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Introduction

The immune system 
Even though we are surrounded by pathogens, such as bacteria and viruses, we 
rarely become ill. The key to our protection against these threats lies in our immune 
system. The immune system basically consists of two arms of defense that differ in 
specificity and kinetics of response: innate and adaptive immunity. The fist line of 
defense to kick in after infection is the innate immune response. Cells of the innate 
immune system, which are mainly phagocytic white blood cells, get immediately 
triggered by pathogens without the need for prior contact. These cells can combat a 
wide range of pathogens, but are not specific for any individual pathogen and their 
activation does not lead to lasting immunity. The other arm consists of the adaptive 
immunity, represented by B and T lymphocytes (B and T cells), which will lead to 
generation of effector cells only several days after the primary infection. These 
cells are specific for a certain antigen and their activation leads to the generation of 
immunological memory. They can specifically recognize and respond to individual 
antigens by means of their surface antigen receptor. Activation of B and T cells leads 
to their differentiation into both effector as well as memory cells. Effector T cells are 
either cyctotoxic T cells, which are able to destroy infected cells, or helper T cells that 
activate other cells of the immune system. Effector B cells are plasma cells, which 
secrete large amounts of antibodies. These antibodies, in turn, can bind to their 
specific antigens, present on pathogens, resulting in neutralization or clearance of 
these pathogens. The memory B and T cells are long-lived cells that form the basis 
of immunological memory. Upon re-encounter with their cognate antigen, these cells 
quickly differentiate into effector cells, resulting in a rapid and effective secondary 
response, providing lasting protective immunity. 

B cells
B cell development
In humans, as in all mammals, B cells develop in the bone marrow from hematopoietic 
stem cells. As mentioned, mature B cells express an antigen receptor at their surface, 
which main constituents are rearranged immunoglobulin heavy and light chains. 
During the early stages of B cell development, rearrangement of the immunoglobulin 
gene segments takes place.1;2 V(D)J rearrangement of the immunoglobulin heavy and 
light chain, mediated by the RAG1/2 recombinase, results in a diverse B cell repertoire. 
Heavy chain rearrangement occurs in the pro B cells, after which the cells differentiate 
towards the pre-B cell stage, where the immunoglobulin light chain is rearranged.  
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These random rearrangements, combined with other mechanisms, such as 
the random insertion of non-templated nucleotides by terminal deoxynuclotide 
transferase, results in an estimated repertoire of more than 1012

 unique surface 
immunoglobulins/ B cell receptors (BCRs).3 After successful rearrangement of 
the heavy and light chains, BCRs of the IgM and IgD isotype will be expressed 
on the B cell, which will then be at the immature B cell stage. These immature B 
cells emigrate from the bone marrow and migrate towards the spleen where they 
finalize their early development by differentiating into naive B cells, which are able 
to respond to antigen. These naive B cells recirculate via the blood to secondary 
lymphoid organs, where they reside in the follicles, or migrate, via the efferent lymph 
vessels, back into the blood. Stimulation with their cognate antigen triggers the naive 
B cells to differentiate. Naive B cell activation can occur via T cell dependent or 
T cell independent pathways. T cell independent antigens are either polyclonal B 
cell activators (TI-1 antigens) that activate the B cells via invariant receptors, or 
polyvalent antigens that can crosslink BCRs (TI-2 antigens).4 In a T cell dependent 
antigen response, B cells are activated by both monovalent antigen and by activated 
CD4-expressing T cells. B cells can receive T cell help by displaying internalized and 
degraded antigen peptides on MHCII molecules on their surface. T cell specific for 
this antigen will recognize the peptide: MHC complex and interact with the B cell. 
These T cells express various B cell stimulating molecules, such as CD40-ligand 
which activates CD40 on the B cell surface, and they secrete stimulatory cytokines, 
such as IL-21, thereby aiding the B cell activation.5;6

Naive B cells, activated in a T cell-dependent immune response, can undergo three 
fates: 1) differentiation into short-lived plasma blasts 2) germinal center independent 
differentiation towards memory B cells 3) germinal center formation (Figure 1).7 

The germinal center reaction
B cells that have been activated in the follicle by a T cell-dependent antigen migrate 
to the border of the B cell follicles and the T cell zones of the secondary lymphoid 
organs, where they receive T cell help. Hereafter, the B cells can return to the follicle 
and undergo rapid proliferation to form the germinal center (GC), which polarizes 
into two microenvironments known as the dark zone and the light zone (Figure 1).8-10 
The B cells in the dark zone rapidly proliferate and undergo somatic hyper-mutation 
(SHM). During SHM, the enzyme Activation-induced cytidine deaminase (AID) 
introduces random base pair mutations into the variable region of the rearranged 
immunoglobulin, which might result in changes in the amino acid sequence.10 These 
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mutations further diversify the B cell repertoire and might alter the affinity of the 
BCR for its cognate antigen.11;12 Thereafter, the B cells move to the light zone, where 
B cells are selected based upon BCR antigen affinity in a process reminiscent of 
Darwinian evolution. B cells in the light zone will undergo apoptosis, unless they are 
rescued by interactions with T follicular helper cells. The B cells that express BCRs 
with highest antigen affinity, as a result of SHM, will exert greater antigen capture and 
thereby greater antigen presentation via MHC complexes to T follicular helper cells. 
In this way, they outcompete the B cells with lower antigen affinities for the T cell help 
needed for survival in the GC. This process results in the positive selection of the 

Figure 1. T cell dependent B cell activation and differentiation
Upon activation by a T-cell dependent antigen and receiving T cell help, activated B cells undergo 
proliferation in the outer follicle of secondary lymphoid organs, where they undergo proliferation. Some of 
these proliferating B cells differentiate into short-lived plasmablasts, some develop into memory B cells 
and some return to the inner follicle and undergo rapid proliferation to form a germinal center (GC). In 
the dark zone of the germinal center, B cells rapidly proliferate and undergo BCR diversification through 
somatic hyper-mutation (SHM). The B cells that exit the cell cycle move to the light zone, where only those 
B cells with high antigen affinity are positively selected. In the light zone, B cells can also undergo class-
switch recombination (CSR). The affinity matured (switched or unswitched) B cells in the light zone can 
re-enter the dark zone or exit the GC as either memory B cell precursors or plasmablasts, the precursors 
of plasma cells. Upon antigenic activation, memory B cells can either rapidly differentiate towards plasma 
cells or return to the GC. The percentage of cells that chooses either of these pathways differs between 
memory B cells of different isotypes. Whereas IgG+ memory B cells preferentially differentiate into 
antibody-secreting plasma cells, most IgM+ memory B cells return to the GC, and only a small proportion 
of these cells differentiate into plasma cells.
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clones with the highest antigen affinity (survival of the fittest).13;14 Following positive 
selection, B cells in the light zone can undergo class-switch recombination (CSR), 
which is also initiated by AID.11 This results in juxtaposition of the VH-DH-JH region to 
one of the downstream IgG, IgA, or IgE regions (i.e. switch of the immunoglobulin 
class from IgM/IgD to IgG, IgA, or IgE).15 Light zone cells (which might or might not 
have undergone CSR), can re-enter the dark zone to undergo further rounds of 
diversification and selection14;16, or differentiate into either memory B cell precursors17 
or plasmablasts, which are the precursors of plasma cells18. The choice between 
cyclic-reentry, differentiation into a memory B cell, or differentiation into a plasma cell 
are incompletely understood.8;19 It has been shown that differentiation into plasma 
cells is favored for cells with high affinity BCRs.20-22 Commitment to the plasma cell 
fate occurs through induction of expression of the master regulator of plasma cell 
differentiation BLIMP1 (see below), which is expressed by a small subset of GC 
B cells before they are exported.23;24 Despite extensive research, no such single 
deterministic transcription factor for memory B cells has been elucidated.8 It is 
proposed that memory B cells differentiate stochastically from GC B cells and that 
survival advantage is sufficient for memory B cell differentiation.8;9

Plasma cell differentiation
As mentioned before, the production of antibody-secreting cells (ASCs) in response 
to a primary infection with a T cell-dependent antigen occurs at two stages after B 
cell differentiation. The first wave of antibody production is produced by the short-
lived extrafollicular plasmablasts, which secrete antibodies of moderate affinity. The 
second wave of antibody producing cells occurs when GC B cells differentiate into 
high-affinity long lived plasma cells. The transition from an activated B cell into an ASC 
is essentially a lineage switch and requires the coordinated regulation of hundreds of 
gene expression changes along with major chromatin remodeling.25 These changes 
result from silencing of key transcription factors that control B cell identity and 
induction in expression of essential drivers of plasma cell differentiation.26;27 As such, 
plasma cell differentiation involves the tight control of expression and coordinated 
interplay between the transcriptional factors that define either B cells or ASC identity, 
including several double-negative feedback mechanisms (Figure 2).26;28-30 The B cell 
fate is maintained by several transcription factors, including BCL6, PAX5, SpiB, PU.1, 
IRF8, and BACH2.26;30-36 These transcription factors inhibit differentiation of activated 
B cells by repressing the factors that are required for plasma cell differentiation, 
and thereby allow sufficient time for affinity maturation and CSR to occur.37 The 
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transcription factors IRF4, BLIMP1 (encoded by the PRDM1 gene) and XBP1 on the 
other hand, are essential drivers of plasma cell differentiation and immunoglobulin 
secretion.18;37 GC B cells with high antigen affinity will receive high levels of T cell 
help and therefore optimal stimulation of CD40 and cytokine receptors. CD40 ligation 
will result in activation of the NF-κB pathway, which induces high expression of the 
transcription factor IRF4, resulting in repression of BCL6 expression and induction of 
BLIMP1 and ZBTB20, which are both drivers of plasma cell differentiation.38-43 Other 
factors, provided by T follicular helper cells, such as the cytokines IL-2 and IL-21 will 
also aid in plasma cell differentiation.6;44;45. BLIMP1 (encoded by the gene PRDM1) is 
considered the master regulator of plasma cell differentiation and is essential for the 
formation of plasma cells.46 BLIMP1 represses genes encoding key regulators of B 

Figure 2. The gene-regulatory network controlling plasma cell differentiation 
Depicted are the key transcription factors that regulate B cell identity (left) versus plasma cell differentiation 
(right). The B cell fate is maintained by several transcription factors, which repress the factors that are 
required for plasma cell differentiation; thereby allow sufficient time for affinity maturation and CSR to 
occur. Upon initiation of the plasma cell differentiation program, expression of the key regulators of plasma 
cell differentiation will increase and the expression of B cell associated transcription factors will decrease. 
Direct transcriptional activation or repression are indicated by arrows and blunted lines, respectively. 
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cell identity, including, SpiB, BCL6, and PAX5.27;28 Moreover, BLIMP1 also represses 
MHC, CIITA, and cMYC resulting in a decrease of MHCII expression and cessation 
of proliferation, repectively.37;47 XBP1 expression is repressed in B cells by PAX5 
and is upregulated during plasma cell differentiation as a result of downregulation of 
PAX5 expression.48 XBP1 is induced by and a mediator of ER stress that results from 
the accumulation of unfolded proteins (the unfolded protein response) in multiple cell 
types.49 Due to their enormous rates of immunoglobulin synthesis, plasma cells are 
particularly sensitive to ER stress.25 Whereas earlier studies suggested that XBP1 
was essential for both immunoglobulin secretion and plasma cell differentiation50, 
more recent studies have shown that XBP1 is dispensable for plasma cell formation, 
but essential for Igh mRNA processing, immunoglobulin secretion and remodeling of 
the ER of plasma cells.51-53

 
Memory B cells
As mentioned, after a GC reaction B cells can also differentiate into memory B cells, 
which constitute immunological memory and assure a rapid immune response upon 
a secondary infection with the same pathogen, by rapidly differentiating towards 
plasma cells. This secondary response is not only faster but typically also of greater 
magnitude and produces antibodies of higher affinity than the primary response.54 
As mentioned before, memory B cells can be generated in both a GC-dependent 
and a GC-independent fashion. Isotype switching, but not SHM, can occur in 
activated B cells outside GCs. Therefore, GC-independent memory B cells can be 
of different isotypes but will be of relatively low antigen affinity/specificity. Whereas 
GC-dependent memory B cells protect the host against pathogens that are highly 
similar to those of the primary infection, GC-independent memory B cells can provide 
protection against pathogens that bear related but distinct antigens and epitopes.8 
Memory B cells of different isotypes have been shown to differ in their response to 
stimulation. Studies in the mouse have shown that upon re-challenge, IgG+ memory 
B cells preferentially differentiate into antibody-secreting plasma cells, whereas IgM+ 
memory B cells can return to the GC, and only a small proportion of these cells 
differentiate into plasma cells.55;56 However, results of a very recent study conflict 
which these studies by showing that class-switched murine memory B cells have 
the highest potential to re-enter GCs.57 Nonetheless, several studies on human B 
cells suggest that IgM+ memory B cells can re-enter GCs, whereas IgG+ memory 
B cells preferentially differentiate towards plasma cells. Replication history and Ig 
SHM profiles of human memory B cell subsets suggest that CD27+IgM+ memory 
B cells are derived from primary GC responses, whereas at least part of the 
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switched memory B cells seem to have undergone multiple rounds of GC passage.58 
Moreover, clonally related IgM+ and IgG+ B cells have been found in human GC and 
peripheral blood, suggesting that human IgM+ memory B cells can re-enter GCs, 
undergo CSR and exit as switched memory B cells. Furthermore, in vitro studies 
with human IgM+ and IgG+ memory B cells have shown that upon T-cell dependent 
stimulation, IgM+ memory B cells show a preferential tendency to adopt a pre-GC 
phenotype, whereas IgG+ memory B cells primarily differentiate into plasma cells.59 
These unique properties of IgM+ memory B cells may be important during re-infection 
with a mutated version of the original pathogen; by reentering the GC these memory 
B cells could acquire additional mutations in their BCR that would result in a new 
high affinity response to the mutated antigen.60 Moreover, due to their long lifespan, 
IgM+ memory B cells may provide long-lasting immunity, serving as a reservoir of 
humoral immune memory against a specific antigen, responding when switched Ig+ B 
cells and serum immunoglobulin levels drop below useful levels.56;60 The differences 
in plasma cell differentiation propensity between different memory B cell subsets 
can be explained by two non-mutually exclusive models: a B cell intrinsic and a 
B-cell extrinsic model.8 In the BCR-intrinsic model, these differences are ascribed 
to differences in signaling through the unique cytoplasmic tails of IgM and IgG 
BCR and the higher antigen affinity of IgG vs. IgM BCRs.56;60-64 In the BCR-extrinsic 
model, these different response abilities are explained by other differences, such as 
transcription factor levels. In favor of the latter model, a recent study demonstrated 
that functionally distinct murine memory B cell subsets can be defined by expression 
of surface proteins independent of immunoglobulin isotype, which indicates that the 
immunoglobulin isotype is just a surrogate marker for memory B cell subsets and that 
their terminal differentiation potential might, for example, rather be determined by 
dissimilar transcription factor expression.65 Likewise, another recent study reported 
that although the IgG cytoplasmic tail enhances signaling upon BCR crosslinking,61-63 
this alone is insufficient to confer the heightened differentiation activity of murine IgG1 
memory B cells, compared to naive B cells.66 Rather, repression of the transcription 
factor Bach2 in antigen-experienced B cells predisposes IgG1 memory B cells to 
differentiate into plasma cells.66

B cell non-Hodgkin lymphomas
Although V(D)J recombination, SHM and CSR are essential to diversify the activity 
and maximize the antigen affinity of B cells, they also pose a threat. Both RAG1/2 
and AID induce DNA double stranded breaks, which is essential for their function. 
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However, when these breaks are unresolved or occur at off-target sites, chromosomal 
translocations can occur, which might result in constitutive overexpression of 
oncogenes, resulting in lymphoma formation. Moreover, AID has been shown to be 
able to introduce off-target mutations in a range of oncogenes, which might also 
induce oncogenic transformation.67 These unwanted side effects of immunoglobulin 
diversification therefore make that an efficient adaptive immune system also comes 
at a cost: hematological malignancies account for about 10% of human cancers, and 
more than 50% of these carry recurrent chromosomal translocations.68

Several different types of B cell non-Hodgkin lymphomas exist, which each bear 
a phenotypic resemblance to B cells at a particular stage of differentiation. The 
malignant B cells are stuck at this stage of differentiation as the consequence of 
genetic alterations.69 The normal B cell counterpart can, but does not need to be 
the “cell of origin” of a lymphoma, since the initiating oncogenic event may take 
place earlier in development, but may allow further differentiation until subsequent 
oncogenic hits are sustained.70 
Mature B cell non-Hodgkin lymphomas are classified based on their clino-
pathological and genetic features. Their normal counterpart is often a GC B cell 
(including follicular lymphoma, Burkitt lymphoma, germinal center-like diffuse large 
B cell lymphoma (GC-DLBCL)), or a post germinal center B cell (including hairy cell 
leukemia and activated B cell-like diffuse large B cell lymphoma (ABC-DLBCL)). 

Diffuse large B cell lymphoma
Diffuse large B cell lymphoma (DLBCL) is the most prevalent subtype of B cell 
non-Hodgkin lymphomas, accounting for 30-40% of newly diagnosed mature B 
cell lymphomas.71 DLBCLs are heterogeneous with respect to morphology, biology, 
and clinical presentation.72 Gene expression profiling studies have identified three 
molecular subtypes of diffuse large B cell lymphoma: GC-DLBCL, ABC-DLBCL and 
primary mediastinal B-cell lymphoma (PMBL).73-76

As mentioned above, these subtypes arise from B cells at different stages of 
differentiation: the normal counterpart of GC-DLBCLs are GC B cells, ABC-DLBCL 
have a post-germinal center phenotype and are stuck at a plasmablastic stage, en 
route to terminal plasma cell differentiation, whereas PMBL seems to originate from 
a rare B cell subpopulation that resides in the thymus.72 These subtypes differ in 
their oncogenic pathways and clinical outcome. After standard treatment, curability 
and survival rate are significantly worse in ABC-DLBCL than in the other DLBCL 
subtypes.70;74;77 Frequently occuring genetic abberations in GC-DLBCLs include 
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t(4,18) and t(8,14) translocations that rescpectively juxtapose the BCL2 gene or the 
c-Myc gene to the IgH locus, resulting in aberrant expression of the anti-apoptotic 
BCL2 protein,74 and deregulation of the phosphatase and tensin homolog (PTEN) 
pathway by different genetic aberrations.78;79 ABC-DLBCLs, on the other hand, 
frequently display amplifications affecting the BCL2 gene, loss of the CDKN2A 
(INK4A-ARF) tumor suppressor locus, gain or amplification of 19q, resulting in 
increased expression of SPIB, trisomy 3, which leads to strong upregulation of 
FOXP1, and are characterized by constitutive activation of the NF-κB pathway and 
a terminal differentiation block as a result of various mutations and deletions (see 
below).78 

Constitutive NF-κB signaling in ABC-DLBCL

NF-κB pathway activation in non-malignant B cells
Various mutations and deletions in the pathways that normally control physiological 
NF-κB activation in B cells, can cause constitutive activation of NF-κB pathway, 
essential for ABC-DLBCL pathogenesis.80 To explain the molecular consequences 
of these aberrations, we will first discuss normal, physiological pathways that result 
in activation of the NF-κB pathway in non-malignant B cells. 
In normal B cells, NF-κB activation occurs transiently downstream of numerous 
receptors including the BCR, CD40, the BAFF receptor and various toll like receptors 
(TLRs).70 The classical NF-κB pathway is tightly controlled by the IKK complex, which 
consists of IKK1/IKKα, IKK2/IKKβ, and NEMO/IKKγ.81 Activation of this complex 
requires the phosphorylation of IKK2 and the ubiquitination of NEMO. Once the 
complex is active, IKK2 will phosphorylate IκBα, an inhibitor that sequesters NF-κB 
dimers in the cytoplasm. Upon phosphorylation, IκBα is ubiquitinated and degraded, 
allowing NF-κB dimers to translocate to and accumulate in the nucleus, where they 
activate the transcription of target genes (Figure 3).82

BCR stimulation results in activation of multiple pathways, including the NF-κB pathway 
(Figure 3). Whereas BCR antigen specificity is provided by surface immunoglobulin, 
two other components of the BCR complex mediate its downstream signaling: CD79A 
(Igα) and CD79B (Igβ).83 Stimulation of the BCR induces the src-family kinases (SFKs) 
LYN, FYN, and BLK to phosphorylate tyrosines in the immunoreceptor tyrosine-based 
activation motifs (ITAMs) of CD79A and CD79B.84 The tyrosine kinase SYK binds to, 
and is activated by phosphorylated ITAMs.85 SYK, on its turn, initiates multiple signaling 
cascades, including a pathway that leads to NF-κB activation.83 Activation of BTK by 



20

CHAPTER 1

LYN and SYK results in the phosphorylation of phospholipase C γ2 (PLCγ2), which 
hydrolyzes phosphatidylinositol 4,5-biphosphate (PIP2) into diacylglycerol (DAG) 
and inositol triphosphate (IP3). IP3 induces release of calcium stores, and calcium 
and DAG together activate PKCβ, which leads to the phosphorylation of CARD11.86 
CARD11 can subsequently translocate from the cytoplasm to the plasma membrane 
to form a complex with BCL10 and MALT1(the CBM complex). This complex induces 
phosphorylation of IKK2 and phosphorylation and ubiquitination of NEMO, leading to 
activation of the NF-κB pathway.82 
TLR activation leads to the recruitment of MyD88, via interactions of the TIR 
domains present on both these proteins (Figure 3). Subsequently, MyD88 recruits 

Figure 3. Constitutive activation of the NF-κB pathway in ABC DLBCL.
In ABC-DLBCL, aberrations in the pathways that normally regulate NF-κB activation in B cells result in 
constitutive activation of the NF-κB pathway, which is essential for ABC DLBCL survival. Chronic active 
BCR signaling, mutations in CD79A/B, MyD88, CARD11 and inactivation of the gene encoding for A20 
by mutations or deletions all occur in a fast percentage of ABC DLBCLs and cause or contribute to 
constitutive activation of the NF-κB pathway. Activation of the NF-κB pathway causes production of IL-6 
and IL-10. These cytokines signal in an autocrine fashion, resulting in STAT3 activation, which is essential 
to the survival of ABC-DLBCLs with high levels of STAT3 expression. MYD88 signaling also promotes the 
production of type I interferon by ABC DLBCLs, which might inhibit adaptive antitumor immune responses.
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the IL1 receptor-associated kinases (IRAKs) and coordinates them into a helical 
signaling complex via interaction between death domains found in both MyD88 and 
the IRAKs. IRAK4 phosphorylates IRAK1, allowing recruitment of the ubiquitin ligase 
TRAF6, leading to activation of downstream pathways including NF-κB, MAP kinase 
and type I interferon pathways.87;88 

Aberrations in pathways that control NF-κB signaling in ABC-DLBCL

-MyD88 mutations
Oncogenic, gain of function mutations in MyD88 are found in nearly 40% of 
ABC-DLBCLs.89 All ABC-DLBCL cell lines harbor MyD88 mutations and show 
“oncogene addiction” to these mutated proteins: they die upon MyD88 knockdown 
and can only be rescued by mutated, but not by wild-type forms of MyD88.89 Almost 
all of the MyD88 mutations found in ABC-DLBCL patients affect the TIR domain of 
MyD88 and, intriguingly, 75% of DLBCLs with a MyD88 mutation possess a single 
nucleotide substitution in the TIR domain of MyD88 that replaces the leucine at 
position 265 with a proline (L265P).89 This evolutionarily invariant leucine contributes 
to a β-sheet in the hydrophobic core of the TIR domain and substitution with a Proline 
is thought to distort the structure of this domain. Unlike wild-type MyD88, the MyD88 
L265P mutant interacts strongly and constitutively with IRAK4 and phosphorylated 
IRAK1, a phenomenon that is not observed with the other MyD88 mutants. The 
MyD88 L265 mutant, as well as other MyD88 mutants found in ABC-DLBCL are 
more active than wild type MyD88 in activating the NF-κB pathway, indicating that 
these mutants can contribute to constitutive active NF-κB signaling.89 Moreover, 
MyD88 L265P was also shown to upregulate gene expression signatures of 
JAK-STAT3 and type I interferon signaling and to induce the secretion of IL-6 and 
IL-10.89 Type I interferons might inhibit antitumor immune responses whereas IL-6 
and Il-10 induced signaling can promote ABC DLBCL survival.70 Roughly half of the 
ABC-DLBCL cases produce IL-6 and IL-10, which signal in an autocrine fashion: 
binding of these cytokines to their respective receptors activates JAK-family kinases 
to phosphorylate, and thereby activate STAT3, which will thereupon translocate to 
the nucleus and activate a large set of target genes.90;91 Moreover, STAT3 can bind 
to the NF-κB p65 subunit and potentiate transactivation of certain NF-κB targets.90;92 
This signaling pathway is essential for the survival of ABC-DLBCLs that display high 
STAT3 signaling.90 
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-CARD11 mutations
Somatic mutations affecting the coiled-coil domain of CARD11 are present in 
approximately 10% of ABC DLBCL tumors.93 These are gain of function mutations, 
resulting in CARD11 mutants that have the ability to stimulate NF-κB activity the 
novo and are hypersensitive to upstream signals.93

-TNFAIP3 mutations
Mutations or deletions in TNFAIP3, the gene encoding for the NF-κB inhibitor 
A20, occur in 30% of ABC-DLBCL.94;95 A20 is a deubiquitinating enzyme that can 
inhibit the NF-κB pathway in multiple ways.96 A20 is recruited to NEMO via binding 
to polyubiquitin chains linked to NEMO, and upon formation of this complex it can 
impair phosphorylation of IKK2, and thereby repress NF-κB signaling.97 A20 can 
also deubiquitinate MALT1, preventing sustained interactions between ubiquitinated 
MALT1 and the IKK2 complex.98 Loss of A20 expression might not be sufficient to 
activate NF-κB, though, because the NF-κB-mediated inflammatory disease that 
develops in A20 knockout mice still requires MyD88-mediated activation of NF-κB.99 
Moreover, as will be discussed below, A20 inactivations often coexists with other 
genetic lesions that positively activate NF-κB signaling, indicating that it might further 
potentiate rather than initiate NF-κB signaling.89 

