors, we iden-
tified novel Epo target genes and confirmed their differential
expression by fluorescent-activated cell sorting (FACS) analy-
sis, as well as hypothesise novel roles for signalling pathways
that have no previously established function in erythropoiesis.

Materials and methods

DNA expression vectors

Expression vectors for HA-tagged wild type (WT-Akt) or
myristylated Aktl (Myr-Akt) created in pCMV6, were provi-
ded as a gift (Ahmed et al, 1997). pcDNA3 without insert was
used as control vector (Control).

Reagents and antibodies

Recombinant human (rh) Epo was obtained from Boehringer
Mannheim (GmbH, Germany) and rh Scf was from R&D
Systems (Abingdon, UK). Cytokines were used at predeter-
mined optimal concentrations: 5 U/ml for Epo and 50 ng/ml
for Scf or as specified. LY294002 was from Calbiochem
(Darmstadt, Germany). The following antibodies (mAbs, anti-
human) were used in flow-cytometry analysis: anti-CD34
phycoerythrin (PE), anti-CD117 PE-cyanin 5 (CY5) and anti-
CD45RA PE were from Becton Dickinson (San Jose, CA,
USA), anti-glycophorin A-PE (GPA PE), and anti-CD71
fluorescein isothiocyanate (FITC) were from DakoCytomation
AS (Glostrup, Denmark). Anti E-cadherin was from Calbio-
chem (San Diego, CA, USA; mouse IgGl, #205601) and anti
mouse IgGl PE (Southern Biotech, Birmingham, AL, USA)
was used as secondary layer. The following antibodies were
used in immunoblot analysis: anti-cyclin Ds, anti-cyclin A
(sc-596), anti-cyclin E (sc-247), anti p21 (sc-397), anti-p27
(sc-528), anti-pRB (Ser780) and from Santa Cruz Biotechno-
logies (Santa Cruz, CA, USA), anti-Akt (#9272) and anti
phospho Aktl (Ser473, #9271) were from Cell Signaling
(Beverly, MA, USA) anti-RB (G3-245) was from Becton
Dickinson. Goat anti rabbit IgG-horseradish peroxidase (HRP)
or rabbit anti mouse IgG-HRP were used as secondary layer
(DakoCytomation).

Cell separation

Bone marrow cells were aspirated from the iliac crest of healthy
adult donors with their informed consent and the approval of
the Ethics Committee of the Norwegian Radium Hospital.
Mononuclear cells were separated by Lymphoprep gradient
centrifugation (Axis-Shield PoC AS, Oslo, Norway). Subse-
quently, CD34" cells were isolated by the use of immunomag-
netic beads coated with CD34 mAbs (Dynal, Oslo, Norway) as
previously described (Smeland et al, 1992; Myklebust et al,
2000). Ninety to 95% of the cells were CD34".

Cell culture and transient transfection

CD34" cells, CD34"CD71*GPA™CD45RA™ cells or cytokine-
expanded CD34" cells (day 6 erythroid precursors) were plated
in 1 ml X-VIVO 15 containing 1% bovine serum albumin
(Stem Cell Inc., Vancouver, BC, Canada), 300 mg/l L-gluta-
mine, 50 pmol/l B-mercaptoethanol (GibcoBRL), 66 mg/l
penicillin and 100 mg/ml streptomycin (referred to as X-VIVO
15 complete medium) in 24-well plates in medium alone or
cultured in the presence of Epo (5 U/ml or as indicated) with
or without LY294002 (25 pumol/l) as specified. Cytokine-
expanded CD34" cells, referred to as day 6 erythroid precur-
sors, were obtained by culture in Epo (5 U/ml), Scf (25 ng/ml)
and interleukin 3 (IL-3; 20 ng/ml) for 6 d, with addition of
cytokines in new medium also at day 3. Quantification of total
number of cultured cells was performed by counting viable
cells in a hemocytometer. CD34" cells were transiently
transfected by electroporation using the sNucleofector Device
from Amaxa (http://www.amaxa.com/) and the human CD34
transfection kit.

Flow cytometry and cell sorting

CD34" cells or cultured cells were incubated with the specified
mAbs for 30 min at 4°C and then washed with phosphate-
buffered saline. The stained cells were analysed on a FACS
Calibur flow cytometer with an argon-ion laser tuned at
488 nm [Becton Dickinson (BD), San Jose, CA, USA]. Data
acquisition and analysis were performed using CELLQuest
(BD) or FlowJo (http://www.flowjo.com). Highly purified
CD34"CD71*CD45RA™GPA™ cells were obtained by staining
CD34" cells with anti-CD71-FITC, anti-CD45RA-PE and anti-
GPA-PE followed by sorting on a FACS DIVA cell sorter (BD).

Real time reverse transcription polymerase chain reaction
(RT-PCR) and gene expression profiling

Total RNA was extracted from CD34"CD71"CD45RA™GPA™
cells (2 x 104 x 10*) or day 6 erythroid precursors using
Absolutely RNA® Microprep or Miniprep Kit (Stratagene)
respectively.

cDNA was synthesised using random hexamers and TagMan
Reverse Transcription Reagents (Applied Biosystems, Foster
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City, CA, USA). mRNA expression of KIT, CCNA1, CCNA2,
CCNE1, CCNE2 and CCND3 was analysed by real-time
quantitative RT-PCR using Tagman technology according to
the manufacturers procedure (Applied Biosystems). Pre-devel-
oped assay reagents, including primers and probes for the target
genes, were supplied by Applied Biosystems and the PCR
reactions were performed according to the manufacturer’s
instructions using Tagman Universal PCR Master Mix. Each
measurement was performed in duplicate and the threshold
cycle (C,) was determined. Relative expression levels were
calculated following the formula AC;=Cry(sample)—Cr(cali-
brator), where the expression of the target gene in TO controls
was used as a calibrator, and the values used to plot relative
expression were calculated using the equation 2747,

In microarray experiments, total RNA was subjected to two
rounds of linear amplification as described by Baugh et al
(2001) with minor modifications (Nygaard et al, 2003).

A total of 42 000 spot cDNA microarrays from the Stanford
Functional Genomics Facility were used to measure the relative
mRNA expression levels in the samples (http://www.micro-
array.org/sfgf/jsp/home.jsp). Three micrograms of experimen-
tal sample antisense RNA (aRNA) and universal reference RNA
(Stratagene, La Jolla, CA, USA) was labelled with Cy5-dUTP
and Cy3-dUTP respectively (Amersham Pharmacia Biotech,
Piscataway, NJ, USA). aRNA was reverse transcribed with
Superscript II (GIBCO BRL) using random hexamer primers
(Roche). The labelled probes were hybridised to microarrays in
a GeneTAC automatic hybridisation station (http://www.ge-
nomicsolutions.com) and scanned with the Agilent DNA
microarray scanner (http://www.agilent.com). Data were
acquired using the GENEP1x PRro software (Axon Instruments
Inc., Union City, CA, USA). The raw data files are available at
Stanford Microarray Database (http://smd.stanford.edu/), and
the filtered data used for the manuscript are available through
our website: http://radium.no/ebsmeland. Only ¢cDNA spots
with a ratio of signal over background of at least 1-5 in both the
Cy3 and the Cy5 channel were included. Clones differentially
expressed between two cellular populations were identified as
previously described (Shen et al, 2004). Briefly, clones with a
P-value in a two tailed f-test of less than 0-05 were further
analysed using Significance Analysis of Miroarrays (SAM)
(Tusher et al, 2001).

PubGene analysis

The PubGene Gene Expression Analysis tool (http://www.pub-
gene.org/) was used to search for literature gene-networks
dominated by Epo regulated genes (Jenssen et al, 2001). We
analysed the clones identified through the SAM analysis and
used the difference between the mean log,-based expression
ratios of the Epo and medium only treated cells as input for the
PubGene tool. The average of the difference was used when
several clones represented the same gene. A tab-delimited text-
file with two columns, one with official gene symbols and one
with the log,-transformed ratio of the gene expression values
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was prepared and submitted to the online analysis. To score
gene neighbourhoods, we used the parameter settings ‘Score-
depth’ = 3, ‘Neighbourhood size’ = 25 and ‘Upregulation’ as
score criteria. In this case, ‘Upregulation’ corresponded to
upregulation in the Epo-treated cells. For ‘Calculation scheme’,
we used ‘By gene associations’.

Immunoblot analysis

Cell lysates were prepared by lysing the cells in sodium dodecyl
sulphate (SDS) lysis buffer and 10-30 pg total protein loaded
on 12% SDS-polyacrylamide mini gels (Bio-Rad, Hercules,
CA, USA) as previously described (Myklebust et al, 2000).