-CD79A and CD79B mutations
BCR signaling is essential to the survival of ABC-DLBCLs with wild-type CARD11. In 
these lymphomas the CBM complex is activated by “chronic active” BCR signaling, 
which is characterized by clustering of the BCRs at the cell surface, reminiscent to 
BCRs on normal B cells shortly after antigenic stimulation.100;101 More than 20% of 
ABC DLBCLs carry somatic mutations in the ITAMS of the BCR subunits CD79A 
and CD79B.100 A majority of these mutations alter the first ITAM tyrosine residue in 
CD79B.100 These mutants diminish activation of Lyn, which not only phosphorylates 
the ITAMs (see above), but also acts a negative regulator of BCR activity by 
phosphorylating the ITIMs (immunoreceptor tyrosine-based inhibitory motifs) of CD22 
and FcγRIIb, which recruit the tyrosine phosphatase SHP1 to dephosphorylate the 
CD79A and CD79B ITAMs and quench BCR signaling. 100;102 Moreover, Lyn can also 
promote BCR internalization.103 Indeed, knock-in mice with substitutions or mutations 
in CD79A and CD79B show increased BCR surface expression due to decreased 
BCR internalization, and stimulation of BCRs with mutant CD79B evokes prolonged 
phospho-tyrosine and phospho-AKT responses in these mice.104;105 In ABC-DLBCL, 



23

Introduction

mutant CD79A and CD79B isoforms also increase surface BCR levels and inhibition 
of src kinase activity increases BCR surface expression in cells with wild type CD79B 
to levels observed with mutant CD79B, suggesting that these mutations indeed cause 
higher BCR expression and may enhance BCR signaling.100 However, these mutants 
cannot induce BCR clustering or signaling in lymphoma cells in which the BCR is 
silent and are not superior to wild-type CD79 in rescuing ABC-DLBCL cell lines 
from cell death induced by knockdown of endogenous CD79.100 The physiological 
role of LYN-mediated inhibition of BCR signaling is presumably to create anergy 
(a state of cellular quiescence defined by attenuated BCR signaling and low levels 
of surface BCR) in autoreactive follicular B cell clones.106-108 A model to explain the 
selection of CD79A/B mutations is that these mutations may allow a premalignant 
B cell to escape anergy and clonally expand in the GC microenvironment.100 There, 
the premalignant cell may mutate its BCR, potentially improving its affinity for a self-
antigen and allowing further clonal expansion. Acquisition of further oncogenic hits 
might create a fully malignant ABC-DLBCL.70;100

-ABC-DLBCLs frequently bear multiple NF-κB pathway inducing mutations
Genetic and functional data suggest that chronic active BCR signaling and MYD88-
dependent signaling cooperate to sustain the survival of ABC DLBCL cell lines. 
There is a significant overlap in the lymphomas that bear CD79A/B mutations 
and lymphomas that bear MyD88 L265P mutations, indicating that there might be 
functional interactions between chronic active BCR and MYD88 induced signaling 
pathways and that these pathways are not redundant for promoting DLBCL survival. 
Indeed, simultaneous knockdown of MYD88 and CD79A synergizes in killing ABC 
DLBCL cell lines.89 As discussed, CD79A/B mutations may help lymphoma cells 
to avoid anergy.100 Interestingly, reponses to TLR9 ligands are blunted in anergic 
B cells. In normal, but not anergic B cells, BCR signaling induces TLR9 to move 
from early to late endosomes, which are acidic compartments where antigens are 
processed and TLRs are modified to enable ligand binding,109-111 Autoimmune models 
indicate that DNA- or RNA-containing auto-antigens are recognized by the BCR 
in late endosomes where they are delivered to TLRs.109;111-113  Therefore, CD79A/B 
mutations, by preventing anergy, might permit access of TLRs to activating ligands, 
facilitating signaling that may be enhanced by oncogenic MYD88 mutants. 
CD79A/B and MYD88 mutations also partially overlap with abnormalities in A20 
and CARD11.89 As discussed A20 might further potentiate NF-κB signaling induced 
by other pathways. Since CARD11 strongly activated NF-κB signaling, these data 
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suggest that CD79A/B and MYD88 mutations confer additional biological attributes 
beyond NF-κB activation.89 

Terminal differentiation block in ABC DLBCL
As mentioned, ABC DLBCLs are stuck at a plasmablastic stage and cannot 
terminally differentiate towards plasma cells. Constitutive NF-κB activation in 
ABC-DLBCL induces IRF4 expression, which drives differentiation of the B 
cells towards the plasmablastic stage.114 However, inactivation or repression of 
plasma cell differentiation master regulator PRDM1 prevents ABC-DLBCL cells to 
fully differentiate. Somatic mutations or deletions of PRDM1 occur in 25-30% of 
ABC-DLBCL.115-117. Moreover, BCL6, a well known inhibitor of PRDM1 expression, 
is translocated in ~26% of ABC DLBCLs, providing another mechanism for PRDM1 
repression.116 The occurrence of these BCL6 translocations is almost mutually 
exclusive with PRDM1 structural alteration. Furthermore, expression of SpiB, 
another inhibitor of PRDM1 expression,33 is increased as a result of amplifications 
or copy number gains in 26% of ABC-DLBCL.71;118 Likely, other, as yet unknown, 
mechanisms also contribute to repression of BLIMP-1 expression in ABC DLBCL 
because the majority of these tumors fail to express BLIMP-1 protein.116 

Immune-priviliged site associated DLBCL
As mentioned, DLBCLs are a very heterogeneous group of lymphomas.72 Gene 
expression profiling distinguishes DLBCLs into ABC-DLBCL, GC-DLBCL, and PMBL, 
but also within these subtypes heterogeneity exists. Distinct DLBCL subsets have 
been identified based on site of presentation. Approximately 40% of DLBCLs present 
at extranodal sites, most commonly the gastrointestinal tract. A small percentage of 
extranodal DLBCLs presents in the testis and the central nervous system (CNS) that, 
together with the ovary and the eye, are considered as immune-privileged sites.119 
In immune priviliged areas, immune responses either do not take place or take 
place in a manner different from other areas, hence, are immunologically privileged. 
This prohibition of inflammation is essential to maintain the function and integrity 
of these organs.119 This is obtained by both physical barriers, active repression of 
the immune system as well as limited MHC class I and II expression.120-125 DLBCLs 
presenting at immune privileged sites (IP-DLBCLs) form a specific subgroup of 
DLBCLs with very distinct and homogeneous characteristics that separate them 
from nodal (non-IP) DLBCL. Primary IP-DLBCLs frequently disseminate to other 
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immune privileged sites, suggesting that, in addition to specific homing mechanisms, 
tumor cells may be locally selected by topographical differences in immune attack. 
These lymphomas are predominantly of the ABC DLBCL cubclass and have relative 
poor prognosis.126-130 The most characteristic feature of IP-DLBCLs is a frequent 
loss of HLA class I and II expression, often causes by small deletions in the HLA 
region.131-133 This is associated with down-regulation of many immune-associated 
genes and diminished infiltration of T cells, and might allow the DLBCLs top escape 
from cytotoxic T cells.126

The transcription factor FOXP1 and its role in normal and 
malignant B cells
The forkhead transcription factor FOXP1 belongs to the large family of forkhead 
transcription factors, which are evolutionary conserved and characterized by their 
winged-helix DNA binding domain termed forkhead domain.134;135 The FOXP family 
consists of 4 family members (FOXP1-4). The FOXP proteins are characterized by 
a C-terminal forkhead domain, and C2H2 zinc finger and leucine zipper domains. 
136 In contrast to members of the other forkhead families, FOXP proteins can homo- 
and heterodimerize, which is required for their function and mediated via both the 
forkhead as well as the leucine zipper domain.137;138

The FOXP family members play various roles in developmental processes and have 
all been implicated to play a role in the immune system.136. FOXP1 plays an important 
role in a wide diversity of biological processes. Not only might this transcription 
factor be indispensible for singing139, it also plays essential roles in embryonic stem 
cell pluripotency and reprogramming,140 neural and cognitive development,141;142 
cardiac development and cardiomyocyte proliferation,143-145 lung and esophagus 
development,146 monocyte differentiation and macrophage function,144;147 T cell 
development and differentiation,148-150 and in B cell development, function and 
pathogenesis151-156. Because of the scope of this thesis, we will focus here on what is 
known regarding the role of FOXP1 in B cells and B cell lymphomagenesis. 

Role of Foxp1 in B cell development in the bone marrow
Foxp1 has been shown to be an essential transcriptional regulator of early B cell 
development in the mouse.151 Foxp1 binds to the Erag enhancer, an element 
upstream of Rag1 and Rag2, that is required for optimal expression of the Rag 
genes157, and absence of Foxp1 results in lower expression of Rag1 and Rag2 
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and impaired V(D)J recombination,151 This same study showed that transplantation 
of Foxp1 deficient fetal liver cells into RAG2-deficient-recipient mice results in a 
profound decrease in pre-B cells as well as a decrease in pro-B cells.151 However, 
a more recent study showed that a twofold reduction in Foxp1 expression by siRNA 
mediated knockdown, followed by bone marrow transfer resulted in a decrease in 
pro-B cells but an increase in Pre-B cells in the recipient mice, suggesting that Foxp1 
is mostly essential for the pro-to pre-B cell transition.152 In the bone marrow, Foxp1 
expression is regulated by the p53 inducible microRNA34a. At the transition of pro-to 
pre- B cells, the expression of mir34a is decreased, resulting in an increase in Foxp1 
expression levels, thereby assuring an efficient B cell development.152

FOXP1 in mature B cells
For many years, FOXP1 has been show to be highly expressed and linked to 
prognosis in B-cell non-Hodgkin lymphomas (see below).77;158-161 These data suggest 
that FOXP1 also plays a role in mature B cells and lymphomas. These roles of 
FOXP1 in mature B cells have begun to be unraveled only recently. FOXP1 is 
expressed in mature human B cell subsets, but is temporarily downregulated at the 
germinal center stage.153 This downregulation seems to be essential for appropriate 
GC function because transgenic mice that constitutively express human FOXP1 
in B cells exhibit abnormal GC formation.153 The GCs of these mice show slightly 
irregular shapes and are of smaller size in comparison to wild type mice. ChIP-
on-chip analysis in the GC-DLBCL cell line OCI-LY1 indicated that FOXP1 binds 
to genes that are involved in the GC reaction.153 Moreover, splenic B cells of these 
FOXP1 overexpressing mice are impaired in CSR to the IgG1 isotype.153 

FOXP1 in B-cell non-Hodgkin lymphomas
The most compelling evidence that FOXP1 plays a role in B cell pathology and 
possibly also mature B cell physiology stems from several reports that show 
chromosomal translocations and high expression, linked with poor prognosis, in 
various types of B cell non-Hodgkin lymphomas. 
Rare but recurrent chromosomal translocations affecting FOXP1 have been 
observed in ABC-DLBCL and mucosa-associated lymphoid tissue (MALT) 
lymphoma. In the majority of the cases, these translocations involve FOXP1 and the 
immunoglobulin heavy chain enhancer (t(3;14)(p13;q32)).158;159;162-164 It seems that 
all these translocations target FOXP1 downstream of its first exon and will separate 
the FOXP1 gene from its promoter.162 Whereas FOXP1-IgH rearrangements mostly 
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affect the 5′ untranslated region of FOXP1 and results in overexpression of full-
length FOXP1,non-IG/FOXP1 rearrangements often involve targeting of FOXP1 
downstream of it first coding exon (exon6) and result in increased expression of 
N-terminally truncated FOXP1 isoforms (FOXP1 isoforms will be discussed in more 
depth later on).165  FOXP1 expression in ABC-DLBCL can also be upregulated as a 
result of trisomy 3 or more restricted focal amplifications.78;163 However, the incidence 
of all these aberrations affecting FOXP1 in MALT lymphoma and ABC-DLBCL are 
low, whereas FOXP1 is highly expressed in a large percentage of these lymphomas, 
indicating that other mechanisms should also contribute to this high expression. 
One other mechanisms identified to regulate FOXP1 expression in transformed high 
grade MALT lymphoma is Myc mediated repression of microRNA34a, which, as 
discussed above, targets FOXP1.154

High expression levels of FOXP1 in DLBCL and MALT lymphoma is associated with 
poor prognosis. 161;166-172 In DLBCL, FOXP1 was shown to be a prognostic indicator 
for survival, that is independent of patient risk stratification (independent prognostic 
indicator score), and independent of subgroup classification: it is a prognosticator 
within groups of GC DLBCL patients, non-GC DLBCL patients, or in a poor prognosis 
subgroup of patients with non-GC DLBCL with high BCL2 expression.166;167;169;172 
Moreover, FOXP1-positive MALT lymphomas were shown to be at risk of transforming 
into aggressive DLBCLs.161 Furthermore, expression levels of FOXP1 can be used 
as a discriminator between the ABC and GC subtypes of DLBCL.170;172-174 These data 
suggests that FOXP1 regulates or is regulated by oncogenic pathways in DLBCL 
and MALT lymphomas. 
Although many studies have indicated high expression of FOXP1, linked with poor 
prognosis, in DLBCL and MALT lymphoma, only few studies have investigated 
potential underlying molecular mechanisms. siRNA mediated knockdown of 
FOXP1 in DLBCL cell lines has been shown to reduce their proliferation.154FOXP1 
has also been shown to potentiate Wnt/β-catenin signaling in DLBCL cell lines.175 
FOXP1 exerts its Wnt-potentiating actions by forming a complex with β-catenin, 
the acetyltransferase CBP and the transcription factor TCF7L2 on the promoter of 
Wnt/β-catenin target genes upon Wnt-stimulation.175 These studies indicate potential 
mechanisms for the oncogenic action of FOXP1 but further studies are required 
to investigate the specific target genes and potential additional functions of this 
transcription factor in mature human primary B cells and lymphomas.
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FOXP1 isoforms
Multiple different isoforms of FOXP1 have been described. Some of these show 
tissue specific expression and might exert specific functions. In embryonic stem cells 
(ESCs), an ESC specific FOXP1 isoform (FOXP1-ES) is expressed as a result of 
an ESC specific alternative splicing event.140 This alternative splicing event modifies 
critical amino acids in the FOXP1 forkhead domain and alters its DNA-binding 
specificity. As a result, FOXP1-ES regulates a distinct set of target genes, including 
genes involved in ES cell pluripotency.140 In chronic lymphocytic leukemia (CLL), a 
mutation in the splicing factor SF3B1 causes aberrant splicing of FOXP1, resulting 
in overexpression of a specific FOXP1 isoform termed FOXP1w, which is truncated 
at its C-terminal domain and lacks two putative PEST domains involved in protein 
degradation (Figure 4, isoform 1).176

Interestingly, high expression of two smaller, N-terminally truncated FOXP1 isoforms 
has also been detected in ABC-DLBCL and primary central nervous system 
lymphoma.177;178 These smaller isoforms were identified to be encoded by two 
alternative FOXP1 splice variants, one of which starts translation in the third coding 
exon (exon 8), resulting in a protein hat lacks the N-terminal 100 amino acids (Figure 
4, isoform 2), whereas the other starts translation in the first coding exon (exon 
6), but does not contain the third and fourth coding exon, resulting in an internal 
N-terminal deletion (figure 4, isoform 3).177 The protein product encoded by the first 
isoform lacks a potential phosphorylation sites, an RXL/RXXL motif that potentially 
binds the anaphase-promoting complex, and acyclin-cdk binding site. The second 
isoform lacks a region that includes a coiled-coil domain, a glutamine rich region, 
and a nuclear receptor box/LXXLL motif (Figure 4). Interestingly, the expression of 
these smaller isoforms is induced upon the activation of normal peripheral blood B 
cells.177 This suggests that the high expression of these isoforms in ABC-DLBCL 
might stem from their normal counterpart, the activated B cell.
These smaller isoforms have been suggested to be the FOXP1 isoforms with 
oncogenic potential in B cell non-Hodgkin lymphoma.177 This latter idea stems from 
the paradoxical observation that whereas FOXP1 seems to bear oncogenic potential 
in hepatocellular carcinoma and B cell non-Hodgkin lymphomas (see above), it is 
rather a potential tumor suppressor in multiple solid tumor types.161;167;179 FOXP1 is 
located on a chromosomal region that is associated with loss of heterozygosity and 
deletions in multiple other tumor types 155;180-182. Furthermore, FOXP1 transcriptional 
activities are inhibited in a large number of epithelial malignancies by either a decrease 
in FOXP1 mRNA, a decrease in FOXP1 protein levels, or by aberrant localization 
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of FOXP1 to the cytoplasm.160 Moreover, high FOXP1 expression is associated with 
favorable prognosis in breast cancer, lung cancer, epithelial ovarian carcinoma and 
peripheral T –cell lymphoma.183-188 Since smaller N-terminally truncated proteins 
are preferentially expressed in ABC-DLBCL and primary central nervous system 
lymphoma, whereas other cell types mainly express full length FOXP1, it was 
proposed that these smaller FOXP1 isoforms might have oncogenic potential in B 
cell non-Hodgkin lymphomas, whereas the full length protein might function as a 
tumor suppressor.177;178 The hypothesis that loss of the FOXP1 N-terminus might 
be linked to malignancy is supported by results from a study of recurrent viral 
integration sites that generate avian nephroblastoma.189 FOXP1 was identified as 
the second most frequent viral integration site in that study and it was noticed that 
the insertions were all clustered within the second coding exon of Foxp1, but did 

 
Figure 4. Schematic representation of the FOXP1 full length protein and FOXP1 isoforms
Indicated are the locations of predicted domains and motifs. Isoform 1 is highly expressed in CLL cases 
with SF3B1 mutations.176 Isoform 2 and 3 are highly expressed in ABC-DLBCL.177

NRB=nuclear receptor box; NLS=nuclear localization signal
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not affect mRNA expression levels,189 suggesting that the insertions might result in 
expression of an N-terminally truncated Foxp1 protein. Moreover, it was recently 
shown that chromosomal translocations involving FOXP1 and regions other than the 
immunoglobulin heavy chain (IGH) locus in B cell lymphomas result in expression of 
N-terminally truncated FOXP1 isoforms (see above). These aberrations, in contrast 
to FOXP1-IGH aberrations, are found as secondary genetic hits acquired during 
clinical course of various B-cell neoplasm, suggesting that these smaller isoforms 
might be involved in disease progression.165 Although these studies suggest that the 
smaller FOXP1 isoforms, rather than FOXP1 full, might act as oncogenes in B cell 
malignancies functional studies supporting this hypothesis are currently lacking. 

Aims and outline of this thesis 
The studies in this thesis aim to investigate molecular mechanisms in B cell-non 
Hodgkin lymphoma pathogenesis and mature B cell biology.
The aim of the studies described in the first part of this thesis was to further 
investigate the mechanistic role of FOXP1 in human mature B cell biology and 
lymphomagenesis. In chapter 2 and chapter 3 we investigate the roles of FOXP1 
in mature primary human B cells. In chapter 2 we show that FOXP1 directly 
represses a set of pro-apoptotic genes and that overexpression of FOXP1 promotes 
survival and outgrowth of primary human B cells by cooperating with the NF-κB 
pathway. In chapter 3 we show that FOXP1 represses key regulators of plasma cell 
differentiation and that FOXP1 downregulation is required for efficient plasma cell 
differentiation. In chapter 4 we identified the nature of the smaller FOXP1 isoform 
that is highly expressed in ABC-DLBCL. We showed that upon overexpression in 
primary human B cells, this isoform regulates the same set of genes and exerts an 
equally strong effect on survival and inhibition of PC differentiation, as compared to 
FOXP1 full length. 
The aim of the studies described in the second part of this thesis was to explore 
the prevalence of oncogenic CD79B and MYD88 mutations in a large panel of 
DLBCL patients and to establish their relation to clinical, phenotypic, and molecular 
parameters. In chapter 5 and chapter 6 we show the specific high prevalence of 
these mutations in DLBCLs presenting at immune privileged sites. 
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Abstract
The forkhead transcription factor FOXP1 is involved in B-cell development and 
function, and is generally regarded as an oncogene in activated B cell-like (ABC) 
subtype of diffuse large B cell lymphoma (DLBCL) and mucosa-associated lymphoid 
tissue (MALT) lymphoma, lymphomas relying on constitutive NF-κB activity for 
survival. However, the mechanism underlying its putative oncogenic activity has 
not been established. By gene expression microarray, upon overexpression or 
silencing of FOXP1 in primary human B cells and DLBCL cell-lines, combined with 
chromatin-immunoprecipitation followed by next-generation sequencing (ChIP-seq), 
we established that FOXP1 directly represses a set of 7 pro-apoptotic genes. Low 
expression of these genes, encoding the BH3-only proteins BIK and Harakiri, the 
p53-regulatory proteins TP63, RASSF6 and TP53INP1, AIM2 and EAF2, is associated 
with poor survival in DLBCL patients. In line with these findings, we demonstrated 
that FOXP1 promotes the expansion of primary mature human B cells by inhibiting 
caspase-dependent apoptosis, without affecting B-cell proliferation. Furthermore, 
FOXP1 is dependent upon, and cooperates with, NF-κB signaling to promote 
B-cell expansion and survival. Taken together, our data indicate that, through direct 
repression of pro-apoptotic genes, (aberrant) expression of FOXP1 complements 
(constitutive) NF-κB activity to promote B-cell survival, and can thereby contribute to 
B-cell homeostasis and lymphomagenesis.
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Introduction
The forkhead transcription factor FOXP1 plays an important role in a wide diversity of 
biological processes, including T cell development and differentiation,1;2 and B-cell 
development and function.3-5 Furthermore, FOXP1 has long been recognized as a 
potential oncogene in various types of B-cell non-Hodkgin lymphomas; however, its 
mode of oncogenic action is largely unknown.6;7 
In DLBCL and MALT lymphoma, aberrantly high expression of FOXP1 is 
associated with poor prognosis and FOXP1-positive MALT lymphomas were shown 
to be at risk of transforming into aggressive DLBCLs.8;9 This overexpression of 
FOXP1 can be caused by a t(3;14)(p14;q32) translocation, involving FOXP1 and IgH 
loci, which has recurrently been observed in MALT lymphoma and ABC-DLBCL.10-13 
FOXP1 expression is also frequently upregulated in ABC-DLBCL as a result of 
trisomy 3 or more restricted focal amplifications,14 while aberrant Myc expression 
in transformed gastric MALT lymphomas leads to upregulation of FOXP1 due to 
repression of the FOXP1 targeting miRNA 34a.15 Furthermore, expression levels of 
FOXP1 can be used as a discriminator between the ABC and germinal center (GC) 
subtypes of DLBCL, which are distinct biological disease entities, the former having 
significant worse survival rates.12;13

Interestingly, the type of lymphomas in which FOXP1 is highly expressed are 
characterized by constitutive activation of the NF-κB pathway, on which they rely for 
survival.16 Activation of various receptors, such as the B-cell receptor (BCR), CD40 
or Toll-like receptors (TLRs), will lead to formation of the CARD11-BCL10-MALT1 
signaling complex, which results in the activation of the NF-κB pathway.17 A large 
proportion of MALT lymphomas express a BCR with rheumatoid factor activity, which 
is continuously stimulated by autoreactive immunoglobulins, causing continuous 
activation of the NF-κB signaling pathway.18 Moreover, MALT lymphomas often 
contain recurrent translocations that affect MALT1 or BCL10, resulting in constitutive 
activation of the NF-κB pathway.16 In ABC-DLBCL, the NF-kB signaling pathway 
is constitutively active as a result of oncogenic mutations in CARD11, the adaptor 
protein MYD88 and/or of  the BCR subunit CD79 (which causes chronic active BCR 
signaling), and by inactivating mutations in A20, a negative regulator of the NF-κB 
pathway.19-24

In the present study, we aimed to further investigate the mechanistic role of FOXP1 
in human B-cell function and lymphomagenesis. We show that FOXP1 directly 
represses the expression of a panel of pro-apoptotic genes in primary human B-cells 
and DLBCL cell lines, and that overexpression of FOXP1 promotes survival and 
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outgrowth of primary human B-cells by cooperating with NF-κB pathway. Together, 
our study provides novel insights into the role of FOXP1 in B-cell homeostasis and 
establishes a new oncogenic mechanism by which aberrantly expressed FOXP1 
may contribute to B-cell lymphomagenesis. 

Materials and methods
Constructs
pcDNA3.1-FOXP1-myc-his encoding human FOXP1 was obtained from Daniel 
Simon (Harvard medical school, Boston, MA)25 and subcloned to generate LZRS-
FOXP1-IRES-YFP (Supplemental methods). MSCV-CA-IKK2-IRES-GFP was kindly 
provided by Dr. J. Schuringa (University of Groningen, The Netherlands) and LZRS-
BCL6-IRES-GFP by Prof. dr. H. Spits.26

B-cell cultures, retroviral transductions and siRNA-mediated knockdown
Isolated human B-cells (see Supplemental methods) were cultured on CD40L-L cells27, 
with IL-21(25 ng/ml, R&D systems, Abingdon, UK) and IL-2 (40U/ml, Prospec, East 
Brunswick, NJ) and transduced essentially as described.28;29 72 hours after transduction, 
cells were passaged and cultured either with or without CD40-L L cells. For microarray 
analysis, after transduction cells were cultured without cytokines for 3 days. 
DLBCL cell lines OCI-Ly1, OCI-Ly3, OCI-Ly7 and OCI-Ly10, U2932 and SUDHL-6 
were obtained and cultured as described.30 siRNA-mediated knockdown was 
performed essentially as described.31 (Supplemental methods). 

Microarray analysis, ChIP-seq, and RT-qPCR
Microarray analysis32, ChIP-seq33, RNA isolation, cDNA synthesis and RT-qPCR34 
were performed essentially as described (Supplemental methods).