Results

Erythropoietin induces hyperphosphorylation of RB as well
as upregulation of cyclin D, E and A by activation of PI3K

Recent studies have recognised the importance of PI3K in Epo-
induced proliferation of erythroid progenitors (Myklebust
et al, 2002; Bouscary et al, 2003). Here, we explored the role of
PI3K on Epo-induced proliferation in the earliest detectable
erythroid progenitors in human bone marrow in more detail.
CD34" haematopoietic progenitor cells were cultured in
medium alone or stimulated with Epo in the presence or
absence of the PI3K inhibitor LY294002 for various times, and
then subjected to Western blot analysis to evaluate the
phosphorylation status of RB and the protein expression of
cyclins and cyclin-dependent kinase inhibitors (CKIs). Stimu-
lation of CD34" cells with Epo promoted a prominent hyper-
phosphorylation of RB (Fig 1A). Similar results were observed
using a phospho-specific anti-RB antibody. The hyperphos-
phorylation of RB was completely blocked by LY294002
(Fig 1A). Furthermore, Epo induced a significant upregulation
of cyclin D3, E and A by 3-5-, 3-9- and 4-9-fold respectively,
after 48 h of stimulation. The protein expression of p21<P!
and p275"P! were not significantly affected (Fig 1B and C). In
accordance with the complete inhibitory role of LY294002 on
cell cycle progression and on hyperphosphorylation of RB,
LY294002 also completely blocked the Epo-induced upregu-
lation of cyclins. Taken together, these data suggest that Epo
induces progression of the cell cycle through upregulation of
cyclin D3, E and A, and that the regulation of cyclin expression
is dependent on activation of PI3K.

Activation of Akt kinase is essential in Epo-induced
erythropoiesis

CD34" cells could be efficiently transfected by electroporation,
as 50-75% of CD34" cells were GFP" 1 d after transfection
with pGFP plasmid (Fig 2A). Akt is activated by PI3K, and to
explore the role of this kinase in Epo-induced early erythro-
poiesis, expression vectors containing wild type Aktl (WT-
Akt) or Myristylated-Aktl (Myr-Akt) were transiently trans-
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Fig 1. LY294002 inhibits Epo-induced hyperphosphorylation of retinoblastoma protein (RB) and upregulation of cyclin D, E and A. CD34" cells
were cultured in medium alone or stimulated with Epo (5 U/ml) in the presence or absence of LY294002 (25 pumol/l) for 2 d before the preparation of
total cell lysates, and the expression of phospho-RB, cyclin Ds, E and A, p21“®" and p275"" was determined by Western blot analysis. (A) Phospho-
RB (ser 780) or hyperphosphorylated forms of RB, one representative experiment of three separate is shown. (B) One representative experiment,
showing that Epo induced upregulation of cyclin Ds, E and A, whereas the levels of p21"* and p27°"P! were unchanged. The presence of LY294002
completely blocked the Epo-induced upregulation of the cyclins. (C) Relative protein expression of cyclins and cyclin-dependent kinase inhibitors
shown as mean of relative protein expression = SEM of three or four experiments (cyclin E and cyclin A).

fected into CD34" haematopoietic progenitor cells. Myr-Akt
induced detectable levels of phospho-Akt whereas WT-Akt did

When no Epo was added, Myr-Akt was not able to induce
detectable levels of GPA" erythroid cells (Fig 2E). However,

not, indicating higher Akt kinase activity in Myr-Akt trans-
fected cells, as expected (Fig 2B). Interestingly, erythropoiesis
was more efficiently induced in Myr-Akt transfected cells
compared with mock transfected cells in the presence of Epo,
as a 4'7-fold increase in the number of GPA™ cells was detected
after 6 d stimulation with Epo (Fig 2C and D; n =9 and
P < 0-008). In these experiments, Epo was added 7-20 h after
transfection. To investigate whether Myr-Akt could substitute
for Epo to induce erythropoiesis, CD34" cells were transfected
with Myr-Akt, control vector or mock and cultured in medium
alone or in the presence of various concentrations of Epo.

Myr-Akt markedly reduced the concentration of Epo necessary
to induce GPA™ erythroid cells, compared to cells transfected
with control vector or mock (Fig 2E). Taken together, these
results suggest that activation of Akt is necessary for effective
Epo-induced erythropoiesis.

Identification of Epo responsive genes in erythroid
progenitors by cDNA microarray analysis

Erythropoietin promotes differentiation and proliferation of
early progenitors, and we wished to characterise the early

© 2006 The Authors
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Fig 2. Activation of Akt highly improves Epo-induced erythropoiesis. (A) CD34" cells can be efficiently transfected by using the nucleofector device
from Amaxa as evaluated by the transfection of CD34" cells with GFP expression plasmid. From 50-75% of the CD34" cells expressed GFP. (B)
CD34" cells were transfected with pCMV Myr-Akt or pCMV WT-Akt expression plasmid, cultured for 20 h in medium and then stimulated with Epo
for 2 d before preparation of total cell lysates. Phospho-Aktl (Ser 437) and Akt were then detected by Western blot analysis. One experiment of three
is shown. (C) CD34" cells were mock transfected (without vector) or transfected with pCMV Myr-Akt or control vector, cultured for 6-20 h and then
stimulated with Epo (5 U/ml) for 6 d before the total number of cells were determined and the expression of glycophorin A (GPA) detected by
fluorescent-activated cell sorting (FACS) analysis. Shown is per cent or total number of GPA" cells at day 7 after transfection pr 100 000 CD34*GPA~
cells seeded at day 0; one representative experiment (C) and mean number of GPA™ cells + SEM, n = 9, P<0-008 in (D). (E) CD34" cells were mock
transfected or transfected with pPCMV Myr-Akt or control vector, cultured for 20 h and then stimulated with various concentrations of Epo (0-04 U/
ml —5 U/ml) for 6 d before total number of cells were determined, the expression of GPA detected by FACS analysis and the total number of GPA*
cells calculated. Shown is the mean number of cells £ SEM of three experiments.

transcriptional changes that precede and lead to these events.
CD34*CD71*CD45RA™GPA™ cells, which are highly enriched
for early erythroid progenitors (Mayani et al, 1993), were
separated from three different bone marrow donors. The cells
were cultured with or without Epo in combination with
LY294002, resulting in a total number of 12 samples that were
harvested for mRNA analysis after 4 h. Only one time point
was selected due to very limited cell numbers. The RNA
samples were subjected to genome wide expression profiling.
We first compared the expression profiles of the populations
that were cultured in presence of Epo or with medium only. A

© 2006 The Authors

total of 2253 clones were differentially expressed (P < 0-05). By
applying SAM on this gene list, we identified 394 positively-
and 351 negatively-regulated clones, representing 584 unique
known genes that exhibited a fold change of more than 1-5.
Table I shows the 20 genes with the highest and lowest d score
(the most significant genes) from the SAM. Fig 3A shows
examples of different expression patterns of some of the
differentially expressed genes. The list of all significant genes is
available as Supplementary material. Many of the clones
represented poorly characterised sequences, but we also found
several well-known genes that appeared to be regulated by Epo
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Table I. Genes regulated by erythropoietin in CD34" erythroid progenitors. The genes with the 20 highest and lowest d values (most significant) from
the significance analysis of miroarrays are shown.