Flow cytometry and Caspase-Glo 3/7 assay
For full details on labeling and/or analysis of Efluor 670, Propidium iodide35, 
GFP/YFP fluorescence, the Caspase-Glo 3/7 assay and other methods, see 
Supplemental methods. 
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Results
FOXP1 represses the expression of multiple pro-apoptotic genes
To provide insight into the potential mechanism(s) by which FOXP1 may affect 
B-cell function and lymphomagenesis, we performed GEM analysis of primary human 
B-cells, retrovirally transduced with FOXP1-IRES-YFP to constitutively overexpress 
FOXP1 (Figure 1A). After transduction, the cells were cultured on CD40L-L cells for 
three days, YFP positive fractions were sorted, RNA was isolated and GEM was 
performed. In total 201 genes were found to be reproducibly regulated by FOXP1 
in B-cells from 2 different donors (Supplemental Table I). Gene ontology (GO) 
analysis of these genes showed high enrichment for genes involved in induction of 
apoptosis (Table I), which is of specific interest because of the key role for repression 
of apoptosis in (antigen-specific) differentiation and oncogenic transformation of 
GC B-cells. Strikingly, the FOXP1-regulated genes within the various pro-apoptotic 
GO categories were all downregulated, and some of these genes, including HRK, 
RASSF6 and TP53INP1, were among the 15 most strongly repressed genes in 
either one or both of the donors. 
Given the putative oncogenic role of FOXP1 in DLBCL, we also investigated FOXP1-
regulated gene expression upon overexpression or silencing of FOXP1 in one 
ABC-type (OCI-Ly10) and two GC-type (OCI-Ly1 and OCI-Ly7) DLBCL cell lines. 
Nucleofection of these cell lines with previously described FOXP1-targeting siRNA,36 
resulted in a 50-70% knockdown of FOXP1 expression (Figure 1B). Two days after 
transduction with FOXP1-IRES- or after electroporation with siRNA directed against 
FOXP1, RNA was isolated and GEM was performed. Interestingly, many of the 
pro-apoptotic genes repressed by FOXP1 in primary B-cells were also repressed 
upon FOXP1 overexpression and/or induced upon FOXP1 knockdown in one or more 
of the cell lines (Figure 1C). Of these genes, HRK, BIK and RASSF6, were among 
the 15 most strongly repressed genes in OCI-Ly1, OCI-Ly7 and/or OCI-Ly10. The 
microarray results for the 7 reproducibly FOXP1-repressed pro-apoptotic genes, i.e., 
EAF2, BIK, TP63, HRK, TP53INP1, RASSF6 and AIM2, were validated by RT-qPCR 
of FOXP1-transduced primary human B-cells (not shown; see, however, Figs. 4C 
and 5C). Combining these 7 pro-apoptotic genes into one geneset clearly shows 
for each cell line that FOXP1 overexpression represses, and FOXP1 knockdown 
induces, expression of this pro-apoptotic geneset (Figure 1C).
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Figure 1. Identification of FOXP1-regulated genes in primary human B-cells and DLBCL cell lines 
by gene expression microarray analysis
To identify FOXP1-regulated genes, we conducted gene expression microarray analysis upon retroviral 
overexpression or RNAi-mediated silencing of FOXP1 in primary B-cells and DLBCL cell lines. (A,B) 
Expression levels of FOXP1 in primary B-cells (A) and DLBCL cell lines (B) upon retroviral transduction or 
siRNA transfection. (A) Human primary B-cells were transduced with FOXP1-IRES-YFP, or ctrl-IRES-YFP 
and cultured with CD40L-L cells. (A, left panel) Three days after transduction, YFP positive fractions were 
sorted, RNA was isolated and gene expression levels were analyzed by quantitative RT-PCR. Expression 
levels were normalized to expression levels in empty vector transduced cells. (A, right panel) Three days 
after transduction, cell lysates were harvested and immunoblotted for FOXP1. β-tubulin was used as a 
loading control. (B) DLBCL cell lines were transfected with siRNA against FOXP1. (B, left panel) One day 
after nucleofection, RNA was isolated and gene expression levels were analyzed by quantitative RT-PCR. 
Expression levels were normalized to expression levels in control siRNA transduced cells. (B, right panel) 
two days after nucleofection with siRNA against FOXP1, cell lysates were harvested and immunoblotted 
for FOXP1. β-tubulin was used as a loading control. * indicates a non-specific background band. (C) 
Expression of the pro-apoptotic genes that were significantly and reproducibly regulated by FOXP1 in 
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microarray analysis of primary B-cells and DLBCL cell lines. Data are represented as z-scores calculated 
within samples of each cell line. The grey squares indicate expression beneath the threshold value (= 
no expression). The lower panel shows the mean relative expression values of a gene-set composed 
of the 7 pro-apoptotic genes. (D) Kaplan-Meier plots of the overall survival (OS) of 498 DLBCL patients 
treated with rituximab-CHOP therapy37 (stratified in 2 groups by expression of the 7 FOXP1-repressed 
pro-apoptotic genes. (left panel) OS of DLBCL patients stratified in two groups by k-means clustering of 
the 7 genes. The 5-year OS is 72% for the patient group with overall higher (group 0; red) versus 47% in 
the group with overall lower (group 1; blue) expression of the 7 genes. The color bar displays the z-scores 
(blue = low, red = high) of each of the 7 pro-apoptotic genes (from top to bottom): TP63, HRK, EAF2, 
TP53INP1, AIM2, RASSF6 and BIK. (right panel) OS of DLBCL patients stratified in two equal sized 
groups (separated at the median) by ranking the patients according to their mean z-score of the geneset. 
The 5-year OS is 72% in the high (blue) versus 49% in the low (red) expressing group. The heatmap 
displays the z-scores (green = low, red = high) of each of the 7 pro-apoptotic genes (from top to bottom): 
TP63, RASSF6, BIK, HRK, EAF2, TP53INP1 and AIM. The blue – red bar displays the mean z- scores 
(blue is low; red is high) for the geneset, according to which the patients were ranked.

Table I GO term analysis of genes regulated upon FOXP1 overexpression in primary human B-cells
GO term analysis of genes that are regulated by FOXP1 in both of 2 independent GEM studies of human 
peripheral blood memory B-cells transduced with LZRS-IRES-FOXP1, compared to control-transduced 
cells. The 10 most significantly enriched GO categories are shown.
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Low expression of the FOXP1-repressed apoptotic genes is associated 
with poor survival in DLBCL patients 
To investigate if the 7 apoptotic gene panel may have prognostic clinical 
significance in DLBCL, we analyzed the GEM data from 498 DLBCL patients 
treated with rituximab-CHOP37 by means of the R2 microarray analysis and 
visualization platform (http://r2.amc.nl). The DLBCL patients were stratified 
in two groups, either by k-means clustering of the 7 genes or after ranking 
the patients according to the mean z-score or the summed rank of the 7 genes  
(Fig. 1D and Supplemental Figure 1). Interestingly, irrespective of the stratification 
method, statistically significant differences in the probability of overall survival (OS) 
and progression-free survival (PFS) were observed; the patients with low expression 
of the 7 pro-apoptotic gene signature always having a worse prognosis (Figure 1D and 
Supplemental Figure 1). Notably, in accordance with the observed FOXP1-mediated 
repression of these genes in ABC- and GC-type DLBCL cell-lines (Figure 1C), this 
difference in OS (and PFS; data not shown) was observed irrespective of the ABC- 
vs GCB-subtype classification of the patients (Supplemental Figure 1). Together, our 
findings are completely in line with the pro-apoptotic function of these genes, and 
with a potential role for their FOXP1-mediated repression in lymphomagenesis.

FOXP1 binds to the promoter regions of multiple pro-apoptotic genes
To identify genes that are directly regulated by FOXP1, we performed genome wide 
ChIP-seq in 4 DLBCL cell lines, i.e. OCI-Ly1, OCI-Ly3, OCI-Ly7 and OCI-Ly10. In 
each cell line we identified 20,000 to 26,000 FOXP1 binding sites. These binding 
sites were most strongly enriched within 2 kilobases (kb) of the transcription start 
sites (TSS) of protein coding genes. Interestingly, however, the majority of sites 
were located at a larger distance from the closest TSS (Supplemental Fig 2A). 
FOXP1 ChIP-seq peaks were found in the vicinity (within a 20 kb window around 
the TSS) of 4000-7000 genes in each cell line and approximately 2000 genes had 
a FOXP1 ChIP-seq peak in all 4 cell lines (Figure 2A). 
About half of the genes that were regulated by FOXP1 in our microarray analysis also 
have a FOXP1 ChIP-seq peak within 20 kB from their TSS (Figure 2B, left panel). In 
accordance with previous studies on the effects of FOXP1,5;33;36 these direct FOXP1 
targets included both positive and negative regulated genes (Figure 2B, right panel). 
De novo motif search verified the presence of a forkhead binding motif in the majority 
of the peaks (Figure 2C and supplemental Figs. 2B and C). Interestingly, binding 
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motifs for various other transcription factors, including IRF and ETS motifs, were also 
significantly enriched among FOXP1-bound regions (Figure 2C and supplemental 
Figure 2B). At these regions, FOXP1 appears to directly bind to DNA via its own 
consensus motif, since >90% of these peaks also contain a consensus forkhead motif. 
Furthermore, high overlap was found between FOXP1 binding sites and previously 
defined binding sites for the ABC-DLBCL oncogenes IRF4 and the ETS factor SpiB 
(identified in HBL1)38 (Figure 2D,E). Notably, FOXP1 peaks exclusively detected in 
ABC type DLBCL cell lines vs. GC-type DLBCL cell lines were significantly enriched 
for IRF4- and SpiB-bound regions, and for NF-κB consensus motifs (Figure 2E). 
Since high expression of IRF4 and SpiB as well as high NF-κB activity are hallmarks 
of the ABC- but not GC-type DLBCL, these findings suggest that FOXP1, by analogy 
to its family member FOXP3,39;40 might preferentially bind sites co-occupied by other 
transcription factors and regulate gene expression through physical or functional 
interaction with those factors. 
In compliance with the results of our microarray study, GO analysis of the FOXP1-
bound genes showed enrichment for genes involved in cell death and apoptosis 
across all four cell lines, irrespective of ABC or GCB-subtype (Supplemental Figure 
2D). The top 10 of GO-terms based upon genes exclusively bound by FOXP1 in 
both ABC-type DLBCL cell-lines is dominated by terms related to regulation of 
chemotaxis, immune response and cell/lymphocyte activation, the top 10 of both 
GC-type DLBCL cell lines by terms related to regulation of cell cycle, translational 
initiation and chromosome/nucleosome organization (Supplemental Table II). 
Importantly, all pro-apoptotic genes repressed by FOXP1 in primary B-cells and cell 
lines (Figure 1C) were also bound by FOXP1 in the vicinity of their TSS in at least two 
cell lines (Figure 2F, supplemental Figures 2E and F). Combined, our GEM and ChIP-seq 
results clearly demonstrate that FOXP1 directly represses expression of multiple 
pro-apoptotic genes, strongly suggesting a role for FOXP1 in B-cell survival.

FOXP1 induces expansion of primary human B-cells by repression of 
caspase-dependent apoptosis, without affecting proliferation
To address the functional consequence of FOXP1 expression, we employed a 
culture system that allows for manipulation of human primary B-cells ex vivo. Primary 
B-cells cultured in vitro will undergo spontaneous apoptosis; however, this cell death 
can be partially overcome by CD40 ligation which results in B-cell expansion by 
activating multiple pathways including the NF-κB pathway.41-43 This expansion can 
be further enhanced by addition of cytokines such as IL-21 and IL2.27;42 However, 
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B-cells cultured under these conditions only have a limited replication potential and 
overexpression of anti-apoptotic proteins or transcription factors, such as BCL6, is 
required to further extend their lifespan, by promoting survival or proliferation and/or 
by repressing differentiation.26;29 
To investigate if aberrant FOXP1 expression could promote expansion of primary human 
B-cells, we retrovirally transduced primary human B-cells with FOXP1-IRES-YFP, 
control-IRES-YFP (as a negative control), or BCL6-IRES-GFP (as a positive control) 
(Figure 3A). The transduced B-cells were cultured on L cells expressing CD40-ligand 
(CD40L-L cells), in the presence of IL-21 and IL-2. In compliance with previous 
studies,26;29 the percentage of GFP positive cells in BCL6-transduced cultures rapidly 
increased in time (Figure 3B). Interestingly, a similar increase in the percentage of 
YFP positive cells was observed in cultures transduced with FOXP1 (Figure 3B). 
These B-cell cultures were polyclonal as established by PCR-based GeneScan 
analysis of IgVH and IgVκ gene segments (data not shown). 44

Next we analyzed proliferation in these cultures by labeling the cells with the 
proliferation dye eFluor 670 and measuring dilution of the staining in the YPF+ and YFP- 
populations after four days of culturing, by FACS analysis. EFluor 670 dilution was not 
increased in FOXP1-transduced cells (Figure 3C). In accordance, cell cycle analysis 
indicated no major changes in cell cycle distribution upon FOXP1 overexpression 
(supplemental figure 3). BCL6 overexpression, on the other hand, did result in increased 

◄◄ Figure 2. Chromatin immunoprecipitation and sequencing analysis of FOXP1 target genes.
To identify direct FOXP1-target genes, we conducted genome-wide mapping of the FOXP1 binding sites 
in four DLBCL cell lines, by chromatin immunoprecipitation with a FOXP1 specific antibody followed by 
high-throughput sequencing (ChIP-seq). (A) A Venn diagram showing the number of genes in each cell 
line with a FOXP1 binding peak within 20 kb of the TSS, as determined by ChIP-seq. (B) Percentage of 
all expressed genes or FOXP1-regulated genes (as determined by microarray analysis) in a cell line, 
that showed a FOXP1 binding peak within 2kb or 20 kb of the TSS, as determined by ChIP-seq (left 
panel), and the percentage of genes being either up- or downregulated, among the genes that are both 
regulated and bound by FOXP1 within 20 kb of the TSS (right panel). (C) De-novo motif analysis of 
FOXP1 ChIP-seq peaks in OCI-Ly3 reveals the presence of several enriched motifs in the FOXP1-binding 
regions. Relative enrichment to control regions and percentage of peaks containing the motif are shown. 
(D) Overlap of IRF4 ChIP-seq peaks and SpiB ChIP-seq peaks in HBL138 with FOXP1 ChIP-seq peaks 
in DLBCL cell lines. (E) The number of FOXP1 ChIP-seq peaks that were found exclusively either in both 
ABC DLBCL cell lines (OCI-Ly3 and OCI-Ly10) or in both GC-DLBCL cell lines (OCI-Ly1 and OCI-Ly7), 
and the proportion of these peaks that were also found among IRF4 or SpiB ChIP-seq peaks in HBL138 or 
that contained a consensus NF-κB binding site. (*** P<0.001 significant difference between presence of 
SpiB or IRF4 peaks or a NF-κB consensus motif among ABC specific vs. GC specific FOXP1 CHIP-seq 
peaks as determined by Chi-square test). (F) Tracks showing the locations of the FOXP1 ChIP-seq 
peaks in the proximity of the TSS of RASSF6, AIM2, and BIK, some of the pro-apoptotic genes that are 
downregulated by FOXP1 in primary human B-cells and DLBCL cell lines.
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eFluor 670 dilution and a higher percentage of cells in S phase (Figs. 3C and supplemental 
figure 3). Combined, these results clearly establish that FOXP1 overexpression does 
not affect cell proliferations in primary human B-cells cultured under these conditions. 
To assess whether FOXP1 promotes B-cell survival, viable cells of the YFP 
positive and negative fractions of FOXP1- or empty vector-transduced cells were 
sorted, and the percentage of live cells was monitored by flow cytometry during 
1 week of subsequent culturing. FOXP1-transduced cells showed a clear survival 
benefit compared to YFP negative- or empty vector-transduced cells (Figure 3D). 
To investigate whether this was mediated by inhibition of caspase-dependent 
apoptosis, a caspase glo 3/7 assay, which measures the activity of caspase-3 and 
-7, was performed on sorted YFP+ cells that had been cultured for 5-7 days after 
sorting. Caspase 3/7 activity was significantly reduced in cells transduced with 
FOXP1 (Figure 3E). Notably, in the DLBCL cell-lines, siRNA-mediated silencing of 
FOXP1 did not affect cell proliferation, viability or caspase 3/7 activity (Figure 3F,G 
and Supplemental Figure 6; see also Discussion). Together, our results indicate 
that FOXP1 promotes primary B-cell survival (at least in part) by inhibiting caspase-
dependent apoptosis.

Figure 3. FOXP1 promotes expansion of primary human B-cells, not by stimulating proliferation 
but by repressing apoptosis
Memory B-cells were sorted from human peripheral blood and transduced with either FOXP1-IRES-YFP, 
BCL6-IRES-GFP or ctrl-IRES-YFP, and cultured with CD40L-L cells, IL-21 and IL-2. (A) Representative 
example of FOXP1 and BCL6 overexpression in primary YFP+ or GFP+ B-cells. 6 days after transduction 
YFP+ cells were sorted and analyzed by immunoblotting. β-actin was used as loading control. (B) FOXP1-
IRES-YFP, BCL6-IRES-GFP and ctrl-IRES-YFP transduced B-cells were continuously cultured with IL-21 
and IL-2 and CD40L-L cells. The percentage of transduced cells in each culture was followed over time 
by FACS analysis and normalized to the percentage of transduced cells at day 3 after transduction. Mean 
± SD of three independent experiments are shown. (C) 7 days after transduction, cells were labeled 
with eFluor 670 and cultured for four days, after which the eFluor 670 intensity was determined by flow 
cytometry. Representative graphs of three independent experiments are shown. (D) 6-7 days after 
transduction, live YFP positive and negative fractions of FOXP1 and control vector single-transduced 
cultures were sorted. After a recovery period of 4-5 days, the percentage of cells in the FSC/SCC live 
gate was determined by flow cytometry at three consecutive time points. The data were normalized to the 
percentage of living cells measured at the first time point. Mean ± SEM of two independent experiments 
are shown. (E) 6-7 days after transduction, the YFP positive fractions of FOXP1- and control vector-
transduced cultures were sorted. After a recovery period of 5-7 days, caspase 3/7 activity was determined 
by the caspase glo3/7 assay. Values were corrected for number of living cells as determined by FACS 
analysis. Mean ± SD of four independent experiments are shown (t test * p<0.05). (F,G) DLBCL cell 
lines were nucleofected with control siRNA or siRNA against FOXP1. (F) Four days after nucleofection, 
caspase 3/7 activity was determined by the caspase glo3/7 assay. Values were corrected for number of 
living cells as determined by FACS analysis. Mean ± SEM of two independent experiments are shown. 
(G) Cell lines were labeled with CFSE, 1 day before nucleofection. Three days after nucleofection, CFSE 
intensity was determined by flow cytometry. Representative graphs of two independent experiments are 
shown. Efficient knockdown in these experiments was validated by quantitative RT-PCR analysis.

►►



55

FOXP1 promotes human B-cell survival



56

CHAPTER 2

FOXP1 is dependent upon NF-κB activation, and cooperates with constitutive 
NF-κB activity, for promotion of B-cell expansion and survival
Interestingly, if FOXP1-transduced primary B-cells were deprived from CD40L 
stimulation, the FOXP1-driven outgrowth was no longer observed (Figure 4A). 
Likewise, BCL6-driven outgrowth was no longer observed in the absence of CD40L; 
rather. BCL6 expression resulted in a selective growth disadvantage, which could 
not be overcome by co-expression of FOXP1 (Supplemental Figure 4). Notably, in 
the absence of CD40L, FOXP1 overexpression still resulted in repression of the 
pro-apoptotic genes identified by GEM and ChIP-seq (Figure 4B). Thus, aberrant 
expression of FOXP1 provides primary human B-cells with a survival advantage; 
however, in order to benefit from this advantage, these cells are dependent upon 
signals provided by the CD40L-L cells.
CD40 ligation activates several pathways, including the MAPK-, PI3K-, and NF-κB-
pathways.45;46 NF-κB activity plays a crucial role in normal B-cell differentiation, 
proliferation and survival,47 and B-cell non-Hodgkin lymphomas in which FOXP1 is 
highly expressed are characterized by constitutive activation of the NF-κB-pathway, 
which is critical for their survival.19-22 To investigate whether exclusive activation of the 
NF-κB-pathway is sufficient to mimic the effect of CD40 activation, human primary 
B-cells were co-transduced with FOXP1-IRES-YFP and CA-IKK2-IRES-GFP, which 
expresses a constitutively active mutant of IKK2 resulting in constitutive activation 
of the NF-κB-pathway,48 and cultured with IL-21 and IL-2. Based on YFP and GFP 
expression, four separate populations could be indentified in these cultures by FACS 
analysis: non-transduced cells (p1), FOXP1 single-transduced cells (p2), CA-IKK2 
single-transduced cells (p3) and FOXP1/CA-IKK2 double-transduced cells (p4), 
each typically constituting 10-40% of the total population (Figure 5A left panel). In 
compliance with the ability of the NF-κB-pathway to induce proliferation and inhibit 
apoptosis of in vitro cultured primary B-cells,48;49 we observed a rapid increase in 
the percentage of CA-IKK2 single-transduced cells in time (Figure 5A, compare left 
and right panel; and Figure 5B). In contrast, the proportion of the FOXP1 single-
transduced population did not increase. Importantly, however, cells overexpressing 
both CA-IKK2 as well as FOXP1 showed a more pronounced expansion as 
compared to the CA-IKK2 single-transduced cells (Figs. 5A and B). In line with this 
observation, expression of the pro-apoptotic FOXP1 target genes, as identified by 
GEM and ChIP-seq (Figs. 1 and 2), was repressed in the FOXP1/CA-IKK2 double-
transduced cells as compared to CA-IKK2 single-transduced cells (Figure 5C), 
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whereas transduction with CA-IKK2 does not affect expression of these genes 
(Supplemental Figure 5). Notably, CA-IKK2-transduced and CD40L-stimulated 
cells display enhanced expression of a gene signature of established NF-κB target 
genes (Supplemental Figure 5), and when the co-transduced cells were cultured 
on CD40L-L, the growth-advantage of the CA-IKK2 single-transduced population 
over non-transduced cells was lost (Fig. 5D), indicating that NF-κB is already 
optimally activated by the CD40L-L cells. In accordance, the relative percentages 
of the FOXP1 single- and FOXP1/CA-IKK double-transduced populations showed a 
comparable increase over time under these conditions (Fig. 5D).

Figure 4. FOXP1 is dependent upon CD40 stimulation for promotion of human B-cell expansion 
but not for repression of pro-apoptotic genes 
Memory B-cells were sorted from human peripheral blood and transduced with either FOXP1-IRES-YFP 
or control-IRES-YFP and cultured without CD40L-L cells as of day 3 after transduction. (A) The percentage 
of transduced cells in each culture was followed over time by FACS analysis and normalized to the 
percentage of transduced cells at day 3 after transduction. Mean ± SD of three independent experiments 
are shown. (B) 6 days after transduction YFP positive cells were sorted. Gene expression levels of 
the pro-apoptotic genes were analyzed by quantitative RT-PCR. Expression levels were normalized to 
expression levels in control transduced cells. Mean ± SEM of six independent experiments are shown. 
(one sample t test, **P<0.01, ***P<0.001). 
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To establish if FOXP1 elicits its potentiating effect on NF-κB-induced B-cell expansion 
by a similar mechanism as observed in CD40L-stimulated cells, i.e. by specifically 
promoting B-cell survival, viable cells of each of the four populations were FACS-
sorted and cultured for five days on cytokines only. Subsequently, the percentage 
of live cells was determined by flow cytometry (Figure 5E). Whereas the percentage 
of viable cells was not affected in FOXP1 single-transduced cultures, it increased 
in cultures transduced with CA-IKK2 only. Moreover, the percentage of viable cells 
further increased in cultures in which CA-IKK2 and FOXP1 were co-expressed. 
EFluor 670 staining of FOXP1/CA-IKK2 co-transduced cells indicated that whereas 
proliferation was clearly increased in the CA-IKK2 single-transduced population, 
confirming the role of NF-κB activation in B-cell proliferation, no further dilution of 
eFluor staining was observed in the CA-IKK2/FOXP1 double-transduced population 
(Figure 5F). Together, these results demonstrate that whereas FOXP1 has the 
capacity to repress expression of the pro-apoptotic genes independent of NF-κB 

Figure 5. FOXP1 is dependent upon and cooperates with (constitutive) NF-κB activity to promote 
expansion and survival of human B-cells
Memory B-cells were sorted from human peripheral blood and co-transduced with FOXP1-IRES-YFP and 
CA-IKK2-IRES-GFP. Transduced B-cells were cultured with IL-21, IL-2 and CD40L-L cells for the first three 
days, and subsequently with IL-21 and IL-2, either in the absence (A-C, E, F) or presence (D) of CD40L-L 
cells. (A) Cells were analyzed by flow cytometry, 3 (left panel) and 13 (right panel) days after transduction. 
Four populations can be indentified: YFP single positive (FOXP1 overexpression; p2), GFP single positive 
(CA-IKK2 overexpression; p3), YFP/GFP double positive (FOXP1 and CA-IKK2 overexpression; p4) and 
double negative (p1). (B,D) The percentages of the four populations within a single unsorted culture, 
cultured with IL-21 and IL-2 only (B), or with IL21, IL-2 and CD40L-L cells, (D) were followed over time by 
FASC analysis and normalized to the percentage of each population at day 3 after transduction. Mean ± 
SEM of three independent experiments are shown. (B) Significant differences in relative expansion were 
observed at day 10 after transduction between the FOXP1+CA-IKK2 double-transduced population vs. 
the CA-IKK2 single-transduced population (*, p<0.05) and the FOXP1 single-transduced population (**, 
p<0.01) by repeated measures ANOVA followed by Bonferroni’s multiple comparison test. (D) Significant 
difference in relative expansion was observed between the FOXP1+CA-IKK2 double-transduced 
population vs. the CA-IKK2 single-transduced population (*, p<0.05) by repeated measures ANOVA 
followed by Bonferroni’s multiple comparison test.(C) 6 days after transduction, GFP single positive and 
GFP/YFP double positive cells were sorted. Gene expression levels of the pro-apoptotic genes were 
analyzed by quantitative RT-PCR. Expression levels were normalized to expression levels in CA-IKK2 
single transduced cells. Mean ± SEM of three independent experiments are shown. (one sample t test, 
*P<0.05, **P<0.01, ***P<0.001). (E) 6 days after transduction, live cells of the four separate populations 
of co-transduced cells were sorted and cultured for 4-5 more days, after which the percentage of cells in 
the FSC/SCC live gate was determined by flow cytometry and normalized to the percentage of living cells 
in the non-transduced population. Mean ± SEM of three independent experiments are shown (repeated 
measures ANOVA followed by Bonferroni’s multiple comparison test; **P<0.01, *** P<0.001). (F) 7 days 
after transduction, cells were labeled with eFluor 670 and cultured for four days, after which the eFluor 
670 intensity was determined by flow cytometry. Representative graphs of two independent experiments 
are shown
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activation, it is dependent upon and cooperates with (constitutive) NF-κB activity for 
promotion of human primary B-cell expansion by further enhancing B-cell survival.