Symbol Accession no. Fold change Score (d) Gene description
GNG2 T80856 349 2:13 Heterotrimeric G proteins play vital roles in cellular responses to external
signals.
PTPRC AA280209 249 205 This PTP suppresses JAK kinases, and thus functions as a regulator of cytokine
receptor signalling.
SEMA3F AI970855 496 1-98 SEMAGSF is a secreted member of the semaphorin III family.The semaphorins
are a family of proteins that are involved in signalling.
PIM1 N80481 348 1-86 The proto-oncogene PIM1 encodes a protein kinase upregulated in prostate
cancer.
CPSF5 AA705275 278 1-86 The protein encoded by this gene is one subunit of a cleavage factor required
for 3" RNA cleavage and polyadenylation processing
CDi1C AA002086 253 1-74 Expressed on cortical thymocytes, on certain t-cell leukemias, and in various
other tissues.
AI083542 2-87 169
RGS20 AI264190 2:69 1-61 Regulator of G protein signalling (RGS) proteins are regulatory and structural
components of G protein-coupled receptor complexes.
ANAPC4 AA436173 2-18 1-53 A large protein complex, termed the anaphase-promoting complex (APC), or
the cyclosome, promotes metaphase-anaphase transition.
AI022958 1-88 15
DHX36 AA430052 2-49 1-49 DEAD box proteins are putative RNA helicases.
DDX5 H27564 221 1-47 DEAD box proteins are putative RNA helicases.
FLJ10038 AA935693 224 1-46
CDX2 AA524749 2-51 1-45 This gene is involved in the transcriptional regulation of multiple genes
expressed in the intestinal epithelium.
FLJ37034 AA421018 29 1-44
CRSP2 AA282594 2:6 1-43 The protein encoded by this gene is a subunit of the CRSP complex, which is
required for efficient activation by SP1
LOC90355 H69538 2:23 1-42
KIAA0746 AA456569 2:15 1-4 This gene may play a role in notch signalling.
LBR N54333 1-99 1-36 This gene anchors the lamina and the heterochromatin to the inner nuclear
membrane. Can interact with chromodomain proteins.
CTHRCI AA406425 223 135
PRKAG2 AA226716 0-54 -1-31
TREX1 Al352447 0-48 -1-31 This gene could be involved in DNA replication, repair, and recombination.
PABPN1 N76654 0-39 -133 The protein is required for progressive and efficient polymerisation of poly(A)
tails on the 3" ends of eukaryotic genes.
AA252394 0-48 -134
THG-1 Al049714 0-5 —1-34 Transcriptional repressor (by similarity).
GPR35 AA515711 0-56 —-1-38 Orphan receptor
AA679865 0-47 -1-38
RAD23A AA433808 0-48 -1-39
AAKI AlI688320 0-51 -1-39 The protein encoded by this gene belongs to the Ser/Thr family of protein
kinases SNF1 subfamily.
FCGRT AA642155 0-49 -1-39 This protein binds to the fc region of monomeric immunoglobulins gamma
AA707488 0-52 -1-4
KLF8 AlI820817 0-45 —1-41 Transcriptional repressor. Binds to caccc-boxes promoter elements.
AA973568 047 —1-42
MGCI13114 AA398922 0-47 —1-42
AI081539 0-46 —143
CNOT3 AA449841 0-46 —1-45 Negative regulator of transcription
R61230 0-44 —1-48
GCS1 AA291490 0-47 —-1-49 Glucosidase I is the first enzyme in the N-linked oligosaccharide processing
pathway
*mitoch. cont. 0-45 -1-51 Mitochondrial contained uncharacterised protein
ITGB5 AA434397 0-42 —-1-54 Integrin beta-5 subunit. Integrin alpha-v/beta-5 is a receptor for fibronectin
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Fig 3. Epo-induced genes in early erythroid progenitors and gene networks. CD34*CD71*CD45RA™GPA™ cells were fluorescent-activated cell sorting
from three different donors and cultured in separate experiments in medium alone or with Epo in the presence or absence of LY294002 for 4 h (i.e.
four different treatments for each donor, giving 12 samples altogether) before preparation of total RNA. The RNA was subjected to two rounds of
linear amplification before hybridisation to Stanford microarray chips. (A) The mRNA expression of GYPA, KIT and CDH1 (two independent clones
with Accession No W86859 and H97778), TFRC, MYB, PIM1 and CISH are visualised using TREEVIEW (http://rana.lbl.gov/EisenSoftware.htm). The
figure illustrates that PIM1 and CISH expression are induced independently of PI3K. (B) Literature networks were ranked by scores, based on average
upregulation of the 745 significantly changed clones induced by Epo compared with medium. Shown is the top-scoring literature neighbourhood of
IL6ST. Genes in red are upregulated by Epo, genes in green boxes are downregulated. Numbers indicate co-occurrence counts from the literature. Log,

transformed ratios of Epo versus medium treated samples accompany the gene symbols included in the network.

in these cells. Interestingly, several genes associated with
transcriptional repression were represented among the down-
regulated genes.

To identify the genes that were not regulated in a PI3K-
dependent manner, we first performed SAM with the 2253
clones that were changed by Epo (identified by the t-test) on
the six LY294002 treated samples (three with Epo and three
without). This resulted in only three upregulated clones, and
suggests that a majority of the Epo responsive genes are
regulated in a PI3K-dependent fashion. Indeed, the two genes
that were represented by these three clones were CISH
(cytokine inducible SH2-containing protein) and the serine/
threonine kinase PIM1, both known to be cytokine inducible
in a STAT5-dependent, PI3K-independent manner (Matsu-
moto et al, 1997; Peltola et al, 2004).

To examine the biological relationship between genes
regulated by Epo, we used the literature-mining tool PubGene,

which identifies neighbourhoods that are defined by co-
occurrence of the genes in MEDLINE records. It was
previously shown that such co-occurrence often reflects
biological relationships (Jenssen et al, 2001). We evaluated
the 745 clones identified through the previously described
SAM, and by applying upregulation as the score criterion,
genes with neighbours whose expression was induced by
erythropoietin obtained the highest score. The literature
neighbourhood of interleukin-6 receptor beta chain precursor
(IL6ST) ranked highest in this analysis (Fig 3B). IL6ST, BRD2
(bromodomain containing 2) and APOE (apolipoprotein E)
were downregulated genes in this cluster, but the score was
dominated by the upregulated genes GYPA (glycophorin A),
HBA2 (Haemoglobin alpha 2), LBR (laminreseptor B), EGFR
(epidermal growth factor receptor), NTRK2 (Neurotrophic
tyrosine kinase 2) ITGBI (Integrin, beta 1/CD29), TFRC (trans-
ferrin receptor/CD71, PTPRC (Protein tyrosine phosphatase

Table II. Expression changes in CD34" erythroid progenitors induced by erythropoietin. The cells were cultured in the presence or absence of
LY294002 for two days. Shown are the mRNA expression changes determined by microarray analysis for GYPA, CDH]1 (two clones) and KIT (left
panel), and the protein expression changes determined by fluorescent-activated cell sorting analysis of their corresponding gene products Glycophorin
A, e-cadherin and CD117 (right panel).

EPO vs. Med EPO + LY vs. LY

Accession EPO vs. Med EPO + LY vs. LY

Symbol Name no. (Fold change) (Fold change) Protein Fold change STDV Fold change STDV

GYPA  Glycophorin A (includes N70285 1-99 0-57 Glycophorin A 3-88 2-89 0-89 0-69
MN blood group)

CDHI1  Cadherin 1, type 1, W86859 177 0-75 E-cadherin 20 3:82 0-71 0-09
E-cadherin (epithelial)

CDHI1  Cadherin 1, type 1, H97778 1-87 1-06
E-cadherin (epithelial)

KIT V-kit Hardy-Zuckerman N24824 1-61 076 CD117 1-33 022 0-61 021

4 feline sarcoma viral

oncogene homolog
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receptor type C/CD45), PRPF4B (pre-mRNA processing factor
4 homolog B) and ILIRI (Interleukin-1 receptor type I).
Interestingly, KIT was also included in this network as a gene
upregulated by Epo, and was increased 1-6-fold (Fig 3B and
Table II). The results indicate a functional relationship
between known and novel target genes regulated by Epo.

KIT is a PI3K dependent, Epo-induced target gene in
erythroid progenitors

The mRNA expression of KIT was studied in sorted
CD34*CD71"CD45RA™GPA™ early erythroid progenitors by
real time RT-PCR. Again, in agreement with the microarray
experiments, KIT was found to be upregulated 1-6-fold by Epo
after 4 h, compared with the TO control, whereas 1Y294002
decreased KIT expression 0-67-fold (Fig 4A). As sorted early
erythroid progenitors are limited in numbers, we also expan-
ded CD34" cells in the presence of Epo, Scf and IL-3 for 6 d
(day 6 erythroid precursors). The day 6 erythroid precursors
were cytokine-starved for 4 h and then restimulated with Epo
for various times before preparation of total RNA, and real
time RT-PCR analysis. None of the cyclins tested (CCND3,
CCNA1, CCNA2, CCNE2, CCNE2) showed significant changes
at any of the time points tested (0, 1 or 2 h post Epo addition,
Fig 4B and data not shown), and were not included in the list
of genes that were significantly changed >1-5-fold by Epo from
the microarray analysis. Thus, the increased protein expression
of cyclin A, E and D3, shown in Fig 1, were most probably not
due to transcriptional regulation. In contrast, the expression of
KIT was increased 1-5-fold after 2 h in Epo-treated cells when
compared with TO control cells. Taken together, these findings
further support a role for KIT as an Epo-induced target gene in
primary erythroid progenitors.

Confirmation of differential expression of selected Epo
target genes

The expression of some of the Epo-regulated genes identified
by gene expression profiling, were examined at the protein
level in our experimental system, including Kit (CD117). We
selected genes that were feasible to analyse at the protein level
by FACS analysis. The results from the microarray and FACS
experiments are summarised in Table II and Fig 5. In these
experiments, glycophorin A, served as a positive control. At the
RNA level GYPA was upregulated 2:0-fold by Epo stimulation,
and FACS analysis showed that the upregulation of glyco-
phorin A was restricted to the CD71M&" cells. LY294002
completely suppressed the Epo-induced upregulation of
glycophorin A.

By microarray and real-time RT-PCR analysis, KIT expres-
sion was upregulated 1-6-fold, (Table II and Fig 4A). We
assessed the corresponding gene product CDI117 by FACS
analysis. Most of the CD34" cells expressed CD117, but it was
evident that, in the Epo-treated populations, the CD71M8"
expressing cells exhibited a higher expression of the protein
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Fig 4. Epo induced upregulation of KIT in early erythroid prognitors
and in day 6 cytokine expanded erythroid precursors. The mRNA
expression in cells stimulated in the presence or absence of Epo with
or without LY294002 were analysed by real time RT-PCR. (A) KIT
mRNA relative expression in CD34'CD71"CD45RA”GPA™ early
erythroid progenitors. ACy £ SD of duplicates of one representative
experiment is shown. (B) Relative mRNA expression of KIT and
CCNEI in in vitro expanded d6 erythroid precursors restimulated
with Epo for 0, 1 or 2 h. Shown is mean ACy = SEM, n = 3, Black
bars: Epo stimulated cells, grey bars: cells cultured in medium only.
*P = 0-012 for Epo vs. TO.
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Fig 5. Epo increased the protein expression of CD117 (KIT) and E-Cadherin (CDHI1) in early erythroid progenitors. CD34*CD71*CD45RA™GPA™~
fluorescent-activated cell sorting (FACS) cells were cultured in medium alone or with Epo in the presence or absence of LY294002 for 2 d before the
protein expression of CD71, glycophorin A (GPA), CD117 (KIT) and E-cadherin (CDH1) were analysed by FACS analysis. One representative

experiment of three separate ones is shown.

than did the CD71'" expressing cells, indicating that Epo
induced the expression of this protein as well. LY294002,
however, inhibited the expression of CD117 in both the
CD71°" and CD71%8" expressing cells.

Two clones represented the gene e-cadherin, CDHI. The
average fold-change at the RNA level followed by Epo-
mediated stimulation was 1:8. At the protein level, the
expression of this gene was strongly induced by Epo, and only
the CD71%8" cells were e-cadherin®", As for glycophorin A, e-
cadherin induction was also almost completely suppressed by
LY294002.

Discussion

Erythropoietin provides the essential signals for differentiation
and survival to erythroid progenitors. We investigated the role
of PI3K-dependent Epo signalling in cell cycle progression of
CD34" progenitors, and showed that Epo alone was able to
induce hyperphosphorylation of RB and upregulate cyclin D3,
E and A. Genome wide profiling of CD34"CD71"CD45RA™G-
PA™ erythroid progenitors showed that Epo initiated a
transcriptional programme that led to significant change of
expression levels in 584 genes after 4 h. The majority of these

© 2006 The Authors
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genes were apparently regulated in a PI3K-dependent manner,
including glycophorin A, e-cadherin and Scf receptor/CD117
(KIT).

We have previously shown that Epo-induced differentiation
of erythroid cells is dependent on PI3K/Akt signalling pathway
(Myklebust et al, 2002). Here we showed that enforced
expression of Myr-Akt, a constitutively active form of Akt,
highly augmented the Epo-induced differentiation. Further-
more, Myr-Akt transfected cells were hypersensitive to Epo.
Interestingly, Ghaffari and co-workers recently demonstrated
that enforced expression of activated Akt in murine fetal liver
progenitor cells overrode the need for Epo to induce erythroid
differentiation (Ghaffari et al, 2006). They concluded that the
enhanced erythroid maturation of activated-Akt-transduced
cells was not limited to its anti-apoptotic or proliferative effect
as no increase in total cell number was observed. Increased
activation of the PI3K/Akt signalling pathway may be partic-
ularly relevant to patients with polycythemia vera (PV). PV is a
clonal haematopoietic progenitor cell disease characterised by
enhanced erythropoiesis and increased number of erythrocytes.
PV erythroid progenitors are hypersensitive to several cytok-
ines, including Epo (Casadevall et al, 1982). Upon stimulation
with Epo or Scf, PV erythroid progenitors showed a marked
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increase in phosphorylation of Akt and its downstream targets
GSK3a/B, compared with normal erythroid progenitors (Dai
et al, 2005). Furthermore, the cytokine hypersensitivity and
increased phosphorylation of Akt is probably caused by an
activating mutation in JAK2 found in the majority of PV
patients (Campbell et al, 2005; James et al, 2005; Zhao et al,
2005).

The molecular events that initiate cell cycle progression and
differentiation upon Epo signalling in CD34" progenitors are
not fully understood. Although, several different pathways are
activated, the critical role of PI3K has been shown (Myklebust
et al, 2002; Bouscary et al, 2003; Schmidt et al, 2004). Here we
show that Epo induced upregulation of cyclin D3, E and A in a
PI3K-dependent manner, whereas the protein expression of
p275%P! and p21“P' largely was unaffected. Bouscary et al
(2003) also found a PI3K-dependent upregulation of D cyclins
upon Epo stimulation and they also observed downregulation
of p275"P! which was mediated by degradation by the E3 ligase
SCFS*P? (Bouscary et al, 2003). However, in our study, the
erythroid progenitors represent an earlier developmental stage
(BFU-E). It is possible that Epo-induced effects on cell cycle
regulators differ in early versus later stages of erythroid
development, as late erythroid precursors in response to Epo
exit cell cycle during differentiation. Moreover, the regulation
of cyclins is most likely not regulated at the transcription level,
as none of the cyclins or CKIs were among the significantly
changed genes by gene expression profiling. Furthermore,
none of the cyclins that we tested in real time RT-PCR
experiments showed significant changes in response to Epo
stimulation.

Genome wide profiling has been used in several studies of
erythroid differentiation (Kolbus et al, 2003; Edvardsson et al,
2004; Fujishima et al, 2004; Welch et al, 2004). The findings of
these studies are heterogeneous, reflecting the variation in the
experimental systems used. By choosing freshly isolated early
erythroid progenitors (CD34"CD71"CD45RA™GPA™), and by
stimulating them for 4 h with Epo with or without LY294002,
our study design aimed to discover early targets of Epo
signalling in the human system and to clarify whether their
regulation was PI3K-dependent. By choosing a threshold of
1-5-fold regulation and applying a practical two-step filtering
procedure, we defined a list of 584 unique known genes that
exhibited regulation upon Epo stimulation. This approach has
been shown to be practical in defining a list of genes that
contains physiologically relevant targets (Shen et al, 2004). A
number of known Epo target genes were included in our list of
upregulated genes. GYPA and TFRC are associated with
erythroid differentiation and were upregulated in a PI3K-
dependent fashion. This was shown in the microarray experi-
ments and verified at the protein level by FACS assays. One of
the most interesting findings in our study was the upregulation
of KIT (CD117) expression in response to Epo treatment. Scf
acts synergistically with Epo to enhance the generation of
glycophorin A positive cells from CD34" progenitors (Wu
et al, 1997; Myklebust et al, 2002; Munugalavadla et al, 2005).

Several mechanisms of cooperative action between Epo and Scf
have been suggested, and it is well established that Scf can
promote an increase in EpoR expression (Lodish et al, 1995;
Kapur & Zhang, 2001). Upregulation of KIT (CDI117) in
response to Epo is a novel mechanism for such cooperative
action. Our data also clearly indicated that the Epo-induced
KIT upregulation is dependent on activation of PI3K. The
PI3K inhibitor LY294002 abrogated the increased KIT
expression, and in the cultures that were treated with
LY294002 only, the levels of KIT mRNA and protein were
even lower compared with the medium only treated cultures.
This suggests that, for CD34" progenitors, a certain basal level
of PI3K activity is required to maintain expression of KIT. KIT
is downregulated (repressed by GATA-1) in the later stages of
erythroid differentiation, but the levels in CD34" progenitors
are high (Welch et al, 2004; Munugalavadla et al, 2005). In our
experimental system, Scf could not bypass the requirement for
Epo and alone promote erythroid differentiation of CD34"
progenitors (data not shown). Previous data on c-kit depend-
ency of early erythroid progenitors are controversial. Human
BFU-Es have been shown to be Scf-dependent when cultured
in serum free media (Dai et al, 1991), but it has also been
shown that c-Kit *"* mice, that are functionally c-kit deficient,
can be rescued by transgenic, enforced expression of Epo
(Waskow et al, 2004).

CDHI was, in addition to KIT, among the intriguing
candidate genes from the microarray screening that we
decided to analyse at the protein level. This gene encodes for
a cell-cell adhesion glycoprotein that is expressed at the
erythroblast and the normoblast stages, and it has previously
been shown that e-cadherin has a functional role in
erythropoiesis (Armeanu et al, 2000). We have now shown
that e-cadherin is rapidly induced by Epo in early CD34"
progenitors. The protein expression was restricted to the
CD71"8" expressing cells. By use of the PubGene tool we
identified literature neighbourhoods that consisted of Epo-
regulated genes defined by our SAM. The neighbourhood of
IL6ST, which obtained the highest score, included both
known Epo targets, such as transferrin receptor, haemoglobin
alpha 2 and glycophorin A, and also KIT that was validated
in our study. Upregulation of ILIRI and EGFR, could
provide mechanisms through which survival and proliferation
are promoted, in response to interleukin 1 or epidermal
growth factor stimulation respectively. Interestingly, PTPRC
(CD45), was also among the upregulated genes in this cluster.
Several studies have shown that CD45 plays an important
role in the negative regulation of erythroid differentiation
(Harashima et al, 2002). Thus, the PubGene tool can be
helpful in organising the differentially expressed genes into
functionally related gene clusters, and aids the generation of
novel hypotheses.