Discussion
In our study, GEM of primary B-cells and DLBCL cell lines in which we 
overexpressed or silenced FOXP1, combined with ChIP-seq analysis, revealed 
that FOXP1 directly represses multiple genes encoding pro-apoptotic proteins, 
including BIK, HRK, EAF2, RASSF6, TP63, TP53INP1, and AIM2 (Figs. 1C, 2F and 
supplemental Figs. 2E and F). The pro-apoptotic BH3-only protein BIK is involved in 
spontaneous apoptosis of primary human GC B-cells in vitro50;51 and in apoptosis of 
B-cell lymphoma cell lines.52;53 Interestingly, BIK has already been indentified as a 
FOXP1 target gene in two other cellular systems using ChIP-seq technology.33;36 
Van Boxtel et al. reported that FOXP1 prevents FOXO-induced cell death in a colon 
carcinoma cell line by directly modulating expression of a specific subset of FOXO 
target genes, including BIK.33 This mode of transcriptional regulation by FOXP1, 
i.e., through repression of FOXO target genes, has also been described in naive T 
cells, in which FOXP1 antagonizes FOXO1-induced expression of IL7RA.2 Since 
repression of FOXO1 activity through the PI3K pathway plays an important role in 
survival of mature resting B-cells and in a subset of DLBCLs,55;55 the anti-apoptotic 
role of FOXP1 in B-cells may also be (partially) mediated through inhibition of FOXO 
target genes. In line with this, HRK, another pro-apoptotic BH3-only protein we found 
to be repressed by FOXP1, is also repressed by the PI3K pathway in a subset 
of DLBCLs, which is important for their survival.55 However, FOXP1 most likely also 
affects B-cell survival via other mechanisms, since the other pro-apoptotic FOXP1 target 
genes are not established FOXO targets.
The role of the other FOXP1-repressed pro-apoptotic genes in survival of 
B-cells and B-cell lymphomas has not been extensively studied. However, 
given the established role of the tumor protein p53 in B-cell differentiation and 
lymphomagenesis,56 it is intriguing that three of the FOXP1-repressed pro-apoptotic 
genes, i.e., encoding TP63, TP53INP1, and RASSF6, are tumor suppressors that 
share the capacity to enhance p53 activity.57-59 Apart from that, p63 expression has 
been correlated to DLBCL prognosis,60;61 expression of TP53INP1 is low in MALT 
lymphomas,62 and methylation of the RASSF6 promoter has been observed in 
B-ALL and CLL.63;64 Although further studies are needed to determine if and how 
these pro-apoptotic genes control B-cell survival and lymphomagenesis, combined 
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the 7 FOXP1-repressed pro-apoptotic genes clearly have prognostic significance 
for overall and progression-free survival of DLBCL patients (Fig. 1D); the patients 
with low expression of the gene signature always having a worse prognosis, which 
is completely in line with their pro-apoptotic function and with a potential role in 
lymphomagenesis.
In accordance with previous literature,26;29 ectopic overexpression of BCL6 in mature 
B-cells, cultured with CD40L-L cells and cytokines, results in selective outgrowth 
of transduced cells. Remarkably, whereas FOXP1-transduced cells cultured in the 
same conditions displayed very similar growth dynamics (Figure 3), the mechanism 
of action is totally different: whereas FOXP1 exclusively promotes B-cell survival, 
not proliferation, BCL6 overexpression enhanced cell proliferation, but not survival 
(Figure 3 and data not shown). The latter is in line with the results of Kuo et al, who 
showed that transduction of in vitro cultured human mature B-cells with BCL6 did not 
affect B-cell survival.65 Interestingly, Craig et al recently reported that siRNA-mediated 
silencing of FOXP1 in DLBCL cell lines U2932, SUDHL-4,-6, and -7 reduced their 
proliferation.15 However, we did not observe impaired proliferation or survival upon 
knock-down of FOXP1 in various DLBCL cell lines, including U2932 and SUDHL-6, 
also not if combined with reduced serum conditions or NF-κB inhibition, or with the 
same pool of siRNAs used in the study of Craig et al. (Supplemental figure 6). This 
may be the consequence of somewhat lower knock-down efficiencies or different 
type of proliferation assays used in our studies (Supplemental figure 6), although, 
as such, additional genetic changes during lymphomagenesis, ongoing mutation ex 
vivo, and/or extensive (clonal) selection, may also render cell lines less dependent 
upon a single gene for growth and survival. Conversely, overexpression of FOXP1 
in GC-DLBCL cell lines with low endogenous FOXP1 expression (Supplemental 
figure 7), either alone or in combination with CA-IKK2, did not have a positive effect 
on selective outgrowth (Supplemental Figure 8); rather, we reproducibly observed 
a selective growth disadvantage, suggesting the high levels of FOXP1 expression 
may be toxic to these cells.
Activation of the NF-κB pathway in our culture system increased B-cell expansion by 
stimulating both B-cell proliferation and survival (Figures 5B, E and F). Simultaneous 
overexpression of FOXP1 further enhanced B-cell survival and reduced caspase 3/7 
activity, but did not affect proliferation (Figures 3 and 5). Importantly, in the absence 
of (constitutive) NF-κB activation, FOXP1 overexpression did not promote survival 
of primary B-cells (Figures 4 and 5), but FOXP1 still repressed its pro-apoptotic 
target genes (Figure 4B). In accordance, FOXP1-mediated repression of these 
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genes was not exclusively observed in the ABC-DLBCL cell-line OCI-LY10, which 
carries NF-κB -activating CD79a and MyD88 gain-of-function mutations,20;66 but also 
in the GC-DLBCL cell-lines OCI-LY1 and LY7, which are not characterized by NF-κB 
activation (Figure 1C). This indicates that whereas repression of these genes by 
FOXP1 might be required for the pro-survival effect of FOXP1, their repression is not 
sufficient to promote survival of primary human B-cells, since activation of the NF-κB 
pathway is required as well. Conversely, although it is well established that NF-κB 
activation and the subsequent upregulation of various anti-apoptotic NF-κB-target 
plays a major role in B-cell survival,47;67;68 apparently activation of NF-κB alone is not 
sufficient to accomplish an optimal survival response (Figure 5). Thus, corroborated 
by the observation that aberrant expression of FOXP1 typically occurs in lymphomas 
that carry mutations resulting in constitutive NF-κB activity, our results indicate that 
combining NF-κB-mediated induction of anti-apoptotic genes with FOXP1-mediated 
repression of pro-apoptotic genes is functionally complementary and provides a 
highly efficacious combination for optimal B-cell survival and lymphomagenesis. 
Taken together, we have shown that FOXP1 directly represses transcription of 
various pro-apoptotic genes and cooperates with CD40- and NF-κB-signaling in 
promoting B-cell expansion by inhibition of caspase-dependent apoptosis. Apart 
from providing novel insight into the role of FOXP1 in B-cell homeostasis, our 
results indicate that aberrant high FOXP1 expression, as a result of chromosomal 
translocation t(3;14), trisomy 3, or by other means, contributes to lymhomagenesis 
by promoting sustained B-cell survival. Aberrant expression of FOXP1 is typical for 
ABC-DLBCL and MALT lymphoma, which are characterized by, and are dependent 
upon, constitutive NF-κB activation. Therefore, from a diagnostic and therapeutic 
perspective, it is of major importance that the FOXP1-promoted B-cell survival and 
expansion is NF-κB-dependent: targeted therapy of lymphoma patients with agents 
that result in inhibition of NF-κB activity, e.g., treatment with the clinically active BTK 
inhibitor Ibrutinib,20;69;70 or inhibitors of IRAK or MALT1,71-73 will also overcome the 
additional survival benefit due to aberrant FOXP1 expression.
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Supplemental material

Supplemental Methods
Generation of LZRS-FOXP1-IRES-YFP
pcDNA3.1-FOXP1-myc-his encoding human FOXP1 was obtained from Daniel Simon 
(Harvard medical school, Boston, MA)1. The myc- and his-tag at the 3’end of the 
coding region were replaced by a stopcodon. FOXP1 was subsequently subcloned into 
LZRS-IRES-YFP via pcDNA4-TO to generate LZRS-FOXP1-IRES-YF (referred to 
as FOXP1-IRES-YFP).

B-cell isolation
Buffy coats were obtained from Sanquin bloodbank (Amsterdam, the Netherlands). 
PBMCs were isolated by Ficoll separation. B-cells were subsequently obtained 
by MACS separation with a memory B-cell isolation kit (Miltenyi Biotech, Bergisch 
gladbach, Germany), or occasionally by FACSAria sorting of the CD19+CD27+ 
population using an APC-conjugated antibody against CD19 (BD Biosciences, San 
Jose, Ca) and a PE-conjugated antibody against CD27 (BD). 

B cell cultures, retroviral transductions and siRNA-mediated knockdown
Isolated human B cells were cultured on CD40L-L cells2 IL-21(25 ng/ml, R&D 
systems, Abingdon, UK) and IL-2 (40U/ml, prospec, East Brunswick, NJ) in 
Iscove’s modifies Dulbecco’s medium (IMDM) containing 10% FCS, 100 units per 
ml of penicillin, and 100 μg per ml of glutamine (IMDM 10% FCS medium). For 
transduction, after culturing the cells for a minimum of 36 hours, cells were transferred 
to retronectin-coated plates and incubated with virus for 6-8 hours in IMDM 5% 
FCS medium. Thereafter, cells were cultured with CD40L-L cells, IL-21and IL-2 in 
10% FCS medium for 72 hours after which they were passaged and cultured either 
under the same conditions or without CD40L-L cells. For microarray analysis, after 
transduction cells were cultured without cytokines for 3 days. 
OCI-Ly3 and OCI-Ly10 were cultured in IMDM 20% medium, supplemented 
with 35 mM β-mercaptoethanol. OCI-Ly1, OCI-Ly7, and SUDHL6 were cultured 
in IMDM 10% FCS medium, U2932 was cultured in RPMI 10% FCS medium. 
For transductions, cell lines were transferred to retronectin-coated plates 
and incubated with virus for 24 hours. For siRNA-mediated knockdown, 
cells were transiently transfected using the Lonza nucleofection system.  
5 ×106 cells were resuspended in Nucleofector kit T (Lonza, Basel, Switzerland) 
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mixed with 2.5 mg siRNA against FOXP1 or sigenome non-targeting siRNA pool 
#2 (Dharmacon, Thermo scientific, Waltham, MA) and pulsed with program G16. 
FOXP1 expression levels were determined by immunoblotting with anti-FOXP1 
antibody (ab16645) from Abcam. BCL6 expression levels were determined by 
immunoblotting with anti-BCL6 antibody (ab16645) from DAKO.

RT-qPCR
Total RNA was isolated using the Rneasy micro kit (Qiagen, Valencia, CA) or Trizol 
(Invitrogen), followed by isopropanol precipitation, and reverse-transcribed into 
cDNA with first strand buffer (Invitrogen), Moloney murine leukemia virus reverse 
transcriptase (Invitrogen, Carlsbad, CA), dNTPs, and Oligo (dT). For quantitative 
polymerase chain reaction (PCR), we used a Roche LightCycler 480 and mixed 
sensimix (Bioline, London, UK) with cDNA and primer pairs for the indicated genes 
and normalized using primer pairs for HPRT. Primer sequences can be found in 
supplemental table II.

Microarray analysis
Biotinylated complementary RNA was amplified with a double in vitro transcription, 
according to the Affymetrix small sample labeling protocol vII (Affymetrix, Santa 
Clara, CA, USA). The biotinylated complementary RNA was fragmented and 
hybridized to the HG-U133 Plus 2.0 GeneChip oligonucleotide arrays according to 
the manufacturer’s instructions (Affymetrix). Fluorescence intensities were quantified 
and analyzed using the GCOS software (Affymetrix). The threshold for significant 
change was set to a P-value of ≤0.0025. Genes with 100% absent call were 
considered not to be biologically relevant and were removed. Genes that showed 
significant differential expression upon FOXP1 overexpression and/or knockdown 
in at least two distinct experiments were considered to be regulated by FOXP1. The 
microarray data is deposited in GEO (accession number GSE51382, http://www.
ncbi.nlm.nih.gov/geo/query/acc.cgi?token=ijktmuaytlebtav&acc=GSE51382).  Data 
were analyzed and heatmaps were generated using R2: microarray analysis and 
visualization platform (http://r2.amc.nl). The gene ontology (GO) biological pathways 
were identified using DAVID software (Database for Annotations, Visualization and 
Integrated Discovery) 3,4

Chromatin immunoprecipitation (ChIP) and sequencing
ChIP-seq was performed using 5 μg of anti-FOXP1 (ab16645) from Abcam. De novo 



70

CHAPTER 2

motif discovery was performed using CisModule function incorporated in Cisgenome 
software.5 Similarity search with known transcription factor binding motifs was 
performed using TOMTOM motif comparison tool.6 Primers used for ChIP-qPCR are 
listed in supplemental table III.

Flow cytometry
Propidium iodide, eFluor 670, CFSE, GFP and/or YFP fluorescence were acquired on 
a FACSCanto (BD Bioscience) flowcytometer and analyzed using FlowJo software 
(TreeStar, Ashland, OR). 

Caspase-Glo 3/7 assay
Activation of Casase 3 and/or Caspase 7 was measured using the Caspase-Glo 
3/7 assay (Promega, Madison, WI) according to the manufacturer’s instructions. 
Luminescence was measured in a Glomax microplate-reading luminometer 
(Promega). Live cell numbers were determined by flow cytometry and luminescence 
values were normalized for numbers of live cells in each sample. 

Proliferation and cell cycle analysis
For eFluor 670 or CFSE labeling, cells were washed in PBS and resuspended in 100 
ml PBS. An equal volume of 2 μM eFluor 670 (eBioscience, San Diego, CA) was 
added, and cells were incubated at 37°C for 15 min, quenched in 100% FCS, and 
washed twice with medium containing 10% FCS. For cell cycle analysis, cells were 
fixed with ethanol, washed in PBS 0.5% BSA and incubated for 20 minutes with 50 
μg/ml RNAse A and 50 mg/ml Propidium Iodide (invitrogen, Carlsbad, CA) in PBS 
0.5% BSA.

Survival analysis of DLBCL patients
To investigate if the 7 apoptotic gene panel could have prognostic clinical 
significance in DLBCL, we analyzed GEM data from 498 DLBCL patients treated with 
rituximab-CHOP therapy7, by means of the R2 microarray analysis and visualization 
platform (http://r2.amc.nl). The DLBCL patients were either stratified in two groups 
by k-means clustering of the 7 genes, or in a low or high expression group after 
ranking the patients according to the mean z-score or the summed rank of the 7 
genes. Kaplan-Meier plots were generated for analysis of overall and progression-
free survival.
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Supplemental figures and tables

Supplemental figure 1. Kaplan-Meier plots of the overall survival (OS) or progression-free survival 
(PFS) of 498 DLBCL patients treated with rituximab-CHOP therapy
Patients 7 were stratified in 2 groups by expression of the 7 FOXP1-repressed pro-apoptotic genes. (A) 
PFS of DLBCL patients stratified in two groups by k-means clustering of the 7 genes. The 5-year PFS is 
64% for the patient group with overall higher (group 0; red) versus 45% in the group with overall lower 
(group 1; blue) expression of the 7 genes. (B) PFS of DLBCL patients stratified in two equal sized groups 
(separated at the median) by ranking the patients according to their mean z-score of the geneset. The 
5-year PFS is 64% in the high (blue) versus 48% in the low (red) expressing group. (C) OS (left) and PFS 
(right) of DLBCL patients stratified in two equal sized groups (separated at the median) by ranking the 
patients according to the summed rank of the geneset. The 5-year OS is 72% in the high (blue) versus 
49% in the low (red) expressing group, and the 5-year PFS is 64% in the high (blue) versus 47% in the 
low (red) expressing group. 
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Supplemental figure 1 continued. Kaplan-Meier plots of the overall survival (OS) or progression-
free survival (PFS) of 498 DLBCL patients treated with rituximab-CHOP therapy
Patients 7 were stratified in 2 groups by expression of the 7 FOXP1-repressed pro-apoptotic genes. (D) 
OS of either ABC- (left) or GCB-type (right) DLBCL patients stratified in two groups by k-means clustering 
of the 7 genes. The 5-year OS of the ABC-type DLBCL patients (left) is 68% for the patient group with 
overall higher (group 0; red) versus 32% in the group with overall lower (group 1; blue) expression of the 
7 genes. The 5-year OS of the GCB-type DLBCL patients (right) is 78% for the patient group with overall 
higher (group 0; red) versus 57% in the group with overall lower (group 1; blue) expression of the 7 genes. 
(E) (top) The color bar displays the z-scores (blue = low, red = high) of each of the 7 pro-apoptotic genes 
(from top to bottom): TP63, HRK, EAF2, TP53INP1, AIM2, RASSF6 and BIK. (middle) The heatmap 
displays the z-scores (green = low, red = high) of each of the 7 pro-apoptotic genes (from top to bottom): 
TP63, RASSF6, BIK, HRK, EAF2, TP53INP1 and AIM. The blue – red bar displays the mean z- scores 
(blue is low; red is high) for the geneset, according to which the patients were ranked. (bottom) The 
heatmap displays the z-scores (green = low, red = high) of each of the 7 pro-apoptotic genes (from top to 
bottom): TP63, RASSF6, BIK, HRK, EAF2, TP53INP1 and AIM. The blue – red bar displays the mean z- 
scores (blue is low; red is high) for the geneset, and the rainbow-colored bar displays the summed ranks 
of the genes, according to which the patients were ranked.
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Supplemental figure 2. FOXP1 ChIP-seq analysis: motif enrichment in FOXP1 binding regions and 
gene ontology analysis of FOXP1-bound genes.
(A) Distance of FOXP1 ChIP-seq peaks and randomized peaks from the TSS of the gene closest to the 
peak are plotted in indicated bins (k = 1000 bp).
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Supplemental figure 2 continued. FOXP1 ChIP-seq analysis: motif enrichment in FOXP1 binding 
regions and gene ontology analysis of FOXP1-bound genes.
(B) De-novo motif analysis of FOXP1 ChIP-seq peaks in OCI-Ly1, OCI-Ly7 and OCI-Ly10 reveals the 
presence of several enriched motifs in the FOXP1-binding regions. Relative enrichment to control regions 
and percentage of peaks containing the motif are shown.
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Supplemental figure 2 continued. FOXP1 ChIP-seq analysis: motif enrichment in FOXP1 binding 
regions and gene ontology analysis of FOXP1-bound genes.
(C) 1st column: the percentage of FOXP1-bound peaks in the corresponding cell line that contain the 
single most enriched forkhead binding domain, as identified by de-novo motif analysis in that cell line; 
2nd column: the percentage of FOXP1-bound peaks in the corresponding cell line that contain any of 
the various FKHD motifs identified by de novo motif analysis in any of our cell lines; 3rd column: the 
percentage of the 2000 highest ranking FOXP1-bound peaks in the corresponding cell line that contain 
any of the various FKHD motifs identified in any of our cell lines. (D) Enrichment of apoptosis or cell death 
related GO terms among genes that are bound by FOXP1 within 20 kb of their TSS in the DLBCL cell 
lines.  (E) ChIP-qPCR analysis in DLBCL cell lines using an antibody against FOXP1 and primers for 
pro-apoptotic genes (supplemental table III). 
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Supplemental figure 2 continued. FOXP1 ChIP-seq analysis: motif enrichment in FOXP1 binding 
regions and gene ontology analysis of FOXP1-bound genes.
(F) Tracks showing the locations of the FOXP1 ChIP-seq signal in the proximity of the TSS of HRK, EAF2. 
TP53INP1, and TP63, some of the pro-apoptotic genes that are repressed by FOXP1 in primary human 
B cells and DLBCL cell lines
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Supplemental figure 3. Cell cycle analysis of transduced B cells
Human primary B cells were transduced with FOXP1-IRES-YFP, BCL6-IRES-GFP or ctrl-IRES-YFP and 
cultured on CD40L-L cells IL-21 and IL-2. 12 days after transduction, cell cycle stage was determined 
by PI staining. The percentage of cells in each stage of the cell cycle was determined using the Watson 
Pragmatic model. Representative graphs of two independent experiments are shown.

Supplemental figure 4. Analysis of BCL6 and BCL6/FOXP1 double transduced cells, cultured in the 
absence of CD40L-L cells.
Memory B cells were sorted from human peripheral blood and co-transduced with FOXP1-IRES-YFP 
and BCL6-IRES-GFP (left graph) or transduced with control-IRES-YFP or BCL-IRES-GFP (right 
graph). Transduced B cells were cultured with IL-21, IL-2 and CD40L-L cells for the first three days, 
and subsequently with IL-21 and IL-2, either in the absence of CD40L-L cells. The percentages of each 
population was followed over time by FASC analysis and normalized to the percentage of each population 
at day 3 after transduction. Mean ± SD of two independent (left), or three independent (right) experiments 
are shown. (paired t test, *P<0.05, **P<0.01, ***P<0.001).
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Supplemental figure 5. The effect of CA-IKK2 and CD40L-L cells on the expression of NF- target 
genes, FOXP1 and pro-apoptotic genes.
Memory B cells were sorted from human peripheral blood and transduced with either CA-IKK2-IRES-GFP 
or control-IRES-YFP and cultured without CD40L-L cells as of day 3 after transduction (left panel and 
C), or transduced with control-IRES-YFP and cultured with or without CD40L-L cells as of day 3 after 
transduction (right panel). Six days after transduction YFP or GFP positive cells were sorted. Gene 
expression levels of (A) NF-κB target genes (and IKBKB, the gene encoding for IKK2), (B) FOXP1, or (C) 
the 7 FOXP1-repressed pro-apoptotic genes were analyzed by quantitative RT-PCR. Expression levels 
were normalized to expression levels in control transduced cells. Mean ± SEM of three independent 
experiments are shown. (one sample t test, *P<0.05, **P<0,01).
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Supplemental figure 6. siRNA-mediated knockdown of FOXP1 in DLBCL cellines does not affect 
growth, proliferation or survival.
DLBCL cell lines were nucleofected with control siRNA, siRNA against FOXP1 (siFOXP1-1, the siRNA 
also used in the rest of this study), or siRNA against FOXP1 also used by Craig et al8 (siFOXP1-2) 
against FOXP1. (A) Two or three days after nucleofection, RNA was isolated and gene expression levels 
were analyzed by quantitative RT-PCR. Expression levels were normalized to expression levels in control 
siRNA transduced cells. Mean ± SEM of at least two independent experiments are shown. (B) The 
number and percentage of live cells was determined on consecutive days by flow cytometry. TO-PRO 
staining was used to distinguish live and dead cells. Mean ± SEM of two independent experiments are 
shown Efficient knockdown was validated by quantitative RT-PCR analysis. (C) Cells were cultured in 
medium with either 10, 5, or 1% FCS immediately after nucleofection and the percentage of live cells 
were determined on consecutive days by flow cytometry. TO-PRO staining was used to distinguish live 
and dead cells. One experiment is shown.
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Supplemental figure 6 continued. siRNA-mediated knockdown of FOXP1 in DLBCL cellines does 
not affect growth, proliferation or survival.
DLBCL cell lines were nucleofected with control siRNA, siRNA against FOXP1 (siFOXP1-1, the siRNA 
also used in the rest of this study), or siRNA against FOXP1 also used by Craig et al8 (siFOXP1-2) against 
FOXP1. (D) Four days after nucleofection, caspase 3/7 activity was determined by the caspase glo3/7 
assay. Values were corrected for number of living cells as determined by FACS analysis. Mean ± SD of 
two independent experiments (one in the case of SUDHL6) are shown. (E) Cell lines were labeled with 
CFSE, 1 day before nucleofection. Three days after nucleofection, CFSE intensity was determined by 
flow cytometry. Representative graphs of two independent experiments are shown.
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Supplemental figure 6 continued. siRNA-mediated knockdown of FOXP1 in DLBCL cellines does 
not affect growth, proliferation or survival.
DLBCL cell lines were nucleofected with control siRNA, siRNA against FOXP1 (siFOXP1-1, the siRNA 
also used in the rest of this study), or siRNA against FOXP1 also used by Craig et al8 (siFOXP1-2) 
against FOXP1. (F) The cells were treated, directly after nucleofection with 5 μM of the NF-κB inhibitor 
BMS-345541. The number and percentage of live cells were determined on consecutive days by flow 
cytometry. TO-PRO staining was used to distinguish live and dead cells. Mean ± SEM of two independent 
experiments are shown.
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Supplemental figure 7. FOXP1 expression levels in MBCs and DLBCL cell lines
(A) Quantitative-RT-PCR analysis for FOXP1 expression in  DLBCL cell lines and primary human MBCs,  
transduced with CTRL-IRES-YFP or FOXP1-IRES-YFP IRES-YFP and cultured with CD40L-L cells, IL-21 
and IL-2. Representative experiment is shown (B) Immunoblot analysis of FOXP1 expression in DLBCL 
cell lines. Representative blot is shown
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Supplemental figure 8. FOXP1 overexpression in DLBCL cell lines, in the absence or presence  
of CA-IKK2. 
DLBCL cellines were transduced with FOXP1-IRES-YFP, ctrl-IRES-YFP, or CA-IKK2-IRES-GFP (A) 
or -transduced with FOXP1-IRES-YFP and CA-IKK2-IRES-GFP (B,C) and the percentages of each 
population was followed over time by FASC analysis and normalized to the percentage of each population 
at day 3 after transduction. (A) Mean ± SD of two independent (OCI-Ly7), or one experiments are shown. 
(B) Mean ± SD of three (OCI-Ly7), or two independent experiments are shown. C) cells were labeled with 
eFluor 670 two days after transduction. Four days after labeling, CFSE intensity was determined by flow 
cytometry. Representative graphs of two independent experiments are shown.
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Supplemental table I
This table shows the genes that were reproducibly regulated by FOXP1 in 2 independent experiments, 
employing B cells from 2 different donors
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Supplemental table II
This table shows the genes within 20 kb of FOXP1 ChIP peaks, that are exclusively identified in ABC 
or GC DLBCL cell lines and GO term analysis of these genes. The 10 most significantly enriched GO 
categories are shown.
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Supplemental table III
List of primers used for quantitative RT-PCR and ChIP-Q-PCR.
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Abstract
Expression of the forkhead transcription factor FOXP1 is essential for early B cell 
development, whereas downregulation of FOXP1 at the germinal center (GC) stage 
is required for GC B cell function. Aberrantly high FOXP1 expression is frequently 
observed in diffuse large B cell lymphoma (DLBCL) and mucosa-associated 
lymphoid tissue (MALT) lymphoma, being associated with poor prognosis. Here, 
by gene expression analysis upon ectopic overexpression of FOXP1 in primary 
human memory B cells (MBCs) and B cell lines, combined with chromatin 
immunoprecipitation and sequencing (ChIP-seq), we established that FOXP1 directly 
represses expression of PRDM1, IRF4, and XBP1, transcriptional master regulators 
of plasma cell differentiation. In accordance, FOXP1 is prominently expressed in 
primary human naive and MBCs but expression strongly decreases during plasma 
cell differentiation. Moreover, as compared to IgM+ MBCs, IgG+ MBCs combine 
lower expression of FOXP1 with an enhanced intrinsic plasma cell differentiation 
propensity, and constitutive (over)expression of FOXP1 in B cell lines and primary 
human MBCs represses their ability to differentiate into plasma cells. Taken together, 
our data indicate that proper control of FOXP1 expression plays a critical role in 
plasma cell differentiation, whereas aberrant expression of FOXP1 might contribute 
to lymphomagenesis by blocking this terminal B cell differentiation.
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Introduction
The hallmark of antibody-mediated adaptive immunity is the generation of plasma 
cells (PCs) producing high titers of antigen-specific antibodies. Upon the first 
encounter with antigen and T cell help, naive B cells give rise to a primary immune 
response. This response results in the generation of short-lived antibody-secreting 
plasmablasts and germinal center (GC) B cells. In the GCs, the B cells acquire 
somatic mutations in the variable region of the immunoglobulin genes and can 
undergo class switch recombination (CSR), whereby the immunoglobulin constant 
region is switched from IgM to IgG, IgA or IgE.1 Cells that acquire somatic mutations 
that improve antigen-binding affinity gain a survival advantage and emerge from GCs 
as long-lived memory B cells (MBCs) or PCs, which maintain serum immunoglobulin 
levels.2 After re-exposure to their cognate antigen, MBCs can rapidly differentiate to 
PCs, resulting in a fast secondary response.
Differentiation of B cells into PCs is regulated by a complex network of transcription 
factors. IRF4, BLIMP1 (encoded by the PRDM1 gene) and XBP1 are essential 
drivers of PC differentiation and immunoglobulin secretion3;4, IRF4 being able to 
drive expression of BLIMP1 5-8, which in turn induces expression of  XBP1.9 Induction 
of PC differentiation requires an active suppression of the B cell gene expression 
program, including BCL6, PAX5, SpiB and BACH2. These transcription factors inhibit 
differentiation of activated B cells, allowing sufficient time for affinity maturation and 
CSR to occur. They act predominantly by repressing the factors required for PC 
differentiation.4 As such, PC differentiation involves the tight control of expression 
and coordinated interplay between these transcriptional activators and repressors, 
including several double-negative feedback mechanisms, for instance PAX5 and 
BCL6 repressing BLIMP1 expression, and vice versa.10-13 Aberrations in genes that 
regulate PC differentiation, such as translocations of PAX5 and BCL6, amplification of 
SPIB, and loss-of-function deletions or mutations in PRDM1, are frequently present 
in B cell-non-Hodgkin lymphomas14-17. These aberrations stall further differentiation 
of the B cells, thereby contributing to lymphomagenesis.18;19 
The forkhead transcription factor FOXP1 has been shown to be essential for early B 
cell development.20 Recurrent chromosomal translocation involving FOXP1 in DLBCL 
and MALT- lymphoma, and the frequent aberrantly high FOXP1 expression in these 
lymphomas, which is associated with poor prognosis, suggest that FOXP1 also exerts 
functional roles in mature B cells.21-24 In accordance, we recently demonstrated that 
FOXP1 overexpression in primary human B cells cooperates with NF-κB pathway 
activity to promote B cell survival.14;25 Furthermore, a recent study by Sagardoy et al.26 
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showed that FOXP1 expression is temporarily repressed at the GC stage, which is 
needed for appropriate GC B cell function.26 However, potential functions of FOXP1 
in differentiation of post-GC B cells have not yet been assessed. Here, we show that 
FOXP1 directly represses expression of essential drivers of PC differentiation, such 
as PRDM1, IRF4 and XBP1, that FOXP1 is prominently expressed in human naive, 
GC, and MBCs but not in PCs, and that reduced expression of FOXP1 is required 
for efficient PC differentiation. 

Materials & methods
Constructs
Retroviral construct FOXP1-LZRS-IRES-YFP was described previously25. LZRS-
IRES-YFP empty vector and LZRS-BCL6-IRES-GFP were kindly provided by Prof. 
dr. H. Spits.27

B cell isolation
Buffy coats were obtained from Sanquin bloodbank (Amsterdam, the Netherlands). 
MBCs were isolated as previously described.25 IgM+ MBCs were isolated by 
FACSAria sorting of the CD19+CD27+IgG-IgA- population, using an APC-conjugated 
antibody against CD19 (BD), a FITC-conjugated antibody against CD27 (BD), and 
PE-conjugated antibodies against IgG and IgA (southern biotech) and IgG+ MBCs 
were isolated by FACSAria sorting of the CD19+CD27+IgM-IgA- population, using 
antibodies against CD19, CD27, and PE-conjugated antibodies against IgM and 
IgA (southern biotech). Tonsils were obtained from children undergoing routine 
tonsillectomy as previously described.25. Tonsillar B cell subsets were isolated by 
FACSAria sorting using an PE-conjugated antibody against CD19 (DAKO), an 
FITC-conjugated antibody against IgD (Southern biotech), and an APC-conjugated 
antibody against CD38 (BD).

Cell culture and retroviral transductions 
For in vitro PC differentiation studies, purified human B cell subsets were cultured28 
and transduced25, as described. 
SKW6.4 and OCI-Ly7 cells were induced to differentiate as previously described.29;30 
Details are described in the supplemental methods. 
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Microarray analysis, ChIP-seq, and RT-qPCR
Microarray analysis,31 ChIP-seq,32 RNA isolation, cDNA synthesis and RT-qPCR33 
were performed essentially as described.25 Details are described in the supplemental 
methods. 

Luciferase assay
The BLIMP1-pGL3 construct (Addgene) was used for the luciferase-reporter assay. 
For details see supplemental methods.

Immunoblotting
Samples were applied on a 10% SDS-PAGE gel and blotted with rabbit anti FOXP1 
(Abcam or Cell Signaling), mouse-anti-BCL6 (BD), mouse-anti β-actin or mouse-
anti-β-tubulin antibodies (Sigma), followed by HRP-conjugated goat anti-rabbit or 
goat anti-mouse and developed by enhanced chemiluminescence (Amersham 
Pharmacia).

ELISPOT
IgG and IgM ELISPOTs were performed using IgG and IgM ELISpot kits (Mabtech) 
according to the manufacturer’s instructions.

ELISA
ELISA was performed essentially as described.34 Details are described in the 
supplemental methods. 
IgG isotype ELISA was performed using the Human IgG subclass profile ELISA kit 
(Invitrogen) according to the manufacturer’s instructions. 

Flow cytometry
Cells were stained with anti-human IgM or IgG (both from Southern Biotech), CD38 
(BD), or CD20 conjugated with PE or APC and analyzed on a FACSCanto. For 
intracellular staining the Foxp3/transcription factor staining buffer set (ebioscience) 
and anti FOXP1-APC (R&D) were employed.
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Results

FOXP1 represses expression of PC signature genes and is prominently 
expressed in all human mature B cell subsets except for PCs 
Gene expression microarray analysis of primary human MBCs, retrovirally transduced 
with LZRS-FOXP1-IRES-YFP to constitutively overexpress FOXP1 or with “empty” 
expression vector (LZRS-IRES-YFP) as a negative control25, revealed that FOXP1-
downregulated genes were enriched for a previously defined signature of genes 
highly expressed in PCs (PC-235;36, p=0.0035) (Figure 1A). Among these genes were 
PRDM1, IRF4, and XBP1, important transcriptional drivers of PC differentiation. 
FOXP1 has been shown to be expressed in human tonsillar B cell subsets but 
its expression and role in terminally differentiated B cells, i.e. PCs, has not been 
investigated.26 To compare expression levels of FOXP1 in human tonsillar B cell 
subsets and PCs, we separated human CD19+ tonsil B cells into naive B cells 
(IgD+CD38-), transitional B cells (IgD+CD38+), GC B cells (IgD- CD38+), class 
switched MBCs (IgD-CD38-) and PCs (IgD-CD38++) by cell sorting. Expression levels 
of FOXP1 were determined by quantitative real-time PCR and Western blotting 
(Figure 1B). Naive, GC and MBCs showed prominent expression of FOXP1 mRNA 
and protein. Notably, FOXP1 protein was also prominently expressed in human 
peripheral blood CD19+CD27- (mainly naive B cells) and CD19+CD27+ (MBCs) B 
cell subsets. In contrast, levels of FOXP1 transcripts and protein were very low in 
PCs. The same samples were also analyzed for mRNA levels of genes that are 

Figure 1. FOXP1 represses the PC gene signature and is expressed in human mature B cell 
subsets but not in PCs
(A) Expression of genes that belong to the PC-2 PC gene signature35;36 and were significantly repressed 
by FOXP1 in microarray analysis of two independent experiments of primary human MBCs, transduced 
with FOXP1 or control vector Data are represented as z-scores. The lower panel shows the mean relative 
expression values of the gene-set. (B, C) Human CD19+ tonsil B cell subsets, i.e., Naive (IgD+CD38-) 
(NBC), transitional (TBC) (IgD+CD38+), GC B (IgD- CD38+), class switched MBCs (IgD-CD38-) and PCs 
(IgD-CD38++), and peripheral blood B cell subsets (MBC (CD27+) and naive enriched (CD27-)) were 
sorted. (B) Gene and protein expression levels of FOXP1 were analyzed in tonsillar and peripheral blood 
B cell subsets. Gene expression levels in tonsillar B cell subsets were quantified by Q-RT-PCR and 
normalized to expression levels in naive B cells. Mean ±SEM of four representative experiments are 
shown. Significant differences compared to naive B cells are indicated (one sample t test, ** p<0.01). 
FOXP1 protein expression levels were analyzed by immunoblotting, β-actin was used as loading control. 
Representative blots of two independent experiments are shown. (C) Gene expression levels of BCL6, 
SPIB, PAX5, PRDM1, IRF4, and XBP1, were analyzed in tonsillar samples by Q-RT-PCR. Expression 
levels were normalized to expression levels in naive B cells. Mean ±SEM of four representative 
experiments are shown. Significant differences compared to naive B cells are indicated (one sample t 
test, *p<0.05, ** p<0.01, *** p<0.001). 

►►
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known to be regulated during PC differentiation. As expected, expression levels 
of BCL6, PAX5 and SpiB were high in GC B cells but low in PCs, whereas the 
levels of BLIMP1, IRF4 and XBP1 were highest in PCs (Figure 1C). The observed 
low expression of FOXP1 in PCs, combined with the repression of the PC gene 
signature by FOXP1 suggests that FOXP1 downregulation might be required for 
PC differentiation whereas aberrantly high expression of FOXP1 might prevent PC 
differentiation.

FOXP1 arrests differentiation of B cell lines into antibody-secreting cells and directly 
represses expression of important transcriptional drivers of differentiation
To investigate the putative repressive role of FOXP1 in PC differentiation, we first 
assessed the effects of ectopic FOXP1 overexpression on in vitro differentiation 
of B cell lines. The EBV transformed B cell line SKW6.4 and the GC-DLBCL cell 
line OCI-Ly7 can be induced to differentiate into antibody-secreting cells through 
stimulation with cytokines.29;30 When cultured in normal culture medium, these cell 
lines do not secrete immunoglobulins and express low levels of PRDM1, IRF4, and 
XBP1. Stimulation of these cell lines with IL-21 and CD40L-expressing L cells (OCI-
Ly7) or IL-21 alone (SKW6.4) rapidly induced immunoglobulin secretion and the 
expression of PC specific genes. Interestingly, ectopic overexpression of FOXP1 in 
these cell lines (Figure 2A), cultured under these differentiation inducing conditions, 
strongly repressed immunoglobulin secretion, as determined by ELISA and ELISPOT 
(Figure 2B-C). Moreover, quantitative RT-PCR analysis showed repression of 
PRDM1, IRF4, and XBP1 induction, as well as the active splice variant of XBP1, in 
FOXP1-transduced OCI-Ly7 cells, whereas downregulation of PAX5 and BCL6 was 
not affected (Figure 2D). 
ChIP-seq analysis in OCI-LY7, as well as other DLBCL cell lines, revealed that 
FOXP1 binds in the vicinity of the TSSs of the PRDM1, IRF4, and XBP1 genes 
(Figure 3). De novo motif search verified the presence of forkhead binding motifs in 
the FOXP1 binding regions in each of these genes (data not shown)25. Direct binding 
and repression of the BLIMP1 promoter by FOXP1 was confirmed by a luciferase-
reporter assay (Figure 3C). Together, these data indicate that FOXP1 inhibits the 
capacity of OCI-LY7 and SKW6.4 cells to differentiate into antibody-secreting cells 
with typical PC features, by directly repressing the upregulation of PRDM1, IRF4, 
and XBP1.
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Figure 2. FOXP1 represses PC differentiation of SKW6.4 and OCI-LY7 cells 
(A-D) SKW6.4 and OCI-Ly7 cells were cultured without stimulation or were stimulated to differentiate 
with IL-21 and CD40L-L cells (OCI-Ly7) cells or IL-21 alone (SKW6.4) and were transduced with FOXP1-
IRES-YFP or control empty vector. Four (OCI-Ly7) or six (SKW6.4) days after transduction, YFP+ cells 
were sorted. (A) Gene expression levels of FOXP1 as determined by Q-RT-PCR analysis in sorted 
cells. Expression levels were normalized to β-actin and then to expression levels in stimulated, control 
transduced cells. Mean ±SEM of three independent experiments are shown. (B) Equal numbers of sorted 
cells (50000) were cultured for an additional 24 hours. Thereafter, the supernatants were collected, and 
IgM protein levels were analyzed by ELISA. Levels were normalized to levels in stimulated, control-
transduced cells. Mean ± SD of five (OCI-Ly7) or four independent experiments are shown. (C) Equal 
numbers of sorted cells were plated onto membranes in serial dilutions and cultured for an additional 
18 hours, after which numbers of IgM secreting cells were determined by ELISPOT. Spot numbers 
were normalized to numbers in stimulated, control-transduced cells. Mean ± SD of three independent 
experiments are shown. 
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Continued figure 2. FOXP1 represses PC differentiation of SKW6.4 and OCI-LY7 cells 
(D) Gene expression levels of BCL6 and PAX5, PRDM1, IRF4, and XBP1 in OCI-LY7, were analyzed 
by Q-RT-PCR. Expression levels were normalized to β-actin and then to expression levels in stimulated, 
control-transduced cells. Mean ±SEM of three independent experiments are shown. (one sample t test, 
*p<0.05, ** p<0.01, *** p<0.001).

Figure 3. FOXP1 binds in the proximity of the TSS of PRDM1, IRF4, and XBP1
(A) Tracks showing locations of FOXP1 ChIP-seq peaks in the proximity of the TSS of the PRDM1, IRF4, 
and XBP1 genes in OCI-Ly7 and three other DLBCL cell lines. Called peaks are indicated by black bars 
above the tracks.  (B) ChIP with an antibody against FOXP1 in the DLBCL cell lines OCI-LY7, OCI-LY3, 
and OCI-LY10, followed by qPCR for regions in the proximity of the PRDM1, XBP1, and IRF4 genes in 
which FOXP1 ChIP-seq peaks were observed (regions are indicated in panel A by light grey bars above 
the tracks). HBB was taken along as a negative control region. Mean ±SEM of at least three independent 
experiments are shown. For all sites analyzed, significant differences were observed between FOXP1 
and IgG IP (t-test). Significant differences for FOXP1 binding between a specific region and the control 
region (HBB) are indicated( t test, *p<0.05, ** p<0.01). Primers are listed in supplemental table 1.

►►
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Constitutive FOXP1 (over)expression represses PC differentiation of 
primary human MBCs
Next, we wanted to assess whether preventing downregulation of FOXP1 might 
impair differentiation of primary human B cells towards PCs. To this end, CD27+ 

MBCs were sorted from human peripheral blood and cultured under conditions 
previously described to drive differentiation towards immunoglobulin secreting PCs28: 
MBCs were first cultured for five days on irradiated CD40L-expressing L cells in the 
presence of IL-21 and IL-2, followed by 3-4 days of culture in the presence of IL-21 
and IL-2 only. Indeed, the expression of B cell-specific genes (i.e., BCL6, PAX5, and 
SpiB), including FOXP1, gradually declined, whereas the expression of PC-specific 
genes, i.e., PRDM1, IRF4 and XBP1, increased during consecutive days of the PC 
differentiation assay (Figure 4A). Furthermore, at the end of the culturing period, 
a large proportion of the cells had acquired a PC phenotype (CD20-CD38+) and 
secreted immunoglobulins. 
Ectopic overexpression of FOXP1 in these primary human B cells (Figure 4B), 
cultured under PC differentiation inducing conditions, resulted in strong repression 
of PRDM1, IRF4 and XBP1 as determined by quantitative RT-PCR, whereas 
downregulation of PAX5 and BCL6 was not affected (Figure 4B). A similar repression 
of the PC signature genes was observed in B cells transduced with BCL6 (Figure 4B), 

Continued figure 3. FOXP1 binds in the proximity of the TSS of PRDM1, IRF4, and XBP1
(C) A luciferase-reporter construct driven by the PRDM1 promoter was co-transfected in HEK293T cells 
with a renilla expression vector and increasing (left) or fixed amounts (right) of a FOXP1 overexpressing 
vector (FOXP1), or with the empty control vector (ctrl). Values were corrected for renilla luminescence 
(transfection efficiency) and normalized to expression in control-transduced cells. Means±SD of a 
representative experiment of 2 independent experiments performed in triplicate (left), or the means ±SEM 
of 5 independent experiments (right), are shown. 
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an established inhibitor of in vitro PC differentiation37 (Figure 4C). Moreover, 
similar to overexpression of BCL6, ectopic overexpression of FOXP1 in these 
primary B cells resulted in a strong reduction in the formation of CD20-CD38+ PCs  
(Figure 4C). Importantly, we have previously shown that FOXP1 overexpression 
does not affect expansion, survival, or proliferation in primary B cells at these culture 
conditions,25 strongly indicating that the observed effects reflect inhibition of plasma 
cell differentiation.
In conclusion, FOXP1 directly represses the expression of important transcriptional 
master regulators of PC differentiation and prevents differentiation of primary human 
MBCs towards PCs, indicating that FOXP1 downregulation is essential for efficient 
PC differentiation.

Figure 4. FOXP1 inhibits PC differentiation of primary human MBCs
(A)CD19+CD27+ MBCs were sorted from human peripheral blood and cultured under conditions that 
promote PC differentiation. Gene expression levels of FOXP1, BCL6, PAX5, PRDM1, IRF4, and XBP1 
were analyzed by Q-RT-PCR in samples of cells that were cultured for 2,5, or 8 days after sorting. 
Expression levels were normalized to levels in cells that were cultured for 2 days. Mean ±SEM of three 
independent experiments are shown. 
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FOXP1 overexpression specifically inhibits formation of IgG- but not 
IgM-secreting PCs
Since FOXP1 inhibits differentiation of primary human MBCs towards PCs, as 
determined by transcriptional and phenotypic parameters, we anticipated that ectopic 
expression of FOXP1 in MBCs cultured under PC promoting conditions would also 
result in decreased levels of secreted immunoglobulins. Our culture conditions 
indeed resulted in secretion of IgM, IgA and IgG from untransduced cells (Figure 5). 
Unexpectedly, however, whereas IgG secretion was strongly reduced upon ectopic 
overexpression of FOXP1, the levels of secreted IgM were not affected (Figure 5A). 
In contrast, in the culture supernatant of BCL6-transduced MBCs significantly lower 
levels of both IgG and IgM were detected. Notably, FOXP1 overexpression reduced 
the secretion of all IgG isotypes (IgG1-4) (data not shown). Additional ELISPOT 
analysis showed that FOXP1 overexpression also exclusively results in a reduction 
of the number of IgG-secreting cells being formed, whereas BCL6 overexpression 
caused a reduction in the number of IgM-secreting cells as well (Figure 5B). These 
results imply that, in contrast to BCL6, overexpression of FOXP1 in primary B cells 
only impairs the formation of IgG-secreting PCs.
The observed exclusive inhibition in formation of IgG-secreting PCs by FOXP1 could 
very well be due to repression of CSR in our culture system, especially since the 
majority of the isolated MBCs (± 65%) are unswitsched and express IgM. To assess if 
MBCs displayed CSR in our culturing system and whether this is affected by ectopic 
overexpression of FOXP1, we specifically sorted unswitched (IgG-IgA-) MBCs and 
cultured them under the same PC-inducing conditions as before. Whereas at the 
start of the assay >99% of the cells were IgM+ MBCs, at the end of the assay 3-9% 
of the cells showed surface IgG or IgA expression (Supplemental Figure 1). Thus, 

◄◄ Continued figure 4. FOXP1 inhibits PC differentiation of primary human MBCs
(B) CD19+CD27+ MBCs were sorted from human peripheral blood and transduced with FOXP1-IRES-YFP, 
BCL6-IRES-GFP, or control empty vector and cultured under conditions that promote PC differentiation. 
Six days after transduction YFP or GFP positive cells of cultures transduced with FOXP1, BCL6 or control 
vector were sorted. (upper panel) Representative example of FOXP1 and BCL6 overexpression in primary 
YFP+ or GFP+ B cells as determined by immunoblotting. β-actin was used as loading control. (lower panel) 
Gene expression levels of PRDM1, IRF4, XBP1, FOXP1, BCL6 and PAX5 were analyzed by Q-RT-PCR. 
Expression levels in FOXP1- and BCL6-transduced cells were normalized β-actin and then to expression 
levels in control transduced cells. Mean ±SEM of five independent experiments are shown. (C) Six days 
after transduction, YFP or GFP-positive cells were analyzed for CD20 and CD38 surface expression by 
flow cytometry. Representative density plots of one out of 13 independent experiments are shown (left 
panel). Percentages of CD38+CD20- cells in FOXP1- and BCL6-transduced cultures were normalized to 
control cultures. Mean ± SD values of 13 independent experiments are shown (right panel). 
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Figure 5. FOXP1 overexpression specifically inhibits formation of IgG- but not IgM-secreting PCs
(A,B) CD19+CD27+ MBCs were sorted from human peripheral blood and transduced with FOXP1-
IRES-YFP, BCL6-IRES-GFP, or control empty vector and cultured under conditions that promote PC 
differentiation. Six days after transduction YFP or GFP positive cells of cultures transduced with FOXP1, 
BCL6 or control vector were sorted. (A) Equal numbers of sorted cells (50000) were cultured with IL-21 
and IL-2 for an additional 24 hours. Thereafter, the supernatants were collected, and IgM, IgG, protein 
levels were analyzed by ELISA. Levels were normalized to levels in control transduced cells. Mean ± SD 
of at least four independent experiments are shown. (B) Equal numbers of sorted cells were plated onto 
membranes in serial dilutions and cultured with IL-21 and IL-2 for an additional 18 hours, after which 
numbers of IgM or IgG secreting cells were determined by ELISPOT. Spot numbers were normalized to 
numbers in stimulated, control transduced cells. Mean ± SD of three independent experiments are shown. 
(one sample t test, *p<0.05, ** p<0.01, *** p<0.001) 
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although CSR did indeed occur, the percentage of the cells that switched was too 
small to account for the observed reduced formation of IgG-secreting PCs upon 
FOXP1 expression. Moreover, the switching efficiency was not affected by ectopic 
overexpression of FOXP1 (Supplemental Figure 1). 