Taken together, our data show that ligand binding to the Epo
receptor in early CD34" progenitors initiates a plethora of
signalling cascades. The physiological effects of Epo on survival,
proliferation and differentiation at this stage are completely
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dependent on functional PI3K, and the observed expression
changes of important target genes reflect this dependency.
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Abstract
Bone morphogenetic proteins (BMPs) are multifunctional cytokines that belong to the TGF-f3

superfamily. BMPs have been shown to regulate hematopoietic stem cells, B-lymphopoiesis and
early thymocyte differentiation. In the present study we explored the role of BMP-6 in human T-
cells. Human T-cells were found to express BMP type I and type II receptors, and BMP-6 rapidly
induced phosphorylation of Smad1/5/8. BMP-6 also induced phosphorylation of p38 in
peripheral blood CD4+ T-cells and of p38 and ERK1/2 in Jurkat TAg cells. The transcriptional
response to BMP-6 stimulation in both cell systems included potent upregulation of ID1, ID2 and
ID3 but Id1 and Id3 were only induced at the protein level in Jurkat TAg cells. Genome wide
expression profiling of BMP-6 stimulated Jurkat TAg cells identified other transcriptional targets
known to be involved in BMP-6 signalling, including Noggin (NOG) and Smad6. Several genes
involved in transcriptional regulation were also identified, including NFKBIA, HEY'1, DLX2,
KLF10 and EGR1. Stimulation with BMP-6 exerted an antiproliferative effect in Jurkat TAg that
was counteracted by Id1 siRNA. In CD4+ T-cells, BMP-6 significantly inhibited the
differentiation into IL-4 producing effector cells from naive precursors albeit less potently than

TGF-p. Taken together, BMP-6 is a novel regulator of human T-cell responses.



Introduction

Bone morphogenetic proteins (BMPs) are cytokines that belong to the transforming growth factor
B (TGF-B) superfamily. BMPs were originally identified by their ability to induce ectopic
cartilage and bone formation, but it has been shown that these cytokines also control cellular
proliferation, migration and apoptosis in various cellular systems [1;2]. Members of the TGF-3
superfamily signal through ligation and heterodimerization of type I and type II serine-threonine
kinase receptors [3]. This leads to phosphorylation and activation of the type I receptor which
subsequently phosphorylates receptor Smad proteins (R-Smads). The R-Smads then form
complexes with the co-Smad (Smad4), which translocate into the nucleus where they exert gene
regulation. The gene regulation and resulting physiological response are context dependent. This
is in part due to the diversity allowed for by the combinatorial interactions of type I and type II
receptors and Smads. Smads also cooperate with many different sequence- and tissue specific
transcription factors [3]. The R-Smad activation is regulated by numerous receptor binding
proteins as well as the inhibitory Smads, Smad6 and Smad7. Smad1/5/8 are mainly involved in
BMP signalling and Smad?2/3 are restricted to TGF-B/Activin [4]. In addition to Smad dependent
signalling and transcriptional regulation, the activated receptor complex may activate non-Smad
signalling pathways, such as MAPK and TAK1/MEKK1 which leads to phosphorylation of p38
and ERK [3]. Several studies have pointed toward members of the Id protein family, a class of
helix-loop-helix (HLH) proteins, as important targets for BMP signalling [5-8]. HLH proteins act
as transcriptional regulators and are essential factors for lymphoid development and function [9-
11].

TGF-p is the member of the superfamily that has been most thoroughly studied in
hematopoietic cells of normal and malignant origin, and it is now recognized as a major
endogenous negative regulator [4;12]. TGF- has an inhibitory effect on B- and T-cells through
several mechanisms [12;13]. In T-cells, TGF-f exerts its inhibitory effects partly by reducing the
ability of CD4+ T-cells to differentiate into Th1 or Th2 effector cells [12]. Furthermore,
upregulation of ID2 and downregulation of ID3 at the mRNA level have been observed during
Th2 differentiation, and interestingly, this was counteracted by TGF-f stimulation [14;15].
Mature Th1 cells produce IFN-y and are crucial for cellular immune responses, whereas Th2 cells
produce other cytokines, including IL-4, that mobilize humoral immunity. In contrast to the

recognized role of TGF-p, the role of BMPs in regulating cells of the immune system is not



thoroughly investigated. However, we recently showed that BMP-6 inhibits growth of human B
progenitors and mature B-cells [16;17]. In multiple myeloma cells BMP-2, -4, -6 and -7 have
been shown to have antiproliferative and proapoptotic effects [18;19]. Interestingly, BMP-2 and
BMP-4 were shown to inhibit early thymocyte differentiation [20], whereas transgenic expression
of the BMP antagonist Noggin implicated that BMP signalling was required for normal thymus
development [21].

Given the negative effects of BMPs in B lineage cells and early T-cell development, we
wanted to further explore the role of BMP-6 in human T-cell biology. We have characterized
BMP receptor expression and examined the BMP-6 signalling transduction pathway in the Jurkat
TAg cell line and in mature CD4+ T-cells. Furthermore, downstream transcriptional targets of

BMP-6 were identified in both cell types, and functional effects were characterized.



Materials and Methods

Reagents and Antibodies

Carrier free recombinant human (rhu) BMP-6 (500 ng/ml, if not specified otherwise), rhu BMPR-
[I/Fc Chimera (5 pg/ml), rhu Act-RIA/Fc Chimera (5 pg/ml), recombinant mouse (rm) Noggin (5
pg/ml), anti-Act-RIA/Alk2 (BAF637), anti-BMP-RIA/Alk3 (BAF829), anti-BMP-RIB/Alk-6
(BAF505), anti-BMPR-II (BAF811), anti-Act-RITA (BAF340) and anti-Act-RIIb (BAF339) ab
were purchased from R & D Systems (Abingdon, UK). Goat serum (negative control) was from
Sigma and Streptavidin PE was from Dakocytomation (Glostrup, Denmark). Anti-CD45RA PE,
anti-CD45RO FITC, anti-CD4 FITC, and isotype matched irrelevant ab (FITC and PE) that
served as negative controls were from Dakocytomation, and anti-IL-4 PE (554516) and IFN-y
FITC (340449) were from Becton Dickinson (www.bdeurope.com).

Anti-pSmad1/5/8 (9511), anti-phospho-p38 and anti-p38 were from Cell Signalling,
whereas anti-Smad1 (06-653), anti-phospho-p42/p44 and anti-p42/p44 were from Upstate, and
anti-Id1 (sc-488), anti-Id2 (sc-489) and anti-1d3 (sc-490) were from SantaCruz Biotechnology
(Heidelberg, Germany). As secondary antibodies for immunoblot analysis served anti-mouse,
anti-goat or anti-rabbit IgG-horseradish peroxidase (HRP) from Dakocytomation AS.

Cell isolation, culture and transfections

Buffy coats from peripheral blood were provided by the Blood Bank at Ulleval Hospital with
informed consent from the blood donors and formal approval by the regional ethics committee.
Highly purified resting human CD4+ T-cells were isolated from peripheral blood by the use of
CD4 Dynabeads (Invitrogen, Oslo, Norway). The pre-T ALL cell line Jurkat TAg was
maintained in RPMI (supplemented with 10% FCS, 100 units/ml penicillin G, and 100 units/ml
streptomycin sulphate). Prior to experiments, Jurkat TAg cells were cultured over night in X-
VIVO 15™ | In all experiments, CD4+ T-cells, CD4+CD45RA+CD45RO- naive T-cells and
Jurkat-TAg cells were cultured in X-VIVO 15™ serum-free medium (BioWhittaker, Verviers,
Belgium) at 37 °C and 5% CO; in air.

In the transfection experiments Jurkat TAg cells were electroporated at 200 V for 70 ms
using an ECM 830 Electro Square Porator (BTX Inc., San Diego, CA, USA). The final
concentrations of the nucleic acids: 500 nM of ID1 siRNA (5°-
CUCGGAAUCCGAAGUUGGALt-3’) or scrambled siRNA (Ambion Inc, Austin, TX, USA), 5
ng/ml of the BRE-Luc vector (a gift from Dr. Peter ten Dijke) and 0.25 pg/ml of pRL-CMV



(renilla luciferase) (Promega, Madison, WI, USA). The transfected cells were transferred to
prewarmed X-VIVO 15™ medium and incubated at 37 °C for 2-4 hours before BMP-6 was
added in various concentrations.

Cell proliferation and CFSE cell division tracking

For estimation of DNA synthesis, JurkatTAg cells were cultured in triplicates in 96 well round-
bottom plates, 20 000 cells/well in 200 pl, and incubated for 3 days. *H-Thymidine (3.7x10" Bq)
were added the 4 last hours of incubation and the *H-Thymidine incorporation determined as
previously described [16]. Cell division tracking was performed by labelling Jurkat TAg cells
with 5- and 6-carboxyfluorescein diacetate succinimidyl ester (CFSE; Molecular Probes, Eugene,
OR, USA) as described earlier [22].

Determination of cell death

Cell death was measured by vital dye exclusion test as described [16].