IgG+ MBCs combine a reduced expression of FOXP1 with an enhanced 
propensity to differentiate as compared to IgM+ MBCs
Our results show that ectopic overexpression of FOXP1 specifically represses 
formation of IgG-secreting PCs in our in vitro culture system, which cannot be 
explained by impaired class switching. To find a possible explanation for the 
differential effect of ectopic FOXP1 overexpression on the formation of IgM- versus 
IgG-secreting PCs, we assessed the expression levels of FOXP1 in IgM+ and IgG+ 
MBCs. Interestingly, FOXP1 mRNA and protein expression levels were higher in IgM+ 
MBCs as compared to IgG+ MBCs, as well as the two (IgM+) cell lines that displayed 
impaired PC differentiation upon FOXP1 overexpression (Figure 6A, B). Intracellular 
flow cytometry analysis demonstrated that the IgM+ MBCs uniformly express higher 
levels of FOXP1 as compared to IgG+ MBCs (Figure 6C and supplemental figure 2 
). Therefore, it is tempting to suggest that the (already) high endogenous expression 
of FOXP1 in IgM+ MBCs may preclude further repression of their differentiation upon 
ectopic expression of FOXP1.
If the level of FOXP1 expression in MBCs would indeed control their ability to 
differentiate into PCs, there should be an intrinsic difference in differentiation 
propensity of IgM+ (FOXP1high) vs IgG+ (FOXP1low) MBCs. To investigate this, IgG+ 

(IgM-IgA-) or IgM+ (IgG-IgA-) MBCs were sorted and cultured under PC differentiation 
inducing conditions. Strikingly, the percentage of CD20-CD38+ PCs formed was 
indeed much higher in cultures started from IgG+ MBCs than from IgM+ MBCs (Figure 
6C). Furthermore, also the decrease in MBC-specific genes and the concomitant 
increase in PC-specific genes during culturing was more pronounced in cultures 
started from IgG+ MBCs (Figure 6D). Of interest, thus far, dissimilar differentiation 
propensities between IgM+ and IgG+ MBCs have only been reported upon antigen 
stimulation38;39; however, in our culture system the B cell antigen receptor (BCR) 
is not activated by antigen. Thus, our results indicate the existence of an antigen/
BCR-independent, intrinsic, difference in in vitro differentiation propensity of IgM+ vs 
IgG+ MBCs. 
Importantly, whereas FOXP1 expression levels were lower in IgG+ MBCs compared 
to IgM+ MBCs, no significant differences in expression were observed for other 
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established repressors (BCL6, PAX5, SpiB, Bach2) or drivers (PRDM1, IRF4. XBP1) 
of PC differentiation (Figure 6D,E). In our analysis we also included BACH2, which 
has recently been implicated in dissimilar differentiation potentials of murine naive 
B cells vs IgG+ MBCs (see discussion)40; however, whereas we did observe higher 
BACH2 expression levels in human naive B cells as compared to human MBCs 
(Supplemental Figure 3), BACH2 expression levels did not differ between human 
IgM+ and IgG+ MBCs, neither in directly ex vivo purified cells (Supplemental figure 
3 and Magdalena Berkowska and M.C.vZ., manuscript in preparation), nor after 
2 days of in vitro culture (Figure 6D). To assess if the reduced levels of FOXP1 
may be critically required for the enhanced differentiation propensity of IgG+ MBCs, 
we ectopically overexpressed FOXP1 in sorted IgG+ (IgM-IgA-) MBCs. Indeed, 
this resulted in reduced (IgG) immunoglobulin secretion and reduced formation of 
IgG-secreting PCs. In contrast, PC formation in sorted IgM+ MBCs, which already 
express relatively high levels of FOXP1 and display a reduced PC differentiation 
propensity, could not be further repressed by ectopic FOXP1 overexpression, 
whereas BCL6 overexpression repressed differentiation of both MBC subsets (Figure 
7A,B). Taken together, our data reveal an enhanced BCR-independent intrinsic PC 
differentiation propensity of IgG+ vs IgM+ MBCs which is due to the reduced FOXP1 
expression in IgG+ MBCs.

◄◄ Figure 6. IgG+ MBCs display reduced expression of FOXP1 and an enhanced propensity to 
differentiate as compared to IgM+ MBCs 
(A,B) IgM+ (IgG-IgA-) and IgG+ (IgM-IgA-) MBCs were sorted from human peripheral blood and cultured 
for two days after which FOXP1 gene expression levels in these cells, and in OCI-Ly7 and SKW6.4 
cells, were compared by Q-RT-PCR(A) or by immunoblotting (B). (A) Expression levels are normalized 
to HPRT and then to levels in IgM+ MBCs. Mean ±SEM of three independent experiments are shown. (B) 
FOXP1 protein expression levels were determined by immunoblotting. β-tubulin levels were determined 
as loading control. FOXP1 and β-tubulin levels were quantified using image studio lite software and 
the ratio of FOXP1 over β-tubulin expression was determined for each lane.  A representative blot of 
two independent experiments is shown. (C) PBMCs were isolated from human peripheral blood and 
stained for surface expression of CD19, CD27, IgM, and IgG, and intracellular expression of FOXP1. 
Intracellular FOXP1 expression in CD19+CD27+IgM+ MBCs and CD19+CD27+IgG+ MBCs was analyzed 
by flow cytometry. A histogram representative of four independent experiments (left panel), and the mean 
relative MFI (geometric mean) values ± SD of the IgM+ and IgG+ MBCs (n=4) (right panel) are shown. 
MFI values were normalized to values in IgM+ MBCs. (one sample t test, *** p<0.001) A specificity control 
for the intracellular FOXP1 staining is shown in supplemental figure 2B. (D,E) The sorted cells were 
cultured under conditions that promote PC differentiation. (D) Eight days after sorting, cells were analyzed 
for CD20 and CD38 surface expression by flow cytometry. Representative density plots of one out of 
three  independent experiments are shown (Left panel). Percentages of CD38+ cells were normalized to 
IgM+ MBCs. Mean ± SD values of three independent experiments are shown (right panel). Levels were 
normalized to levels in IgM+ MBCs. (one sample t test, *** p<0.001) 
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Continued figure 6. IgG+ MBCs display reduced expression of FOXP1 and an enhanced propensity 
to differentiate as compared to IgM+ MBCs 
(E) Gene expression levels of FOXP1, BCL6, PAX5 SPIB, BACH2, PRDM1, IRF4, and XBP1, were 
analyzed by Q-RT-PCR at the start (two days after sorting) and end (eight days after sorting) of the PC 
differentiation assay. Expression levels were normalized to expression levels in IgM+ MBCs that had been 
cultured for two days. Mean ±SEM of two independent experiments performed in triplicate are shown. 
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Figure 7. FOXP1 overexpression inhibits differentiation of IgG+ MBCs but cannot further repress 
differentiation of IgM+ MBCs
IgM+ (IgG-IgA-) and IgG+ (IgM-IgA-) MBCs were sorted from human peripheral blood and transduced with 
FOXP1-IRES-YFP, BCL6-IRES-GFP (except for IgG+ MBCs), or control empty vector and cultured under 
conditions that promote PC differentiation. (A) Equal numbers of sorted cells (50000) were cultured with 
IL-21 and IL-2 for an additional 24 hours. Thereafter, the supernatants were collected, and IgM and IgG 
protein levels were analyzed by ELISA. Levels were normalized to levels in control transduced cells. 
Mean ± SD of three independent experiments are shown. (B) Equal numbers of sorted cells were plated 
onto membranes in serial dilutions and cultured with IL-21 and IL-2 for an additional 18 hours, after which 
numbers of IgM or IgG secreting cells were determined by ELISPOT. Spot numbers were normalized to 
numbers in stimulated, control transduced cells. Mean ± SD of three independent experiments are shown.
(one sample t test, *p<0.05, ** p<0.01, *** p<0.001)
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Discussion
FOXP1 is prominently expressed in mature B cells and is a potential oncogene in B 
cell non-Hodgkin lymphomas; however, the functions of FOXP1 in mature B cells and 
B cell lymphomagenesis have not yet been fully explored. Here, by gene expression 
microarray and ChIP-seq analysis, we demonstrated that FOXP1 directly represses 
expression of multiple master regulators of PC differentiation. Furthermore, we 
established that FOXP1 expression strongly declines upon PC differentiation, that 
constitutive FOXP1 overexpression represses the ability of SKW6.4 and OCI-LY7 
cells, as well as primary human MBCs, to differentiate into antibody-secreting PCs, 
and that IgG+ MBCs combine reduced expression of FOXP1 with an enhanced 
intrinsic PC differentiation propensity as compared to IgM+ MBCs. 
FOXP1 overexpression in primary human MBCs and in the DLBCL cell line OCI-Ly7, 
resulted in reduced expression of PRDM1, IRF4 and XBP1, important drivers of 
PC differentiation and immunoglobulin secretion (Figure 2D, 4B). Notably, FOXP1 
overexpression did not affect the down-regulation of PAX5 and BCL6 during PC 
differentiation of OCI-LY7 (Fig. 2D) and primary human MBCs (Fig. 4B). This indicates 
that the observed FOXP1-mediated repression of IRF4, PRDM1 and XBP1 is the 
cause rather than a reflection of the impaired PC differentiation, and that FOXP1 can 
repress PC differentiation despite down-regulation of PAX5 and BCL6, i.e., the effect 
of PAX5 or BCL6 down-regulation is overruled by FOXP1 expression. Furthermore, 
ChIP-seq and ChIP-PCR analysis showed direct binding of FOXP1 in the vicinity 
of the TSSs of IRF4, PRDM1, and XBP1 in OCI-Ly7 and other DLBCL cell lines 
(Figure 3A). Moreover, BLIMP1-promoter luciferase-reporter assays confirmed direct 
repression of the PRDM1gene by FOXP1 by binding to its promoter region. Together, 
our results indicate that FOXP1 can directly repress transcription of IRF4, PRDM1 
and XBP1, irrespective of PAX5 and BCL6, thereby repressing PC differentiation. 
Since FOXP1 protein expression is temporarily lowered at the GC stage26, it is 
tempting to speculate that the extend of FOXP1 upregulation at the end of the GC 
stage might contribute to the fate of a GC B cell, i.e., whether it differentiates into 
either a PC (no or weak FOXP1 upregulation) or MBC (strong FOXP1 upregulation) . 
Strikingly, FOXP1 overexpression inhibited terminal differentiation of primary human 
IgG+, but, in contrast to BCL6, not of IgM+ MBCs (Figure 5 and Figure 7). This 
difference does not appear to rely on intrinsic functional differences between the IgM 
vs the IgG BCR since FOXP1 could also inhibit PC differentiation of IgM expressing 
B cell lines (Figure 2). Rather, the divergent effects on IgG+ and IgM+ MBCs might be 
the consequence of the dissimilar levels of endogenous FOXP1 protein expression, 
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which is higher in IgM+ MBCs than in IgG+ MBCs and the IgM+ cell lines studied 
(Figure 6A, B). The high(er) endogenous expression of FOXP1 in IgM+ MBCs 
appears to be sufficient to fully exert the differentiation inhibiting potential of FOXP1, 
since, in contrast to ectopic overexpression of BCL6, ectopic overexpression of 
FOXP1 cannot further reduce the PC differentiation of IgM+ MBCs. Notably, an 
isotype specific effect on PC differentiation has previously also been described for 
the transcription factor STAT3: mice in which this gene is knocked out in B cells 
showed a specific defect in T cell-dependent IgG PC formation.41 However, FOXP1 
and STAT3 do not seem to act via sequential pathways as STAT3 knockdown in 
DLBCL cell lines did not affect FOXP1 expression and p-STAT3 expression levels 
were not affected by FOXP1 overexpression in primary B cells or DLBCL cell lines 
(data not shown).
In line with our finding that FOXP1 tempers differentiation of MBCs, we found 
that IgG+ MBCs, which have a two-fold lower expression of FOXP1 as compared 
to IgM+ MBCs, have a clearly increased propensity to differentiate in our in vitro 
culture system. Previously, differences in the differentiation potential of MBC subsets 
have been described, but, to the best of our knowledge, exclusively in systems in 
which, in contrast to our differentiation system, the BCR was triggered by antigenic 
stimulation.38;39 In these mouse studies, it has been shown that IgG+ MBCs rapidly 
differentiate into antibody-secreting PCs upon antigenic challenge, and do not 
re-enter GCs. In contrast, IgM+ MBCs can return to the GC, whereas only a small 
proportion of these cells differentiate into PCs.38;39 These unique properties of IgM+ 

MBCs may be important during re-infection with a mutated version of the original 
pathogen; by reentering the GC these MBCs could acquire additional mutations in 
their BCR that would result in a new high affinity response to the mutated antigen42 
Moreover, due to their long lifespan, IgM+ MBCs may provide long-lasting immunity, 
serving as a reservoir of humoral immune memory against a specific antigen, 
responding when switched Ig+ B cells and serum immunoglobulin levels drop below 
useful levels.39;42 
Between human IgM+ and IgG+ MBCs, a similar difference has been proposed to 
exist: based on replication history and Ig somatic hypermutation profiles it has been 
deduced that CD27+IgM+ MBCs are derived from primary GC responses, whereas 
at least part of the switched MBCs seem to have undergone multiple rounds of GC 
passage43 Furthermore, clonally related IgM+ and IgG+ B cells have been found in 
human GC and peripheral blood, suggesting that human IgM+ MBCs can indeed 
re-enter GCs, undergo CSR and exit as switched MBCs.44;45  Traditionally, these 
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differences between IgM+ and IgG+ MBCs have been ascribed to differences in 
signaling through the unique cytoplasmic tails of IgM and IgG BCR and the higher 
antigen affinity of IgG vs IgM BCRs39;42;46-49; however, our results, obtained in a 
culture system in which the BCR is not activated by antigen, indicate that antigen-/
BCR-independent factors, i.e., differential expression of FOXP1, also contribute to 
these differences. Future studies may reveal the molecular mechanisms underlying 
this differential expression of FOXP1 among human B cell and MBC subsets.
In accordance with our findings, in a recent study Zuccarino-Catania et al. 
demonstrated that functionally distinct murine MBC subsets can be defined by 
expression of surface proteins independent of immunoglobuline-isotype, which 
indicates that the immunoglobulin isotype is just a surrogate marker for MBC 
subsets and that their terminal differentiation potential might for example rather be 
determined by dissimilar transcription factor expression50. Likewise, Kometani et al. 
recently reported that although the IgG cytoplasmic tail enhances signaling upon 
BCR crosslinking46-49, this alone is insufficient to confer the heightened differentiation 
activity of murine IgG1 MBCs, compared to naive B cells40. Rather, repression of the 
transcription factor Bach2 in antigen-experienced B cells predisposes IgG1 MBCs to 
differentiate into PCs.40 Our data clearly establish that reduced expression of FOXP1 
in human IgG+ MBCs is required for their differentiation into PCs, at least in an in 
vitro culture system. However, whether the higher FOXP1 expression in IgM+ B cells 
is also sufficient to repress their differentiation propensity, by directly preventing 
or delaying upregulation of differentiation master regulators (Figure 6D), has to be 
determined in further studies. 
In conclusion, we showed that proper control of FOXP1 expression is critical for MBC 
fate and PC differentiation. From an oncological perspective, failure to downregulate 
FOXP1 expression, due to aberrant, constitutively high, expression of FOXP1 by 
chromosomal translocations or trisomy 314;21;22;51;52, will block B cell differentiation, 
similar to other established oncogenes and tumor suppressor genes, such as BCL6, 
SpiB, SOX11 and PRDM1.14;16;53-55 Combined with its recently reported anti-apoptotic 
actions25 (observed in both IgM+ as well as IgG+ MBCs; data not shown), this would 
render FOXP1 a highly efficacious oncogene for B cell lymphomagenesis. From an 
immunological perspective, expression of FOXP1 in MBCs might prevent premature 
differentiation of these cells; specifically, the high expression levels of FOXP1 in IgM+ 
MBCs could be involved in the reduced propensity of this MBC subset to undergo 
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terminal differentiation, which is suggested to be important for long-lasting immunity,42 
whereas reduced expression of FOXP1 in IgG+ MBCs allows their efficient terminal 
differentiation into antibody-producing PCs.
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Supplemental methods
Cell culture and retroviral transductions 
For in vitro PC differentiation studies, purified human B cell subsets were cultured 
on CD40L-L cells, IL-21(25 ng/ml, R&D systems, Abingdon, UK) and IL-2 (40U/
ml, prospec) in Iscove’s modifies Dulbecco’s medium (IMDM) containing 10% FCS 
for 5 days. Thereafter, cells were cultured without CD40L-L cells for 3-4 days. For 
transduction, after isolation, the cells were cultured for 1.5 days on CD40L-L cells in 
the presence of IL-21, and IL-2, after which the cells were transferred to retronectin-
coated plates and incubated with virus for 8 hours in IMDM 5% FCS medium. In 
each experiment LZRS-IRES-YFP empty vector control was taken along as a 
negative control. Transduction efficiencies were typically between 10 and 40% for 
LZRS-FOXP1-IRES-YFP and LZRS-BCL6-IRES-GFP, and between 50 and 80% for 
LZRS-IRES-YFP empty vector.  Thereafter, cells were cultured with CD40L-L cells, 
IL-21and IL-2 in IMDM 10% FCS for 3 days, after which they were passaged and 
cultured without CD40L-L cells for another 3 days. At this point, approximately 60% 
of the cells were still viable. Thereafter, viable YFP/GFP-positive cells were either 
analyzed by flow cytometry analysis, or FACS-sorted, to allow further analysis. 
For microarray analysis, cells were also cultured for 1.5 days on CD40L-L cells in 
the presence of IL-21, and IL-2, after which the cells were transferred to retronectin-
coated plates and incubated with virus for 8 hours in IMDM 5% FCS medium. After 
transduction, cells were cultured with CD40L-L cells but without cytokines, and for 3 
days only. These conditions were chosen to identify direct effects of FOXP1 rather 
than indirect effects, e.g., reflecting an effect of FOXP1 on differentiation. Indeed, no 
CD38hi cells are formed after this culture protocol (supplemental figure 4).Transduction 
efficiencies in cells cultured under these conditions were approximately 20% for 
LZRS-FOXP1-IRES-YFP, 50% for LZRS-IRES-YFP empty vector,  and typically 50% 
of the cells were still viable at the end of the culture period. Viable YFP positive cells 
were subsequently sorted.  
SKW6.4 cells were cultured in RPMI 1640 medium containing 10% FCS. To induce 
differentiation, SKW6.4 cells were cultured with IL-21 (25 ng/ml, R&D systems, 
Abingdon, UK) for 3-4 days. For transduction, cells were transferred to retronectin-
coated plates and incubated with virus for 24 hours. Thereafter, cells were cultured 
for 3 days with RPMI 10% FCS, followed by 3-4 days in the presence of IL-21.
OCI-Ly7 cells were cultured in IMDM 10% FCS medium. To induce differentiation, 
OCI-Ly7 cells were cultured with CD40L-L cells and IL-21 (50 ng/ml, R&D systems, 
Abingdon, UK) for 11-12 days. For transduction, 7 days after stimulation, cells 
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were transferred to retronectin-coated plates and incubated with virus for 24 hours. 
Thereafter, cells were cultured with CD40L-L cells and IL-21 for 4-5 days.

Microarray analysis
Microarray analysis was performed essentially as described .1;2. Biotinylated 
complementary RNA was amplified with a double in vitro transcription, according 
to the Affymetrix small sample labeling protocol vII (Affymetrix). The biotinylated 
complementary RNA was fragmented and hybridized to the HG-U133 Plus 2.0 
GeneChip oligonucleotide arrays according to the manufacturer’s instructions 
(Affymetrix). Fluorescence intensities were quantified and analyzed using the GCOS 
software (Affymetrix). The GCOS software performs statistical analysis by using the 
measurements of all different probesets for one gene as independent inputs. The 
threshold for significant change was set to a P-value of ≤0.0025. Genes with 100% 
absent call were considered not to be biologically relevant and were removed. Data 
were analyzed and heatmaps were generated using R2: microarray analysis and 
visualization platform (http://r2.amc.nl). The microarray data is deposited in GEO 
(accession number GSE51382).

Quantitative RT-PCR
Total RNA was isolated using the Rneasy micro kit (Qiagen) or Trizol (Invitrogen), 
followed by isopropanol precipitation, and reverse-transcribed into cDNA with first 
strand buffer (Invitrogen), Moloney murine leukemia virus reverse transcriptase 
(Invitrogen), dNTPs, and Oligo (dT). For quantitative polymerase chain reaction 
(PCR), we used a Roche LightCycler 480 and mixed sensimix (Bioline) with 
cDNA and primer pairs for the indicated genes. Primer sequences can be found in 
supplemental table 1.

Chromatin immunoprecipitation (ChIP) and sequencing
ChIP-seq was performed essentially as described2,3, using 5 mg of anti-FOXP1 
(ab16645) from Abcam. Peaks were called using CisGenome v2.0 software (settings: 
seqpeak -e 50 -maxgap 200 -minlen 200). Primers used for ChIP-qPCR are listed 
in supplemental table 1. The ChIP data are deposited in GEO (accession number 
GSE69009, http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE69009).  
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BLIMP1-promoter luciferase reporter assays 
HEK293T cells were transfected with 0.05 μg BLIMP1-pGL3 luciferase construct 
(addgene), 0.2 μg renilla expression vector and a total amount of 1.4 μg FOXP1-
pcDNA4-TO and pcDNA4-TO empty vector, of which FOXP1 amounts were either 
0.02, 0.09, 0.18, or 1.4 μg. Two days after transfection luminescence was measured 
in a Glomax microplate-reading luminometer (Promega).

ELISA
Costar EIA 96-well plates (corning) were coated overnight at 4˚C with capture 
antibodies anti-human IgG (CLB-MH 16/l, Sanquin), IgM (UHB, southern biotech), or 
IgA (Sanquin). After blocking with 1% BSA for 1 hr , wells were incubated with serial 
dilutions of cell culture supernatants for 2 hours at room temperature, followed by 
incubation with HRP-conjugated mouse anti-human IgM, IgG, or IgA (Sanquin) and 
developed ad previously described.4 IgG isotype ELISA was performed using the 
Human IgG subclass profile ELISA kit. (Invitrogen) according to the manufacturer’s 
instructions. 
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Supplemental figures and tables

Supplemental figure 1. Switching efficiency is not affected by ectopic overexpression of FOXP1 in 
MBCs cultured under PC-inducing conditions.
IgM+ (IgG-IgA-) MBCs were sorted from human peripheral blood, transduced with FOXP1 or control empty 
vector and cultured under conditions that promote PC differentiation. Six days after transduction, surface 
immunoglobulins were measured in YFP or GFP positive fractions by flow cytometry. Represesentative 
dot plots of one experiment out of 3 independent experiments are shown.
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Supplemental figure 3. FOXP1, but not BACH2 
expression levels differ between directly ex vivo 
purified human IgM+ and IgG+ MBCs.
Naive mature B cells (CD27-IgD+), IgM+ MBCs 
(CD27+IgM+) and IgG+ MBCs (CD27+IgG+) were sorted 
from human peripheral blood of 3 donors (the cells from 
the first two donors were pooled), and gene expression 
levels of FOXP1 and BACH2 were analyzed by 
Q-RT-PCR. Expression levels were normalized to RPL 
and then to expression in IgM+ MBCs. Mean ±SEM of 
two independent experiments are shown.