Induction of Th1 and Th2 differentiation in vitro

CD4+CD45RA+CD45R0O- naive T-cells were cultured at 140 000/200 pl in X-VIVO 15™
serum-free medium and preincubated in medium alone or with BMP-6 (500 ng/ml) or TGF-f (10
ng/ml) for 1-20 hours prior to the primary activation using CD3CD28 T-cells expansion Beads
(Invitrogen) at the bead:cell ratio of 0.3. To direct Th1 differentiation, rhu IL-12 (20 ng/ml) and
anti-IL-4 ab (10 pl/ml) were added, and to direct Th2 differentiation, rhu IL-4 (40 ng/ml) and anti
[FN-y (2.5 pg/ml) were added. After 3 days, the cells were resuspended well and moved to 24
well plates containing 1.8 ml medium with IL-2 (10 ng/ml) and the cells were expanded for
another 5 days.

FACS sorting and analysis

All incubations with antibodies were performed in the dark at 4 °C for 30 minutes. To perform
intracellular cytokine staining, the cultured cells were activated with PHA (1 pg/ml) and
ionomycine (0.5 pg/ml; Calbiochem, Darmstadt, Germany) for 5 hours. Brefeldin A (BD) was
added for the last 3 hours of activation. The cells were then permeabilized by 1%
paraformaldehyde in PBS for 10 min at RT, followed by permeabilization in 100% methanol for
at least 20 min at —20° C. After washing twice with PBS, the cells were stained with anti-IL-4 PE
and anti-IFN-y FITC or corresponding isotype matched ab. The stained cells were analysed in a

FACSCalibur flowcytometer (BD). CD4+CD45RA+CD45RO- naive T-cells were obtained by



staining of CD4+ cells with anti-CD45RA PE and anti-CD45RO FITC for 30 min and the
CD45RA+CD45RO- cells were sorted on a FACSDiva Cell sorter (BD).

Western-blot analysis

Jurkat TAg or CD4+ T-cells were lysed in SDS-lysis buffer and run on 10-12 % SDS/PAGE gels
as previously described [16].

Luciferase reporter assay

Jurkat TAg cells were transfected with the BRE-Luc plasmid (specific BMP/Smad transcriptional
reporter [23]), in combination with pRL-CMYV (renilla luciferase) that was used as an internal
transfection control. After transfection, the cells were treated with various concentrations of
BMP-6 over night. The respective activities of firefly and renilla luciferase were determined
sequentially using the Firelite dual luminescence reporter gene assay (Perkin-Elmer, Rodgau-
Jigesheim, Germany) and a Top Count liquid-scintillation counter (Packard, Meriden, CT, USA).
RNA isolation

For the RNA expression analyses, total RNA was isolated using Absolutely RNA™ RT-PCR
Miniprep Kit (Stratagene Europe, Amsterdam, Netherlands) according to the manufacturer’s
instructions. Quantification of RNA was achieved by using spectrophotometric ODy¢
measurements (Nanodrop, Wilmington, DE, USA).

Real-time RT-PCR

ID1, ID2 and ID3 mRNA expression was analyzed by real-time quantitative RT-PCR using
Tagman technology according to the manufacturer's procedure (Applied Biosystems, Foster City,
CA, USA) and as previously described [16]. The expression was normalized to the expression of
PGK1, and calibrated to the expression levels in Ramos cells.

MicroArray experiments

Jurkat TAg cells were cultured with or without 500 ng/ml BMP-6 for 2 or 16 hours. The
experiments were performed in triplicates resulting in 15 samples, including the Ty samples,
which were subjected to genome wide profiling. Three pg of total RNA was used to generate
cRNA, subsequently hybridized to HG-U133A Plus 2.0 arrays (Affymetrix, Santa Clara, CA,
USA) according to the Affymetrix GeneChip Expression Analysis Technical Manual
(http://www.affymetrix.com), and scanned using the Affymetrix GeneChip Scanner 3000. Data
were acquired using the Affymetrix software, GeneChip Operating Softwarel.3. The data were

RMA normalized by the use of the free Software R version 2.1.1 (http://www.r-project.org/) and



BioConductor 1.7 Packages, Affy version
1.8.1.(http://www.bioconductor.org/download/bioc1.7/). The filtered data are available as
supplementary material.

Statistical analysis

Differentially expressed genes were identified by the rank products (RP) test [24]. Briefly rank
products are calculated for all probe sets. By a permutation-based estimation procedure it is
determined how likely it is to observe a given RP value or better in a random experiment. The
algorithm also provides an estimate of the percentage of false positive genes at a given cut off
level, denoted false discovery rate (FDR). In our experiments FDR less than 0.1 were considered
significant. Elsewhere, the statistical significance of differences between groups was determined
using the paired two-tailed Wilcoxon nonparametric test, by applying SPSS12.0.1 software
(SPSS Inc., Chicago, IL, USA). p values less than 0.05 were considered significant.



Results

The pre-T ALL cell line Jurkat TAg and human CD4+ T-cells express receptors for BMP-6
We used FACS analysis to determine the expression of the BMP type I receptors Alk-2, Alk-3
and Alk-6 and the type II receptors ActRIla, ActRIIb and BMPRII on the Jurkat TAg cell line as
well as on normal CD4+ T-cells from peripheral blood. As shown in Figure 1, Jurkat TAg cells
expressed Alk-2, Alk-3 and BMPRII. CD4+ T-cells exhibited a more heterogeneous pattern as
shown in Table 1. However, 58% of T-cells expressed Alk-2, and 11% expressed BMPRII. Since
BMP-6 mainly utilizes the Alk-2 and BMPRII receptors, these data show that BMP-6 signalling
1s feasible in T-cells [18].

BMP-6 signalling in JurkatTAg and human CD4+ cells

Upon BMP-6 binding and subsequent activation of the receptor complex, several downstream
signalling pathways can be triggered. First, we examined the effect of BMP-6 on Smad
phosphorylation by western blotting. Smad1/5/8 phosphorylation was induced after 5 minutes,
and was sustained for 24 hours in Jurkat TAg cells as well as in CD4+ cells (Figure 2A and 2B),
but the level of pSmad was lower in CD4+ cells than in Jurkat TAg cells. BMPs have been
shown to induce activation of p38 and ERK in other systems [25]. In Jurkat TAg we observed an
increase in the levels of phospho p38 and phospho ERK1/2 after one hour of stimulation, and this
increase was sustained for at least 24 hours (Figure 2A). In CD4+ cells the levels of phospho p38
were increased upon BMP-6 stimulation (Figure 2B), whereas the levels of phospho ERK1/2
remained undetectable (not shown).

The BRE-Luc reporter contains binding sites for phosphorylated Smad proteins and is
selectively activated by BMPs. To examine whether BMP-6-induced Smad phosphorylation can
induce transcriptional responses, this reporter was transfected into Jurkat TAg cells followed by
stimulation with BMP-6 in various concentrations. The BRE-Luc reporter was induced in Jurkat
TAg cells in a dose dependent manner (Figure 3). Taken together, our data show that T-cells
contain the components necessary to transduce the BMP-6 signal from the cell membrane to the
nucleus.

Identification of BMP-6 target genes
To characterize the transcriptional changes that precede and lead to the functional responses of
BMP-6 in cells of T-cell origin, we performed genome wide expression profiling of the Jurkat

TAg cell line. Cells were stimulated for 2 or 16 hours with BMP-6 or cultured in medium alone,



followed by isolation of RNA and microarray experiments. The 2 hours time point was chosen to
detect predominantly early transcriptional effects of BMP-6. A false discovery rate of 0.1 or
lower was chosen as threshold for significant change. 45 probesets fulfilled this criterion on at
least one time point (Figure 4A). Interestingly, the highest ranked probesets represented genes
encoding, ID1, ID2 and ID3. The transcription of these genes was induced 18, 10 and 4.6 fold,
respectively, after two hours of stimulation. Other identified genes known to be involved in BMP
signalling included the BMP antagonist Noggin (NOG) and the inhibitory Smad6. Notably, also
several genes involved in transcriptional regulation were changed including NFKBIA, HEY 1,
DLX2, KLF10 and EGRI.

We next determined the levels of the Id proteins by western blot analysis in Jurkat TAg
cells. Interestingly, increased Id1 and Id3 protein expression correlated well to the mRNA data,
and was detectable one hour after BMP-6 addition (Figure 4B). In contrast to the mRNA data, we
did not observe any significant change in the level of Id2 protein upon BMP-6 stimulation. Taken
together these data indicate that both Id1 and Id3 could be target genes, mediating the effects of
BMP-6 in Jurkat TAg cells.

We next tested for the upregulation of ID1-ID3 in human CD4+ cells by real-time RT-
PCR. The cells were stimulated for two hours with BMP-6, TGF-f or cultured in medium alone
followed by isolation of RNA. TGF-P was chosen as a positive control since it was previously
shown that this cytokine induces increased expression of ID3 in lymphocytes [26]. Interestingly,
we observed a 2.8, 3.4 and 3.4 fold upregulation of ID1, ID2 and ID3 respectively (n=2) (Figure
5). However, Id1 protein was not detectable, and no change in I1d2 and Id3 protein levels was
observed upon BMP-6 stimulation in CD4+ T —cells (data not shown).

BMP-6 inhibits proliferation of Jurkat TAg cells

To examine the effect of BMP-6 on the DNA synthesis of Jurkat TAg, we treated the cells for 3
days with various concentrations of BMP-6 and measured *H-thymidine incorporation. BMP-6
reduced the spontaneous proliferation of the cells in a dose-dependent manner (Figure 6A). The
BMP-6 effect was reversed by addition of the extracellular inhibitor Noggin or by addition of a
combination of soluble receptors for BMP-6 (Figure 6B). Reduced *H-thymidine incorporation
could result from reduced viability in the cell cultures or increased cell cycle length. BMP-6
stimulation for 48 or 72 hours did not significantly affect the viability of Jurkat TAg cells, as

determined by propidium iodide (PI) staining (data not shown). In contrast, high-resolution cell
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division tracking using the CFSE method showed that T-cells treated with BMP-6 exhibited
increased cell cycle length (Figure 6C).
Id1 mediates the inhibitory effect of BMP-6 in Jurkat TAg cells
Id proteins may affect proliferation and differentiation of lymphocytes through binding of E-
proteins, thus inhibiting these proteins’ ability to bind DNA. We tested whether the endogenous
Id proteins, induced by BMP-6, mediated the inhibitory effect of BMP-6 in Jurkat TAg cells.
Following transfection with siRNA targeting ID1 or scrambled siRNA, we stimulated the cells
with BMP-6. Notably, transfection with siRNA targeting ID1 blocked the BMP-6 induced
upregulation of the corresponding proteins as detected by western blot analysis (Figure 7A). We
then measured *H-thymidine incorporation to assess the DNA synthesis of the cells upon BMP-6
stimulation. Whereas cells transfected with scrambled siRNA responded to BMP-6 stimulation in
a similar manner as untransfected cells and reduced the spontaneous proliferation by 60%, ID1
siRNA partly counteracted the inhibitory effect of BMP-6 (Figure 7B). In these cells *H-
thymidine incorporation was reduced by only 35%.

Taken together, our data suggest that Id1 is an important downstream target of BMP-6 in
mediating the inhibitory effect of this cytokine on Jurkat TAg cells.
BMP-6 inhibits the generation of IL-4 producing Th2 cells from naive CD4+ T-cells
The striking effects of BMP-6 on the pre-T ALL cell line Jurkat TAg and the findings that BMP-
6 also activate Smad1/5/8 and p38 in normal CD4+ T-cells, prompted us to investigate the role of
this cytokine on normal CD4+ T-cells. BMP-6 stimulation did not significantly affect the
proliferative capacity of CD4+ T-cells activated with PHA or anti-CD3/anti-CD28 (data not
shown). Furthermore, the viability of CD4+ T-cells was also unaffected by BMP-6 stimulation
(data not shown). However, as it previously was shown that TGF-f inhibited the generation of
IL-4 producing Th2 as well as IFN-y producing Thl cells from naive CD4+ T-cells [12], we
wanted to explore the effects of BMP-6 on in vitro induced differentiation of naive CD4+ T-cells.
Interestingly, BMP-6 had a significant inhibitory effect on the generation of Th2 cytokine
producing effector cells as the percentage of IL-4 positive cells was reduced by 36% compared to
control cells (SEM=8.6, n=5, p<0.05, Figure 8A). In contrast, BMP-6 had no significant effect on
the generation of IFN-y producing cells. For comparison, TGF-f inhibited both Th2 and Th1
differentiation to a similar extent, with a 51% (SEM=13.1, n=5) and 57% (SEM=12.7, n=3)

11



reduction in the percentage of IL-4 and IFN-y positive cells, respectively. Taken together, this

suggests that BMP-6 signalling may exert immunomodulatory actions in normal CD4+ T-cells.
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Discussion

Members of the BMP superfamily play important roles in the regulation of growth and
differentiation of different hematopoietic cells. Recent studies have reported effects of BMPs in
hematopoietic stem cells, B-cell malignancies, and in normal B-progenitors and mature B-cells
[16-18;27;28]. Less is known regarding possible effects of BMPs in T-lineage cells, although a
role of BMPs has been implicated in thymopoiesis [20;21;29]. In this study we have
demonstrated the presence of a functional BMP-6 signalling pathway in mature CD4+ T-cells as
well as in the pre-T ALL cell line Jurkat TAg. The transcriptional response to BMP-6 stimulation
included potent upregulation of ID1, ID2 and ID3, both in Jurkat TAg cells and in CD4+ T-cells.
Additionally, the corresponding Id1 and Id3 proteins were induced by BMP-6 in Jurkat TAg
cells. In these cells, stimulation with BMP-6 exerted an antiproliferative effect that was
suppressed by silencing of ID1. Interestingly, in CD4+ T-cells stimulation with BMP-6 did not
affect proliferation, but significantly inhibited the differentiation into IL-4 producing effector
cells, suggesting immunomodulatory effects of BMP-6 in mature T-cells.

Activation of the R-Smads is one of the major signalling pathways triggered by BMP
stimulation [3;30]. BMP induced phosphorylation of R-Smad has been associated with various
functional effects depending on the cellular systems. In normal and malignant B-lineage cells
BMPs have previously been shown to inhibit proliferation via R-Smad phosphorylation [16-
18;31]. In our study we detected a rapid phosphorylation of Smad1/5/8 in both peripheral CD4+
T-cells as well as in Jurkat TAg cells in response to BMP-6, although the level of pSmad1/5/8
was higher in the latter. Phosphorylation of p38 and ERK1/2 are events representing activation of
other signalling pathways triggered by BMP-6 stimulation. Whereas p38 phosphorylation was
observed both in CD4+ and Jurkat TAg cells, ERK1/2 phosphorylation was only detected in the
Jurkat TAg cells and only at later time points. This indicates that activation of different signalling
pathways could, at least in part, account for the different functional effects detected in the two
cellular systems. However, it should be noted that in contrast to Jurkat TAg cells, peripheral
CD4+ cells constitute a heterogeneous population with the expression of Alk-3 and BMPRII
confined to smaller subpopulations. Furthermore, the expression pattern of BMP receptors on
CD4+ T-cells was different from that on mature B cells as the latter cell type expressed Alk-6,
but not Alk-3 [16]. Thus, the regulation of receptor expression could be important for controlling

BMP effects in different subpopulations or at different stages of differentiation.
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The transcriptional response to stimulation with BMPs has been analyzed in different
cellular systems [5;32-34] , but not previously in cells of lymphoid origin. Upregulation of ID
genes is an important event in this response, and has been demonstrated to be dependent on Smad
phosphorylation [8]. We used a reporter assay to demonstrate this also in Jurkat TAg cells. The
BRE-Luc reporter contains elements from the ID1 promoter and is selectively activated by BMP
specific R-Smads [23]. This reporter was induced in Jurkat TAg cells by BMP-6 concentrations
lower than normally used in functional assays, indicating that phosphorylation of R-Smads is an
efficient signalling pathway in this cell line. The microarray and real time PCR data in our study
confirm the central role of the ID genes as targets for BMP signalling, and indicate that ID1, ID2
as well as ID3 are targets of BMP-6 in cells of the T-cell lineage.

In addition to IDs, several other genes that were identified by the microarray experiments
are known to be involved in transcriptional regulation, including NFKBIA, HEY1, KLF10 and
EGRI1. NFKBIA codes for the protein IxkBo which is a negative regulator of the critical
transcription factor NF-kB and functions by sequestering NF-kB in the cytoplasm, thus
preventing transcriptional activation of NF-kB target genes [35;36]. Although the levels of the
IxB inhibitors mainly are regulated by proteasomal degradation [37], increased transcription of
this gene could lead to higher levels of the protein, and thus oppose NF-«B activity as shown in a
B-cell line [38]. Early growth response-1 (EGR1) was also represented by two probesets, and the
expression levels were significantly reduced after 16 hours. This gene codes for a zinc-finger
transcription factor. EGR proteins play central roles in controlling the differentiation program
initiated by pre-TCR signalling [39;40] and in mature CD4+ T-cells it was recently shown that
EGRI is required for CD154 (CD40 ligand) transcription [41]. The transcriptional regulators
HEY1 and KLF10 are involved in regulation of cell fate decisions and proliferation, respectively,
but have yet not been investigated in T-lineage cells. CD24 was represented by two probesets on
our list of significant genes and was upregulated after 16 hours. CD24 is normally expressed on
the surface of developing T-cells. Later on it is rapidly induced by engagement of the TCR-CD3
complex. CD24 expression on T-cells has been shown to be required for optimal homeostatic
proliferation [42]. The function of this gene in relation to BMP signalling is unknown.
Furthermore, the known negative regulators of BMP signalling, Noggin and Smad6, were also
among the upregulated genes in Jurkat TAg identified in this study. This indicates that BMP-6

stimulation activates several negative feedback mechanisms. Interestingly, both Noggin and

14



Smad6 were previously shown to be targets for BMP-6 in a prostate cancer cell line [32]. In
addition, increased expression of Noggin induced by BMP-6 has also been demonstrated in rat
osteoblasts [43].