Supplemental figure 2. Intracelullular flow cytometry for FOXP1: specificity control and dotplots 
for FOXP1 expression in IgM+ and IgG+ .
(A) As a specificity control for intracellular FOXP1 staining, OCI-Ly1 cells were transiently transfected 
with FOXP1 targeting siRNA2 using the Lonza nucleofection system. 5 ×106 cells were resuspended in 
Nucleofector kit T (Lonza, Basel, Switzerland) mixed with 2.5 mg siRNA against FOXP1 or sigenome 
non-targeting siRNA pool #2 (Dharmacon, Thermo scientific, Waltham, MA) and pulsed with program 
G16. Two days after transfection, cells were stained for intracellular levels of FOXP1 using the Foxp3/
transcription factor staining buffer set. Unstained cells were taken along as a negative control. (B) PBMCs 
were isolated from human peripheral blood and stained for surface expression of CD19, CD27, IgM, and 
IgG, and intracellular expression of FOXP1. Intracellular FOXP1 expression in CD19+CD27+IgM+ MBCs 
and CD19+CD27+IgG+ MBCs was analyzed by flow cytometry. Dotplots for FOXP1 in the MBC subsets of 
a representative experiment of 4 independent  experiments is shown.
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Supplemental figure 4. Phenotype of cells at the time of harvest for microarray experiments. 
Comparison of  the percentage of CD38+ cells in cells cultured either under conditions used for microarray 
analysis, i.e., 2 days CD40L-L cells + IL21 + IL2, followed by  3 days on CD40L L cells only (so without 
cytokines) (left), cells cultured under conditions used in the plasma cell differentiation assay, i.e., 5 days 
CD40L L cells or in (left), or in cells cultured + IL21 + IL2, followed by an additional 3 days with IL-21 
and IL-2 only (so without CD40L-L cells) (right). As can be clearly observed, in contrast to cells cultured 
under plasma cell differentiation promoting conditions, in the cultures used for the microarray analysis, 
no CD38hi cells can be observed, and only a small percentage of cells shows low expression levels of 
CD38, whereas the fast majority of the cells is CD38-, indicating that the cells have barely differentiated. 
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Supplemental table I
List of primers used for quantitative RT-PCR and ChIP-
Q-PCR.
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Abstract
The forkhead transcription factor FOXP1 is generally regarded as an oncogene 
in activated B cell like diffuse large B cell lymphoma (ABC-DLBCL). Several lines 
of evidence suggest that a small isoform of FOXP1 (FOXP1-iso), rather than full-
length FOXP1 (FOXP1-FL), possesses this  oncogenic function. Here, we report 
that.primary ABC-DLBCL and cell-lines predominantly express FOXP1-iso and 
that the Foxp1 gene is among the common insertion sites in murine lymphomas in 
leukaemia virus- and a transposon-mediated insertional mutagenesis screens. In 
these models insertions cluster at the 5’-end of the gene, suggesting that aberrant 
(over)expression and/or N-terminal deletion of Foxp1 may drive lymphomagenesis. 
By combined mass-spectrometry analysis,  RT-PCR/sequencing, q-RT-PCR, and 
siRNA-mediated targeting, we established that FOXP1-iso in ABC-DLBCL lacks the 
N-terminal 100 amino acids of FOXP1-FL. Aberrant overexpression of FOXP1-iso in 
primary human B cells revealed a similar potency to promote survival and repress 
plasma cell differentiation as compared to FOXP1-FL. Furthermore, overexpression 
of FOXP1-FL or FOXP1-iso in primary B cells and DLBCL cell lines did not result 
in differential gene regulation between these isoforms, as determined by qRT-PCR 
and gene expression microarray analysis. Taken together, our data indicate that 
FOXP1-iso and FOXP1-FL regulate a similar transcriptional program and have 
comparable oncogenic effects on survival and differentiation of primary human B 
cells, suggesting that aberrant (over)expression of FOXP1, irrespective of the 
specific isoform, contributes to lymphomagenesis.
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Introduction
The forkhead transcription factor FOXP1 plays an important role in a wide variety 
of biological processes, including T cell development and differentiation,1;2 and 
B-cell development and function3-5. Furthermore, FOXP1 has been recognized 
as a potential oncogene in hepatocellular carcinoma, pancreatic cancer, and 
various types of B-cell non-Hodkgin lymphomas.6-9 In hepatocellular carcinoma, 
DLBCL, and MALT lymphoma, aberrantly high expression of FOXP1, caused by 
chromosomal translocations, copy number alterations, or other means, is associated 
with poor prognosis, and FOXP1-positive MALT lymphomas were shown to be at 
risk of transforming into aggressive DLBCLs.8;10;11 Rare but recurrent chromosomal 
translocations affecting FOXP1 have been observed in ABC-DLBCL and mucosa-
associated lymphoid tissue (MALT) lymphoma. The majority of these translocations 
involve FOXP1 and the immunoglobulin heavy chain enhancer (t(3;14)(p13;q32)).12-15 
These FOXP1-IgH rearrangements mostly affect the 5′ untranslated region of FOXP1 
and results in overexpression of full-length FOXP1.16 Non-IG/FOXP1 rearrangements 
have also been described and these often target FOXP1 downstream of its first coding 
exon, resulting in increased expression of N-terminally truncated FOXP1 isoforms.17 
In addition, expression levels of FOXP1 can be used as a discriminator between 
the ABC and germinal center (GC) subtypes of DLBCL, which are distinct biological 
disease entities. ABC-DLBCL combine high FOXP1 expression with an unfavorable 
prognosis, supporting an oncogenic role of FOXP1. 18;19 Paradoxically, FOXP1 is 
located on a chromosomal region that is associated with a loss of heterozygosity and 
deletions in a number of solid tumors.6;20-22 In line with this, FOXP1 transcriptional 
activity is inhibited in a large number of epithelial malignancies by either a decrease 
in FOXP1 mRNA, a decrease in FOXP1 protein levels, or by aberrant localization 
of FOXP1 to the cytoplasm.23 Moreover, high FOXP1 expression is associated with 
favorable prognosis in breast cancer, lung cancer, epithelial ovarian carcinoma and 
peripheral T–cell lymphoma.24-29 
A possible explanation for the above-mentioned apparent contradictory role of 
FOXP1 as either an oncogene or a tumor suppressor gene was presented with 
the identification of smaller FOXP1 isoforms (encoding proteins with N-terminal 
deletions) that are preferentially expressed in ABC-DLBCL 30;31. It was proposed that 
these smaller FOXP1 isoforms might have oncogenic potential in B cell non-Hodgkin 
lymphomas, whereas the full length protein might function as a tumor suppressor.30 
The hypothesis that loss of the FOXP1 N-terminus might be linked to malignancy 
is further supported by a study in which FOXP1 was identified as the second 
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most frequent viral integration sites that results in avian nephroblastoma.32 These 
insertions were all clustered within the second coding exon of Foxp1, but did not 
affect mRNA expression levels.32 This suggests that these insertions might result 
in expression of an N-terminally truncated Foxp1 protein. Moreover, in contrast to 
FOXP1-IGH translocations, non-IG/FOXP1 rearrangements, which cause increased 
expression of N-terminally truncated FOXP1 isoforms, are found as secondary 
genetic hits acquired during clinical course of various B-cell neoplasm, suggesting 
that these smaller isoforms might be involved in disease progression.17

Although these studies suggest that the smaller FOXP1 isoforms, rather than FOXP1 
full length (FOXP1-FL), might act as oncogenes in B cell malignancies, extensive 
functional studies, comparing the actions of FOXP1-FL with smaller FOXP1 isoforms 
in B cells are lacking. Recent studies by our own and other labs have shown that 
high FOXP1 expression might contribute to B cell lymphomagenesis by promoting 
B cell survival,33 inhibiting plasma cell differentiation,34 and potentiating Wnt/β-
catenin signaling35. Here we identify the structures of the major isoform expressed 
in ABC-DLBCL and show that aberrant overexpression of this isoform in primary 
human B cells results in similar and equally strong promotion of B cell survival and 
inhibition of PC differentiation as overexpression of FOXP1-FL. Moreover, by Q-RT 
PCR analysis in primary B cells and by gene expression microarray analysis in 
DLBCL cell lines, upon overexpression of FOXP1-FL or FOXP-iso, we show that 
these two isoforms regulate the same set of genes in these cells.

Materials & methods
Constructs
pcDNA3.1-FOXP1-myc-his encoding human FOXP1 was obtained from Daniel 
Simon (Harvard medical school, Boston, MA)36. The myc- and his-tag at the 3’end 
of the coding region were replaced by a stopcodon. FOXP1 was subsequently 
subcloned into LZRS-IRES-YFP via pcDNA4-TO to generate LZRS-FOXP1-
IRES-YFP (referred to as FOXP1-IRES-YFP). A FOXP1-iso construct thet starts 
translation from the second coding ATG (in exon 6; M101), encoding a 100 AA 
N-terminally deleted FOXP1, was PCR-cloned and subcloned into LZRS. LZRS-
BCL6-IRES-GFP was kindly provided by Dr. H. Spits.37
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B cell isolation
Buffy coats were obtained from Sanquin bloodbank (Amsterdam, the Netherlands). 
PBMCs were isolated by Ficoll separation. B cells were subsequently obtained by 
MACS separation with a memory B cell isolation kit (Miltenyi Biotech), or incidentally 
by FACSAria sorting of the CD19+CD27+ population using an APC-conjugated 
antibody against CD19 (BD Biosciences, San Jose, Ca) and a PE-conjugated 
antibody against CD27 (BD). 

B cell cultures, cell lines, retroviral transductions and siRNA mediated 
knockdown
Isolated human B cells were cultured on CD40L-L cells (Arpin et al., 1995) IL-21(25 
ng/ml, R&D systems, Abingdon, UK) and IL-2 (40U/ml, prospec, East Brunswick, 
NJ) in Iscove’s modifies Dulbecco’s medium (IMDM) containing 10% FCS, 100units 
per ml of penicillin, and 100μg per ml of glutamine (IMDM 10% FCS medium). For 
transduction, after culturing the cells for a minimum of 36 hours, cells were transferred 
to retronectin-coated plates and incubated with virus for 6-8 hours in IMDM 5% 
FCS medium. Thereafter, cells were cultured with CD40L-L cells, IL-21and IL-2 in 
10% FCS medium for 72 hours after which they were passaged and cultured either 
under the same conditions or without CD40L-L cells (for plasma cell differentiation 
experiments, or when specifically mentioned). For microarray analysis, after 
transduction cells were cultured without cytokines for three days. 
DLBCL cell lines OCI-Ly1, OCI-Ly3, OCI-Ly7 and OCI-Ly10 were obtained 
as described38. OCI-Ly3 and OCI-Ly10 were cultured in IMDM 20% medium, 
supplemented with 35 mM β-mercaptoethanol. OCI-Ly1 and OCI-Ly7 were cultured 
in IMDM 10% FCS medium. For transductions, cell lines were transferred to 
retronectin-coated plates and incubated with virus for 24 hours. For siRNA-mediated 
knockdown, cells were transiently transfected using the Lonza nucleofection system. 
5 ×106 cells were resuspended in Nucleofector kit T (Lonza, Basel, Switzerland) 
mixed with 2.5 mg siRNA against FOXP1 or sigenome non-targeting siRNA pool #2 
(Dharmacon, Thermo scientific, Waltham, MA) and pulsed with program G16. 

Immunoblotting
Samples were applied on a 10% SDS-PAGE gel and blotted with rabbit anti FOXP1 
(Abcam or Cell Signaling), mouse-anti β-actin or mouse-anti-β-tubulin antibodies 
(Sigma), followed by HRP-conjugated goat anti-rabbit or goat anti-mouse and 
developed by enhanced chemiluminescence (Amersham Pharmacia).
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Quantitative RT-PCR
Total RNA was isolated using the Rneasy micro kit (Qiagen) or Trizol (Invitrogen), 
followed by isopropanol precipitation, and reverse-transcribed into cDNA with first 
strand buffer (Invitrogen), Moloney murine leukemia virus reverse transcriptase 
(Invitrogen), dNTPs, and Oligo (dT). For quantitative polymerase chain reaction 
(PCR), we used a Roche LightCycler 480 and mixed sensimix (Bioline) with cDNA 
and primer pairs for the indicated genes.

Mass spectrometry
FOXP1 protein was immunoprecipitated from OCI-LY10 cells using anti-FOXP1 
antibody (JC12) and analyzed by SDS-PAGE gels. Proteins were silver-stained 
using successive incubations in 0.02% sodium thiosulfate for 2 min, 0.2% silver 
nitrate for 20 min, and 0.05% formaldehyde. 6% sodium carbonate, and 0.0004% 
sodium thiosulphate for 5 min. Protein bands corresponding to FOXP1 full length and 
the smaller isoform were cut into small pieces and washed, dehydrated, and trypsin 
digested as described before.39 Fragments were analyzed by nano-LC-ESI-ion trap 
MS/MS using an Ultimate LC system (Thermo Fischer), coupled to an HCTultra ion 
trap mass spectrometer(Bruker Daltonics) and by MALDI-ToF MS, using an Ultraflex 
II time-of-flight mass spectrometer controlled by FlexControl 3.0 software package 
(Bruker Daltonics). FOXP1 peptides identified by both methods in the FOXP1-full 
length and isoform protein bands, respectively, were combined to get the overall 
picture of exons covered by these peptides.

Flow cytometry
For eFluor 670 labeling, cells were washed in PBS and resuspended in 100 ml PBS. 
An equal volume of 2 μM eFluor 670 (eBioscience, San Diego, CA) was added, 
and cells were incubated at 37°C for 15 min, quenched in 100% FCS, and washed 
twice with medium containing 10% FCS. For cell cycle analysis, cells were fixed 
with ethanol, washed in PBS 0.5% BSA and incubated for 20 minutes with 50 mg/
ml RNAse A and 50 mg/ml Propidium Iodide (invitrogen, Carlsbad, CA) in PBS 0.5% 
BSA. Propidium iodide, eFluor 670, GFP and/or YFP fluorescence were acquired 
on a FACSCanto (BD Bioscience, San Diego, CA) flowcytometer and analyzed 
using FlowJo software (TreeStar, Ashland, OR). For identification of plasma cells, 
cells were stained with anti-human CD38 (BD), conjugated with APC and CD20 
conjugated with PE and analyzed on a FACSCanto.
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Caspase-Glo 3/7 assay
Activation of Casase 3 and/or Caspase 7 was measured using the Caspase-Glo 
3/7 assay (Promega, Madison, WI) according to the manufacturer’s instructions. 
Luminescence was measured in a Glomax microplate-reading luminometer 
(Promega). Live cell numbers were determined by flow cytometry and luminescence 
values were normalized for numbers of live cells in each sample. 

Enzyme-linked immunosorbent assay (ELISA)
Costar EIA 96-well plates (corning) were coated overnight at 4˚C with capture 
antibodies anti-human IgG (CLB-MH 16/l, Sanquin), IgM (UHB, southern biotech), or 
IgA (Sanquin). After blocking with 1% BSA for 1 hr , wells were incubated with serial 
dilutions of cell culture supernatants for 2 hours at room temperature, followed by 
incubation with HRP-conjugated mouse anti-human IgM, IgG, or IgA (Sanquin) and 
developed ad previously described.40. IgG isotype ELISA was performed using the 
Human IgG subclass profile ELISA kit. (Invitrogen) according to the manufacturer’s 
instructions. 

ELISPOT
IgG and IgM ELISPOTs were performed using IgG and IgM ELISpot kits (Mabtech) 
according to the manufacturer’s instructions.

Microarray analysis
Microarray analysis was performed essentially as described33;41. Biotinylated 
complementary RNA was amplified with a double in vitro transcription, according 
to the Affymetrix small sample labeling protocol vII (Affymetrix). The biotinylated 
complementary RNA was fragmented and hybridized to the HG-U133 Plus 2.0 
GeneChip oligonucleotide arrays according to the manufacturer’s instructions 
(Affymetrix). Fluorescence intensities were quantified and analyzed using the GCOS 
software (Affymetrix). The threshold for significant change was set to a P-value 
of ≤0.0025. Genes with 100% absent call were considered not to be biologically 
relevant and were removed. Data were analyzed and heatmaps were generated 
using R2: microarray analysis and visualization platform (http://r2.amc.nl). 
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Results
A small FOXP1 isoform is highly expressed in ABC-DLBCL 
FOXP1 has been identified as a discriminator (between the ABC- and GC-subtype), 
prognosticator, and putative oncogene in DLBCL.10;18;19;42-45 To study the expression of 
FOXP1 in DLBCL, we analyzed a panel of DLBCL patient biopsies (n=18) and DLBCL 
cell-lines (the GC-DLBCL cell lines SUDHL-6, OCI-Ly-7, OCI-Ly1, and OCI-Ly18, and 
the ABC-DLBCL cellines OCI-Ly3, and OCI-Ly10) by immunoblotting. We observed 
that the majority of ABC DLBCL patients (7/11) and cell-lines predominantly express 
smaller FOXP1 protein species, whereas GC DLBCL patients, GC-DLBCLcell-lines, 
and peripheral blood B cells from healthy human donors predominantly express 
FOXP1-FL protein (figure 1A). These results corroborate a previous study by Brown 
et al, also demonstrating preferential expression of two smaller FOXP1 isoforms in 
ABC DLBCL cell lines and patient biopsies by western-blot analysis.30 Thus, these 
studies suggest that a small FOXP1-isoform rather than FOXP1-FL, might have 
oncogenic potential in ABC-DLBCL.30

The 5’end of the Foxp1 gene is a frequent target of insertional 
mutagenesis in murine lymphoma models
Additional support for an oncogenic role of FOXP1, including FOXP1-iso, is provided 
by insertional mutagenesis screens in murine lymphoma models, using either murine 
leukemia virus (MuLV) or sleeping beauty (SB) transposon.46;47 In these datasets 
Foxp1 ranked number 40 and number 13 of most frequently targeted genes, 
respectively 47(and unpublished results). Here, we show that in both models, most 
insertions are present at the 5’ end of Foxp1 (26/26 and 47/52, respectively) and 
several insertions are found between the start of the first coding exon (mouse Foxp1 
exon 4; corresponding to human FOXP1 exon 6) and the third coding exon (7/26 and 
9/52, respectively)(Figure 1B). This is of specific interest because truncations in this 
region might lead to expression of an N-terminally truncated Foxp1 isoform due to 
the presence of an in frame ATG site in the third coding exon (Figure 1B). 
Taken together, the observed predominant expression of FOXP1-iso in ABC-DLBCL, 
and the observed clustering of insertions at the 5’ end of the Foxp1 gene, in particular 
between the first and third coding exon, in mouse lymphoma models indicate that 
deregulated expression of FOXP1 or (N-terminally) truncated FOXP1 is oncogenic 
in lymphomas.
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Figure 1. A small FOXP1 isoform is highly expressed in ABC DLBCL patients and the 5’end of the 
Foxp1 gene is a frequent target of insertional mutagenesis in mouse lymphoma models.
(A) Western blot analysis for FOXP1 protein expression in tissue samples of ABC- and GC-DLBCL 
patients, DLBCL cell lines (i.e., the GC-DLBCL cell lines SUDHL-6, OCI-Ly-7, OCI-Ly1, and OCI-Ly18, 
and the ABC-DLBCL cellines OCI-Ly3, and OCI-Ly10), and human peripheral blood B cells. NBC =naïve 
B cell (CD19+CD27-), MBC= memory B cell (CD19+CD27-). Expression levels in DLBCL patient biopsies 
are normalized to β-actin and to levels in OCI-LY3 in each blot.(B) locations of insertions found in the 
Foxp1 gene in MULV and sleeping beauty (SB) transposon insertional mutagenesis screens in murine 
lymphoma models. (C)) Diagram illustrating the exon structure of alternative spliced isoforms that encode 
for Foxp1-FL (Foxp1A), or that encodes for a splice variant that has been found to be expressed in murine 
lymphocytes (Foxp1D).3;53;58
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The major FOXP1 isoform expressed in ABC-DLBCL is an N-terminally 
truncated protein
To investigate the oncogenic potential of FOXP1-iso, we aimed to overexpress 
FOXP1-iso in primary B cells and DLBCL cell lines. For this purpose, we first needed 
to identify the FOXP1-iso protein specie(s). To this end, we isolated FOXP1-FL and 
the major FOXP1-iso protein and performed mass spectrometric analysis of trypsin-
digested protein (Figure 2A). Whereas protein fragments encoded by exon 9, 10, and 
13 to 19 were found in mass spectrometric analysis of both FOXP1-FL and FOXP1-iso, 
three fragments were exclusively detected in the full length protein: one is transcribed 
by exons 13 and 14 and the two others by exon 6 and 7 (Figure 2A). Intriguingly, 
absence of exon 6, being the first coding exon, would result in translation of a protein 
that starts at the first available in-frame start codon, being an ATG site in exon 8; the 
encoded protein would lack the N-terminal 100 AAs, which would be in line with the 
observed difference in molecular weight between FOXP1-iso and FOXP1-FL.
Next, to investigate the potential presence of internal deletions in FOXP1-iso 
transcripts, we conducted RT-PCR analysis for the GC-DLBCL cell line OCI-LY1 and 
the ABC-DLBCL cell line OCI-Ly3 (the latter expressing high levels of FOXP1-iso 
(Figure 2D)), with primer pairs spanning multiple exons (supplemental figure 1A). 
By this method, we did not detect any products indicative for internal deletions 
(supplemental Figure 1B). Indeed, sequencing of these RT-PCR products, as well 
as additional RT-PCR products covering single exons 3 to 21, confirmed the lack 
of deletions, insertions or mutations in FOXP1 encoding exons in these cell-lines, 
except for a G>C mutation in exon 10 of OCI-Ly1, which results in substitution of 
a proline by an alanine. These data demonstrate that the major isoform does not 
contain any “gaps” of 1 or 2 consecutive internal exons in the region of exons 4 to 
19. Although the deletion of more than 2 exons can, for technical reasons, not be 
excluded in some of these PCR reactions, any protein product of such a transcript 
would be too small in size to represent the major FOXP1 isoform. Thus, our combined 
spectrometry and PCR/sequencing data indicate that the FOXP1-iso transcript lacks 
the exons preceding exon 8. 
The absence of multiple 5’ or 3’ exons in FOXP1-iso might not be detected by 
the previous non-quantitative PCR setup: primers against these regions will bind 
the transcript encoding FOXP1-FL. To investigate possible absence of 5’exons, 
quantitative RT-PCR was performed (figure 2B). In these PCRs, we compared 
expression of several exons in cell lines which predominantly express FOXP1 
isoform (OCI-LY3 and OCI-LY10) or FOXP1-FL (OCI-LY1 and OCI-Ly7) (Figure 2B) 
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Figure 2. Identification of the FOXP1-iso transcript and protein.
(A) FOXP1-FL and FOXP1-iso proteins were isolated from a silverstain gel (left). The proteins were 
trypsin digested and fragments were subsequently analyzed by mass spectrometry. Fragments found in 
both proteins are indicated in purple, fragments exclusively found in the FOXP1-FL protein are indicated 
in green. Different color intensities are used to discriminate individual fragments (right). Alternating exons 
are indicated by regular and bold font. Amino acids overlapping exon boundaries are indicated in red. 
Methionine 101 is indicated by yellow shading. 
(B) Q-RT-PCR analysis for the levels of 5’FOXP1 exons in cell lines with high levels of FOXP1 FL (OCI-
ly1 and OCI-ly7) or of FOXP1-iso (OCI-ly3 and OCI-ly10) Expression levels were normalized for HPRT 
expression levels and to expression levels in OCI-LY3.
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Continued figure 2. Identification of the FOXP1-iso transcript and protein.
(C) Q-RT-PCR analysis for the levels of 5’FOXP1 exons in ABC- DLBCLand GC-DLBCL patients biopsies. 
Numbers correspond to numbers of biosies in Figure 1A. Expression levels were normalized for HPRT 
expression levels and to expression levels in ABC-DLBCL patient 1. (D) Q-RT-PCR analysis for the levels 
of mRNA transcripts containing alternative exons 4a and 7c. Upper panel:diagram illustrating the exon 
structure of alternative spliced isoforms that encode for FOXP1-FL (1), or that have been previously 
described by Browen et al to encode for the most prominently expressed isoforms (2,3).30 Lower panel: 
Q-rt-PCR analysis for the levels of expression of transcript 1,2, and 3 in cell lines with high levels of FOXP1 
FL (OCI-ly1 and OCI-ly7) or of FOXP1-iso (OCI-ly3 and OCI-ly10).(E) DLBCL cell lines were transfected 
with siRNA against FOXP1 exon 6, siRNA against FOXP1 exon 18, control siRNA, or were treated in 
the same way without addition of siRNA (-). Two days after nucleofection with siRNA against FOXP1, 
cell lysates were harvested and immunoblotted for FOXP1. β-tubulin was used as a loading control. * 
indicates a non-specific background band. (F) diagram illustrating the exon structure of FOXP1-FL and 
FOXP1-iso.
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and in ABC- and GC-DLBCL patient biopsies (figure 2C). Interestingly, whereas 
ABC-DLBCL cell lines and patient biopsies show relatively high expression of the 
FOXP1 C-terminal region (exons 18-20), they show relative low expression of regions 
upstream of exon 7 (Figure 2B,C). In addition, we also performed Q-RT-PCRs with 
primers targeting alternative exons 4a and 7c, previously described to be present in 
transcripts encoding for FOXP1-iso (Fgure 2D)30. Whereas we could detect mRNA 
containing these alternative exons in the cell lines, expression levels were very low 
and did not correlate with expression of FOXP1-iso (Figure 2D), suggesting that 
the transcript encoding the major isoform does not contain these alternative exons. 
Combined with our observation that no internal exon deletions are present in the 
FOXP1 isoform transcript, these results strongly suggest that exon 6 and preceding 
exons are absent in the FOXP1-iso transcript.
Finally, to confirm the absence of exon6 in the transcript encoding FOXP1-iso, we 
specifically targeted FOXP1 transcripts containing exon 6 with an exon 6 specific siRNA 
pool (figure 2E). Whereas nucleofection of DLBCL cell lines with an siRNA that targets 
exon 18 of FOXP1 silenced expression of both FOXP1-FL and FOXP1-iso, the exon 6 
siRNA exclusively reduced expression of the FOXP1 full length protein, demonstrating 
that the FOXP1-iso transcript indeed does not contain exon 6 (figure 2E). 
Combined, our mass spectrometry, RT-PCR and knockdown data firmly demonstrated 
the absence of any internal deletions in FOXP1-iso, that FOXP1-iso is encoded by 
an mRNA that lacks exon 6, and that translation starts from exon 8 resulting in a 
protein product that lacks the 100 N-terminal amino acids (Figure 2F). 