The reduction in proliferative capacity observed in Jurkat TAg cells in this study is in
accordance with previous findings concerning effects of BMPs on lymphoid cells. We have
recently demonstrated the inhibitory effect of BMP-6 on immature as well as mature cells of B-
cell origin [16;17]. Similar effects were demonstrated for BMP-2, -4, -6 and -7 in human
myeloma cells [18;19]. Several studies have shown that BMP signalling may play a role in
thymocyte differentiation. Studies of fetal thymic organ cultures indicate that BMP-2 and -4 may
act directly on the developing thymocytes. However, other studies suggest that it is the thymic
stroma that depends on BMP signalling [20;21;44]. In Jurkat TAg cells the functional effect of
BMP-6 was, at least partly, dependent on induction of the Id1 protein. The dependency on Id1
upregulation is in accordance with studies of BMP effects in other cellular systems. In endothelial
cells it has been shown that BMP-6 stimulated migration and tube formation via Id1 upregulation
[8]. The functional effects of BMP-2 in a lung cancer cell line were also related to Smadl
dependent upregulation of Id1 [6]. Id proteins are known to negatively regulate another class of
HLH proteins, the E-proteins, by inhibiting these proteins ability to bind DNA. The E-proteins
play crucial roles in survival, proliferation and differentiation of lymphocytes, and interestingly,
they have been shown to both promote and inhibit growth at different stages of lymphocyte
development [9;10]. It has been shown that T-cell development is partially blocked at the CD4-
CDS8- double negative 1 stage in E2A deficient mice [45]. Furthermore, Id1 transgenic mice are
T-cell deficient and their thymocytes undergo massive apoptosis. Their thymus is characterized
by an accumulation of CD4-CD8-CD44+CD25- thymocytes [46]. Enforced expression of Id3 in
human T lineage precursor cells also suppresses thymocyte development [47]. Thus, induction of
Id1 expression leading to inhibition of E protein activity is a likely mechanism for the growth
inhibitory effect of BMP-6 on Jurkat TAg. In addition to the effect of BMP-6 on upregulation of
Id1, the Smad-independent signalling through the ERK1/2 and p38 MAPK pathways that was
demonstrated in this study could also contribute to the antiproliferative effect. Activation of the
p38 MAPK is thought to mediate BMP induced apoptosis [30] whereas activation of both these

pathways was shown to play a role in selection T-lymphocytes in the thymus [48].
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As we did not detect Id1 protein expression in CD4+ cells and Id2 and Id3 protein levels
were unchanged after BMP-6 stimulation, the role of Id proteins in mediating the effect of BMP-
6 on Th2 differentiation of naive CD4+ T-cells remains elusive. However, it has been shown that
TGF-p directly inhibits expression of the transcription factor GATA-3, which is crucial for Th2
differentiation [49]. Additionally, several signalling pathways need to be activated for GATA-3
induction and subsequent Th2 differentiation, and it has been shown that inhibition of NF-xB
activity could prevent GATA-3 expression and Th2 cytokine production in developing Th2 cells
[50]. GATA-3 was not an immediate target of BMP-6 in our microarray experiments of Jurkat
TAg cells. Whether it is a target in CD4+ T-cells remains to be tested. However, as we showed
that the NF-kB inhibitor NFKBIA (IkBa) is a target gene for BMP-6 in Jurkat TAg cells, it will
be of interest to investigate whether the effect of BMP-6 in CD4+ T-cells is mediated via an
upregulation of NFKBIA and subsequent reduction in NF-«xB activity and GATA-3 expression.

The inhibition of Th2 differentiation of naive CD4+ T-cells induced by BMP-6 argues for
an immunomodulatory role of this cytokine on T-cells. This could be of importance with regard
to anti tumour immune responses. Previously, BMPs have been shown to stimulate tumour
growth by directly stimulating the malignant cells [6]. Inhibition of tumour specific T-cells could
be another mechanism for BMP effects on tumour growth. In follicular lymphomas, gene
expression profiling identified that the signature of non-malignant immune cells had implications
for the prognosis, and in particular, the immune-response 1 signature that included several T-
cell-restricted genes correlated with good outcome [51]. In addition, high expression of BMP-6
has been correlated to poor outcome in diffuse large B cell lymphomas [28]. Thus, a potential
immunoregulatory role of BMP-6 in T cells with implications for lymphoid malignancies will be

a subject for future investigations.
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Figure legends

Figure 1 Jurkat TAg cells and CD4+ T-cells express BMP type I and type II receptors. Jurkat
TAg cells and CD4+ T-cells were stained with various biotin-labelled anti-BMP-receptor
antibodies or isotype control antibodies, using streptavidin-PE as a secondary layer. Shown are
histogram plots of one representative experiment of at least four. Anti-BMP-receptor antibody is
shown as black line. Control is shown as grey line.

Figure 2 Effect of BMP-6 on phosphorylation of Smad1/5/8, p38 and ERK1/2. Jurkat TAg (A) or
CD4+ T-cells (B) were treated with BMP-6 for various times before preparation of total protein
lysates that were subjected to western blot analysis. One representative experiment of three is
shown.

Figure 3 BMP-6 signalling activates the BMP/Smad specific reporter BRE-Luc in a dose
dependent manner. Jurkat TAg cells were transfected with the BRE-Luc reporter in combination
with the pRL-CMV (renilla luciferase) plasmid used as an internal transfection control. Shown is
relative luciferase activity £ SD of duplicates from one experiment.

Figure 4 BMP-6 target genes in Jurkat TAg. A) Cells stimulated with BMP-6 were compared to
cells cultured with medium alone. The heatmap shows 45 probesets with a false discovery rate of
0.1 or lower from at least one time point. Detailed information about the probesets is found in
supplementary table 1. B) Id1 and Id3 are induced by BMP-6 at the protein level. Western blot
analysis of one representative experiment of three is shown.

Figure S BMP-6 induced upregulation of ID1, ID2 and ID3 in CD4+ T-cells. Cells were cultured
in X-VIVO 15 over night before treatment with BMP-6 or TGF-f for 2 hours. ID1, ID2 and ID3-
expression was analysed by real-time RT-PCR; values are normalised to the expression level of
PGK1 mRNA and calibrated to expression levels of the ID genes in the cell-line Ramos. Data are
shown as mean relative mRNA expression = SEM of two experiments

Figure 6 BMP-6 inhibits proliferation of Jurkat TAg cells. A) Dose dependent inhibition of
BMP-6, one representative experiment is shown (mean cpm + SD of triplicates). B)
Preincubation of Noggin or soluble Alk-2 and BMPRII receptors with BMP-6 (100 ng/ml)
counteracts the effects of BMP-6. Shown is relative proliferation obtained by normalizing the
mean cpm for each stimulation to the mean cpm obtained for Jurkat TAg cultured in medium
alone, one representative experiment (relative expression + SD of triplicates). C) The number of

cell divisions was obtained by culturing CFSE™*" FACS-sorted cells in X-VIVO 15 medium for
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3 days in the presence or absence of BMP-6 (100ng/ml) followed by FACS analysis. Shown is
one representative experiment of two.

Figure 7 Id1 mediates the antiproliferative effect of BMP-6 in Jurkat TAg. Jurkat TAg were
transiently transfected with siRNA targeting ID1 or scrambled siRNA, followed by stimulation
with BMP-6. A) Western blot of one representative experiment. B) *H thymidine incorporation of
transfected Jurkat TAg. Data are given as relative proliferation obtained by normalizing the cpm
for each transfected sample stimulated with BMP-6 to the mean cpm obtained for the transfected
sample cultured in medium alone. Shown is mean relative proliferation (%) £ SEM of six
experiments (p<0.05).

Figure 8 BMP-6 inhibits the generation of IL-4 producing Th2 cells from naive CD4+ cells.
CD4+CD45RA+CD45RO- naive T-cells were isolated, preincubated alone or with BMP-6 (500
ng/ml) or TGF-B (10 ng/ml) before activation and culturing in conditions directing Th1 or Th2
differentiation. A) Mean percentage of IL-4 positive cells developed under Th2 conditions (+
SEM, n =5, p<0.05 for both stimulations). B) Mean percentage of IFN-y positive cells developed
under Th1 conditions (£ SEM, n =5 for BMP-6, n=3 for TGF-f3).
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Table 1 Expression of BMP receptors on CD4+ T-cells from peripheral blood (n=4-6).

Positive Cells (%)

Alk-2 Alk-3 Alk-6  BMPRII  ActRIIA  ActRIIB
mean (SEM) 58 (5) 12(2) 1(0) 11(3) 1(1) 4(3)
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