FOXP1-iso displays similar effects on survival of primary human B 
cells as FOXP1-FL
We have previously shown that overexpression of FOXP1-FL in primary human B 
cells directly represses a panel of pro-apoptotic genes and promotes the expansion 
of these cells by inhibiting caspase-dependent apoptosis, without affecting B cell 
proliferation.47 These data indicate that high FOXP1 expression might contribute 
to lymphomagenesis by promoting B cell survival. Because previous studies have 
suggested that the smaller FOXP1 isoforms rather than FOXP1-FL, might bear 
oncogenic potential, 30;48 we questioned whether overexpression of the FOXP1-iso 
would have different/stronger effects on B cell survival or proliferation than 
overexpression of FOXP-FL. To investigate this, we generated a retroviral expression 
vector encoding a FOXP1 protein lacking the first 100 amino acids (“FOXP1-iso”), 
followed by IRES-YFP (FOXP1-iso-IRES-YFP). To compare the effects of FOXP1-FL 
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versus FOXP1-iso overexpression, primary human B cells were retrovirally 
transduced with FOXP1-FL-IRES-YFP, FOXP1-iso-IRES-YFP or control-IRES-YFP 
(as a negative control) (Figure 3A) and cultured on L cells expressing CD40-ligand 
(CD40L-L cells), in the presence of IL21 and IL-2. In compliance with our previous 
study, the percentage of YFP positive cells in FOXP1-FL transduced cultures rapidly 
increased in time (Figure 3B). Interestingly, a similar increase in the percentage of 
YFP positive cells was observed in cultures transduced with FOXP1-iso, indicating 
that FOXP1–FL and FOXP1-iso are equally potent to promote selective outgrowth of 
primary human B cells (Figure 3B). 
To assess whether FOXP1-iso also promotes B cell survival, viable cells of the YFP 
positive and negative fractions of FOXP1-FL, FOXP1-iso or empty vector-transduced 

Continued figure 2. Identification of the FOXP1-iso transcript and protein.
(E) DLBCL cell lines were transfected with siRNA against FOXP1 exon 6, siRNA against FOXP1 exon 18, 
control siRNA, or were treated in the same way without addition of siRNA (-). Two days after nucleofection 
with siRNA against FOXP1, cell lysates were harvested and immunoblotted for FOXP1. β-tubulin was 
used as a loading control. * indicates a non-specific background band. (F) diagram illustrating the exon 
structure of FOXP1-FL and FOXP1-iso.
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Figure 3. FOXP1-iso exerts similar  effects on B cell survival as FOXP1-FL
Memory B-cells were sorted from human peripheral blood and transduced with either FOXP1-IRES-YFP, 
FOXP1-iso-IRES-YFP, BCL6-IRES-GFP (F) or ctrl-IRES-YFP, and cultured with CD40L-L cells, IL-21 and 
IL-2. (A-D,F) or without CD40L-L cells as of day 3 after transduction (E). (A) Representative example of 
FOXP1 and FOXP1-iso overexpression in primary YFP+ B-cells. 6 days after transduction YFP+ cells were 
sorted and analyzed by immunoblotting. β-tubulin was used as loading control. (B) FOXP1-IRES-YFP, 
FOXP1-iso-IRES-YFP, and ctrl-IRES-YFP transduced B-cells were continuously cultured with IL-21 and 
IL-2 and CD40L-L cells. The percentage of transduced cells in each culture was followed over time by FACS 
analysis and normalized to the percentage of transduced cells at day 3 after transduction. Mean ± SD of 
three independent experiments are shown. Significant differences were observed at day 15 and 20 after 
transduction between FOXP1 transduced cells vs ctrl transduced cells (*P<0.05) and between FOXP1-iso 
transduced and control transduced cells (** p<0.01). (C)A total of 6-7 days after transduction, live YFP 
positive and negative fractions of FOXP1 and control vector single-transduced cultures were sorted. After 
a recovery period of 4-5 days, the percentage of cells in the FSC/SCC live gate was determined by flow 
cytometry at three consecutive time points. The data were normalized to the percentage of living cells 
measured at the first time point. Mean ± SEM of three independent experiments are shown. Significant 
differences were observed at day 6 after transduction between FOXP1 transduced cells vs ctrl transduced 
cells (**P<0.01) and between FOXP1-iso transduced and control transduced cells (* p<0.05).
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cells were sorted, and the percentage of live cells was monitored by flow cytometry 
during 1 week of subsequent culturing. A clear, and similar, survival benefit was 
observed in cells transduced with either FOXP1-FL or FOXP1-iso (figure 3C). Moreover, 
caspase 3/7 activity, as determined by a caspase glo 3/7 assay, was significantly 
and similarly reduced in FOXP1-FL and FOXP1-iso transduced cells (Figure 3D). 
Furthermore, expression of a panel of 7 pro-apoptotic genes (HRK, BIK, RASSF6, 
AIM2, EAF2, TP53INP1 and TP63), previously shown to be repressed by FOXP1-FL, 
was repressed to a similar extent by FOXP1-iso overexpression (figure 3E). Together, 
these results indicate that FOXP1-iso promotes the same survival pathways with a 
similar potency as FOXP1-FL in primary human B cells. 
Whereas FOXP1-FL was shown to promote selective outgrowth and inhibit apoptosis 
of primary human B cells, it does not affect proliferation in these cells.47 To investigate 
whether FOXP1-iso could affect proliferation of primary human B cell we analyzed 
proliferation in FOXP1-iso, FOXP1-FL, BCL6 (as a positive control), or control (as a 
negative control) transduced cultures by labeling the cells with the proliferation dye 
eFluor 670 and measuring dilution of the staining in the YPF+ and YFP- populations 
after four days of culturing, by FACS analysis. EFluor 670 dilution was not increased 
in FOXP1-FL or FOXP1-iso transduced cells (Figure 3F). In accordance, cell cycle 
analysis indicated no major changes in cell-cycle distribution upon FOXP1-FL or 
FOXP1-iso overexpression (supplemental figure 2). BCL6 overexpression, on the 
other hand, did result in increased eFluor 670 dilution and a higher percentage of 
cells in S phase (Figs. 3F and supplemental figure 2). 
Combined, these results show that FOXP1-iso overexpression has a very similar effect 
on B cell outgrowth as observed with FOXP1-FL. Like FOXP1-FL, overexpression 
of FOXP1-iso represses a panel of 7 pro-apoptotic genes, promotes survival, and 
prevents caspase-dependent apoptosis, but does not affect B cell proliferation. 

FOXP1-iso displays similar effects on plasma cell differentiation of 
primary human memory B cells (MBCs) as FOXP1-FL
Our previous studies indicate that overexpression of FOXP1-FL in primary human 
B cells not only promotes survival of these cells but also represses plasma cell 
(PC) differentiation by inhibiting the expression of master regulators of plasma cell 
differentiation (ref). These results indicate that the oncogenic potential of FOXP1 in 
B cells not only lies in its ability to promote cell survival but also in its ability to block 
terminal differentiation. We investigated if overexpression of FOXP1-iso would have 
similar or enhanced effects on this potentially oncogenic mechanism. To this end, 
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Continued figure 3. FOXP1-iso exerts similar  effects on B cell survival as FOXP1-FL
(E) 6 days after transduction YFP positive cells were sorted. Gene expression levels of FOXP1 repressed 
pro-apoptotic genes were analyzed by quantitative RT-PCR. Expression levels were normalized to 
expression levels in control transduced cells. Mean ± SEM of at least three independent experiments 
(except for tp63) are shown. (one sample t test, **P<0.01, ***P<0.001). (F) 7 days after transduction, 
cells were labeled with eFluor 670 and cultured for four days, after which the eFluor 670 intensity was 
determined by flow cytometry. Representative graphs of two independent experiments are shown. 
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sorted CD27+ MBCs from human peripheral blood were transduced with FOXP1-FL, 
FOXP1-iso or control empty vector and cultured under conditions that drive 
differentiation towards immunoglobulin secreting PCs.34,49 These culture conditions 
result in the formation of cells that have acquired a PC phenotype (CD20-CD38+), 
display strongly increased expression of the master regulators of PC differentiation 
PRDM1, IRF4 and XBP1, and secrete immunoglobulins.34 
Overexpression of FOXP1-FL or FOXP1-iso resulted in a strong, similar repression 
of PRDM1, IRF4, and XBP1 in these cells, as determined by Q-RT-PCRs analysis 
(Figure 4A). Furthermore, flow cytometry analysis indicated an equal reduction 
in the formation of CD20-CD38+ PCs upon overexpression of either FOXP1-FL 
or FOXP1-iso (Figure 4B). Moreover, the secretion of IgG immunoglobulins, as 
determined by ELISA (figure 4C), and the formation of IgG secreting plasma cells, 
as determined by ELISPOT (figure 4D), were reduced to a similar extent upon 
overexpression of either FOXP1 isoforms. These results indicate that FOXP1-FL 
and FOXP1-iso are equally potent to repress plasma cell differentiation of primary 
human B cells.

FOXP1-iso and FOXP1-FL show similar gene expression regulation in 
DLBCL cell lines
Thus far, our results revealed that the previously described effects of aberrant 
overexpression of FOXP1-FL in primary human B cells, i.e. promotion of B cell 
survival and inhibition of plasma cell differentiation, are similarly and equally executed 

Figure 4. FOXP1-iso exerts similar  effects on plasma cell differentiation as FOXP1-FL
CD19+CD27+ MBCs were sorted from human peripheral blood and transduced with FOXP1-FL-IRES-YFP, 
BCLFOXP1-iso-IRES-YFP, or control empty vector and cultured under conditions that promote PC 
differentiation. Six days after transduction YFP or positive cell were sorted (A,C,D). (A)Gene expression 
levels of PRDM1, IRF4, XBP1, FOXP1, BCL6 and PAX5 were analyzed in sorted cells by Q-RT-PCR. 
Expression levels in FOXP1Fl and FOXP1-iso- and -transduced cells were normalized β-actin and then 
to expression levels in control transduced cells. Mean ±SEM of five independent experiments are shown. 
(B) Six days after transduction, YFP-positive cells were analyzed for CD20 and CD38 surface expression 
by flow cytometry. Representative dot plots of one out of 10 independent experiments are shown (left 
panel). Percentages of CD38+ cells in FOXP1-Fl and FOXp1-iso-transduced cultures were normalized 
to control cultures. Mean ± SD values of 10 independent experiments are shown (right panel). (C) Equal 
numbers of sorted cells (50000) were cultured with IL-21 and IL-2 for an additional 24 hours. Thereafter, 
the supernatants were collected, and IgG protein levels were analyzed by ELISA. Levels were normalized 
to levels in control transduced cells. Mean ± SD of two independent experiments are shown. (D) Equal 
numbers of sorted cells were plated onto membranes in serial dilutions and cultured with IL-21 and 
IL-2 for an additional 18 hours, after which numbers of IgM or IgG secreting cells were determined by 
ELISPOT. Spot numbers were normalized to numbers in stimulated, control transduced cells. Mean ± SD 
of three independent experiments are shown. (one sample t test, ** p<0.01). 

►►
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by FOXP1-iso. To obtain a broader insight into potential differences in the functions 
of FOXP1-iso and FOXP1-FL, we performed gene expression microarray analysis 
of the GC-DLBCL OCI-Ly1 and OCI-Ly7 (which predominantly express FOXP1-FL) 
and the ABC DLBCL cell line OCI-LY10 (which predominantly expresses FOXP1-iso) 
(figure 1A), retrovirally transduced with FOXP1-IRES-YFP, FOXP1-iso-IRES-YFP 
or control empty vector (Figure 5). Upon overexpression of either FOXP1-FL or 
FOXP1-iso the expression of 86 genes was changed by at least 1.5 fold in at least 
two cell lines. ChIP-seq analysis established that the majority of these genes was 
also directly bound within 20 kb of the transcription start site by FOXP1 in at least 
2 DLBCL cell lines (figure 5). Among the directly bound and repressed genes are 
AICDA, and several genes characteristic for GC-DLBCL, i.e., MME, MYBL1 and 
LPP,50-52 which like FOXP1 are also important prognosticators for DLBCL patient 
survival (high expression of those three genes and low expression of FOXP1 being 
correlated with better prognosis),54 indicating an important role for FOXP1 in defining 
the discriminatory gene signatures of ABC vs. GC DLBCL. Importantly, however, all 
FOXP1-FL-regulated genes were also regulated by FOXP1-iso overexpression, in a 
similar way, and vice versa. Thus, no functional differences in gene regulation were 
observed between FOPX1-FL and FOXP1-iso in DLBCL cell lines.

Discussion
FOXP1 has long been recognized as a putative oncogene in ABC-DLBCL, but 
molecular mechanisms underlying its oncogenic potential, i.e. promotion of B cell 
survival, inhibition of plasma cell differentiation, and potentiation of Wnt signaling 
have only recently been described.33-35 .Previous studies have suggested that 
smaller FOXP1 isoforms, which are preferentially expressed in ABC DLBCLs, rather 
than FOXP1-FL protein might exert oncogenic roles.30 However, up until now, no 
functional studies, comparing the actions of these different protein species in B cells 
have been performed. Here we show that aberrant overexpression of  FOXP1-FL or 
FOX1-iso in primary human B cells results in a similar and equally strong promotion 
of B cell survival and inhibition of plasma cell differentiation. Moreover, GEM analysis 
in DLBCL cell lines and RT-PCR analysis in primary human B cells did not indicate 
any differences in gene expression regulation by these different protein species.
Foxp1 has previously been identified as the most frequent integration site in a 
Piggybac transposon screen in a pancreatic tumorigenesis model and the second 
most frequent viral integration site in an avian nephroblastoma model.9;32. Of interest, 
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Figure 5. FOXP1-iso regulated the same genes as 
FOXP1-FL in DLBCL cell lines
DLBCL cell lines were retorvirally transduced with 
FOXP1-FL-IRES-YFP, FOXP1-iso-IRES-YFP, or control-
IRES-YFP and YFP positive cells were sorted. Gene 
expression microarray analysis was performed on these 
samples. All genes of which the expression was changed 
by either FOXP1-FL or FOXP1-iso overexpression by at 
least 1.5 fold in at least two cell lines are shown. Data 
are represented as z-scores calculated within samples 
of each cell line. Genes that were identified by ChIP-seq 
analysis to be bound by FOXP1 within 20kb of their TSS 
in at least 2 DLBCL cell lines are indicated by an asterisk.
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the insertions in the latter model were clustered around the second coding exon 
of Foxp1 (corresponding to human FOXP1 exon 7). These insertions might lead 
to expression of an N-terminally truncated Foxp1 isoform due to the presence 
of an in frame ATG site in the third coding exon (Figure 1B). Here, we show that 
Foxp1 insertions in insertional mutagenesis screens in murine lymphoma models, 
using either MuLV or SB transposon, cluster at the 5’ end of Foxp1, upstream of 
the third coding exon. Therefore,these insertions might also lead to expression of 
an N-terminally truncated Foxp1 isoform. Together these insertional mutagenesis 
screens support the hypothesis that specifically N-terminally truncated Foxp1 
isoforms possess oncogenic function 
The exact identity of the major FOXP1-iso protein expressed in ABC DLBCL has not 
been completely clarified before. Using semi-quantitative RT-PCR analysis, Brown 
et al. proposed that smaller isoforms were encoded by two alternative FOXP1 splice 
variants, one of which might start translation in exon 8 (isoform 2, Supplemental 
figure 3), resulting in a protein that lacks the N-terminal 100 amino acids, whereas 
the other starts translation in exon 6, but does not contain exons 8 and 9, resulting in 
an internal N-terminal deletion (isoform 3,Supplemental figure 3).30 By (Q)-RT-PCR, 
sequencing, siRNA-mediated knockdown studies, and mass spectrometry analysis 
we established that the major FOXP1 isoform expressed in ABC DLBCL cell lines 
is encoded by a transcript that lacks exon 6, but does contain exons 7-21, resulting 
in expression of a protein that lacks the first 100 N-terminal amino acids. Since we 
found evidence for only one transcript encoding for the major isoform, the detection 
of two FOXP1-iso protein species on western blot suggests that these two protein 
species may have undergone different post-translational protein modifications.
A previous study by Wang et al showed that the murine Foxp1D isoform, which 
lacks the N-terminus of the protein (Figure 1C), exerts stronger repression of an 
SV40 promoter driven luciferase construct in transfected HEK293T cells, compared 
to Foxp-FL.53 However, we could not find any differences in gene repression strength 
between FOXP1-FL and FOXP1-iso, upon overexpression in primary human B cells 
(Figures 3E and 4A), suggesting that at least these human isoforms do not differ in 
their strength of transcriptional regulation. Moreover, the functional consequences 
of overexpression of these two protein species, at least in the responses studied by 
us, i.e. survival, proliferation and plasma cell differentiation, were equally affected by 
both. Notably, a recent study by Walker et al showed that FOXP1-FL and N-terminal 
truncated FOXP1 proteins show similar effects on Wnt reporter activity in HEK293T 
cells, indicating that these two isoforms might also equally potentiate Wnt signaling 
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in DLBCL.35 The differences with the study of Wang et al, might be explained by 
dissimilarities in species (murine vs human FOXP1), cell types (HEK293T versus 
DLBCL cell lines) or the assay-system being used (artificial versus endogenous 
promoters). Together, these results suggests that in artificial systems, some 
differences can be observed between FOXP1-FL and FOXP1-iso, but, at least in B 
cells and DLBCL cell lines, their effects on gene expression and cellular responses 
seem to be similar.
Our results imply that expression of FOXP1-iso in B cell non-Hodgkin lymphomas 
versus expression of FOXP1-FL in epithelial tissues cannot explain its paradoxical 
actions as oncogene in the former and tumor suppressor in the latter tissues. These 
opposing functions of FOXP1 in different cell types are therefore more likely to be 
due to tissue-specific expression of transcriptional co-regulators or regulation of 
transcriptional targets, an intriguing and important aspect that warrants future studies. 
By ChIP-seq analysis of FOXP1 in DLBCL cell lines, we previously established that 
FOXP1 binding sites in these cells are enriched for binding sites and consensus 
motifs for other transcription factors that regulate ABC DLBCL pathogenesis.33 By 
analogy to its family member FOXP3,54;55 these results suggest that FOXP1 might 
preferentially bind sites co-occupied by other transcription factors and regulate gene 
expression through physical or functional interaction with those factors.33 Therefore, 
the transcriptional outcome of high FOXP1 expression in different cell types might 
be dictated by expression levels of other transcriptional co-regulators in these cells. 
Taken together, our results suggest that FOXP1-FL and FOXP-iso do not differ in 
terms of gene regulation in B cells and possess similar oncogenic activity in B cell 
lymphomas, and that total levels of FOXP1 expression, rather than the relative 
expression of specific isoforms, contributes to the oncogenic potential of FOXP1 in 
B cell lymphomas. The specific mechanisms underlying transcriptional regulation 
of FOXP1-FL versus FOXP1-iso expression remain to be established. Interestingly, 
however, a previous study showed that activation of the B cell receptor on primary B 
cells resulted in specific induction of FOXP1-iso expression.30 Since ABC-DLBCLs 
are characterized by chronic active B-cell-receptor signaling ,56, this might explain 
the relatively high expression of FOXP1-iso in these lymphomas. Importantly, 
however, since also the total levels of FOXP1 are higher in ABC- as compared to 
GC-DLBCL 18;19;43-45, deregulated expression of FOXP1, irrespective of the isoform, 
may contribute to the worse prognosis of ABC-DLBCL patients,10;43;45;57 thereby 
reflecting its role in lymphomagenesis. 
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Supplemental data

Supplemental figure 1. Analysis of FOXP1 transcripts in DLBCL cell lines
(A,B) RT-PCR analysis of several regions of FOXP1, as schematically represented (A), in the DLBCL cell 
lines OCI-Ly1 and OCI-Ly3 (B). 

Supplemental figure 2. Cell cycle analysis of transduced B cells
Human primary B cells were transduced with ctrl-IRES-YFP, BCL6-IRES-GFP, FOXP1-FL-IRES-YFP, 
or FOXP1-iso-IRES-YFP and cultured on CD40L-L cells IL-21 and IL-2. 12 days after transduction, cell 
cycle stage was determined by PI staining. The percentage of cells in each stage of the cell cycle was 
determined using the Watson Pragmatic model. Representative graphs of two independent experiments 
are shown.
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Abstract 
Activating mutations in CD79 and MYD88 have recently been found in a subset of 
diffuse large B-cell lymphoma (DLBCL), identifying B cell receptor (BCR) and MYD88 
signaling as potential therapeutic targets for personalized treatment. Here, we report 
the prevalence of CD79B and MYD88 mutations and their relation to established 
clinical, phenotypic, and molecular parameters in a large panel of DLBCLs. We show 
that these mutations often co-exist and demonstrate that their presence is almost 
mutually exclusive with translocations of BCL2, BCL6, and cMYC, or Epstein-Bar 
virus infection. Intruigingly, MYD88 mutations were by far most prevalent in immune-
privileged site-associated DLBCL (IP-DLBCL), presenting in CNS (75%) or testis 
(71%) and relatively uncommon in nodal (17%) and gastrointestinal tract lymphomas 
(11%). Our results suggest that MYD88 and CD79B mutations are important drivers 
of IP-DLBCLs and endow lymphoma-initiating cells with tissue-specific homing 
properties or a growth advantage in these barrier protected tissues.   
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Introduction
Diffuse large B cell lymphoma (DLBCL) is a heterogeneous diagnostic class of 
lymphomas, comprising molecularly distinct subtypes that differ in gene expression 
profile (GEP), oncogenic aberrations, clinical presentation and outcome.1;2 A 
current GEP-based molecular classification of DLBCL distinguishes two main 
subtypes: activated B-cell-like (ABC) lymphoma, and germinal-center B-cell-like 
(GCB) lymphoma. The anti-apoptotic NF-kB signaling pathway is constitutively 
active in ABC-type DLBCLs as a result of oncogenic CARD11 mutations and/or of 
CD79 mutations causing chronic active B cell receptor (BCR) signaling, enhanced 
by inactivation of A20.3-6 In addition, somatically acquired mutations in MYD88, 
an adaptor protein that mediates toll-like receptor (TLR) and interleukin (IL)-1 
receptor signaling were recently shown to control cell survival in this lymphoma 
type by promoting NF-kB and JAK-STAT3 signaling. These mutations were present 
in approximately one third of ABC DLBCLs. The MYD88 L265P was biologically 
the most potent mutant and was unique in its ability to organize a stable signaling 
complex containing phosphorylated IRAK1, which was suggested to account for its 
high prevalence in lymphomas.7 From a therapeutic perspective, the above findings 
are of great interest since they do not only identify BCR and MYD88 signaling as 
potential therapeutic targets but also provide a genetic tool to identify patients that 
may benefit from personalized treatment targeting these pathways.
These notions prompted us to explore the prevalence of CD79B and MYD88 
mutations and their relation to established clinical, phenotypic, and molecular 
parameters, in a large panel of DLBCL patients. 
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Materials and methods 
Patient samples 
The study comprises a panel of 177 DLBCLs diagnosed according the World 
Health Organization classification (WHO). All tissue samples were obtained during 
standard diagnostic procedures at the Academic Medical Center Amsterdam, The 
Netherlands and affiliated hospitals, and the University Medical Center Groningen, 
The Netherlands, in accordance with local institutional board requirements and the 
Declaration of Helsinki. 

Immunohistochemical studies and fluorescence in situ hybridization 
Immunohistochemical stainings were performed on formalin-fixed paraffin embedded 
sections with the following antibodies: CD10 (ThermoScientific, clone 56C6), MUM1 
(clone MUM1p, DAKO), BCL-2 (clone 124, DAKO), BCL-6 (clone PG-B6p, DAKO) 
using a Labvision Autostainer 480S (Thermo Fisher Scientific).  
Expression of the Epstein Barr-virus (EBV) in the tumor was determined by 
EBV-encoded RNA (EBER) in-situ hybridization (ISH) probes (Biogenex). 
Split-fluorescence in situ hybridization (FISH) for BCL-2, BCL-6, and c-MYC, was 
performed using probes and a FISH accessory kit according to the manufacturer’s 
recommendations (DAKO). 

Mutation analysis
DNA was isolated with the QIAamp DNA Micro kit (Qiagen), using the manufacturer’s 
instructions. Screening for MYD88 and CD79B mutations was performed with allele-
specific PCR assays, employing primers that were designed (Table 1) to specifically 
anneal with their 3’ terminal nucleotide to either the mutated or wild-type (WT) base. 
This technique allows reproducible detection of as little as 1% tumor DNA diluted in 
WT DNA (supplementary Figure 1). To avoid aspecific binding of the primer pairs 
designed for the mutated to the WT allele, and vice versa, every set was tested 
at temperatures ranging from 60-64°C and with different concentrations of MgCl2. 
To avoid underdetection of mutations in samples with low tumor load, 100 ng of 
DNA was used in each PCR reaction to obtain sufficient DNA originating from the 
tumor to detect a potential mutation. In all samples in which a PCR product was 
obtained using the mutation specific primers, the region surrounding the mutation 
was analyzed by Sanger sequencing to verify the presence of a mutation. For cases 
with low tumor load PCR products were cloned prior to sequencing.
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Results
The lymphomas included in this study were diagnosed as DLBCL according to the 
WHO criteria. As part of the routine diagnostic work-up, all cases were subclassified 
as either ABC or GC-like by employing the immunohistochemical algorithm of Hans 
et al8. In addition, a systematic molecular characterization consisting of cMYC, BCL2, 

Table 1. Primer sequences and PCR conditions 
Abbreviations: Mut, mutated; Seq; sequencing; WT, wild-type
Primer pairs. *=primer pair recognizing the WTallele, 1=primer pair recognizing mutated allele, 2=primer 
pair used for sequencing.
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and BCL6 translocation analysis employing FISH, and assessment of Epstein-Bar 
virus (EBV) status by EBER in-situ hybridization, were routinely performed. To detect 
somatic mutations in MYD88 or CD79B, we designed a panel of allele-specific PCRs 
covering all major mutation (hot)spots previously reported6;7 (Table 1). This strategy 
permits efficient and sensitive detection of mutations using DNA extracted from paraffin 
embedded tissue, even in samples with relatively low tumor load (supplementary 
Figure 1). The detected mutations were verified by Sanger sequencing.
Of the total group of 177 DLBCL, 43 (24.3%) were found to contain a MYD88 
mutation (Figure 1A). In accordance with the study of Ngo et al., 7 these mutations 
were predominantly present in ABC-type DLBCL (Figure 1B), occurring in 32.5% of 
ABC DLBCLs (Figure 1B) as opposed to only 9.5% of GBC DLBCL, and the L265P 
mutation was by far the most common mutation. Similarly, CD79B mutations were also 
predominantly found in ABC DLBCL (12.2% ABC DLBCL vs. 0% in GCB DLBCL); in 
more than half of these tumors a co-existing MYD88 mutation was found. Molecular 
correlation revealed that the presence of MYD88 and/or CD79B mutations showed 
hardly any overlap with the occurence of cMYC and BCL2 translocations; as expected 
these translocations  were largely restricted to the GCB DLBCL subgroup (Figure 1C). 
Furthermore, EBV infection, which activates NF-kB by signals through LMP-1 and 
-2, instigating an ABC phenotype, and translocation of BCL6, which is present in a 
subgroup of ABC DLBCLs, also hardly overlapped with the occurrence of MYD88 and 
CD79B mutations (Figure 1C). Taken together, these observations imply that DLBCL 
with mutations in MYD88 represent a separate subgroup of DLBCLs with a distinct 
molecular pathogenesis. Consistent with this notion, our study reveals a salient site-
specific variation in the prevalence of MYD88 mutations: they were relatively uncommon 
in ABC DLBCLs arising in lymph nodes (17%) or gut (11%), whereas tumors arising 
outside these ‘professional’ lymphoid tissues frequently contained these mutations, 
either with or without a coexisting CD79B mutation. Interestingly, these MYD88 
mutations were by far most prevalent in primary central nervous system (PCNSLs) 
(75%) and testicular lymphomas (71%), which represent the immune-privileged site-
associated diffuse large B cell lymphomas (IP-DLBCL) (Figure 2). 

Discussion
Our study confirms the previous finding that MYD88 and CD79B mutations are 
predominantly present in ABC-type DLBCL and often coexist within the same tumor.7 
Moreover, it reveals that these mutations only rarely coexist with translocations of 
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BCL2, BCL6, and cMYC, or with Epstein-Bar virus infection, and that they intruigingly 
are strongly overrepresented in lymphomas presenting outside ‘professional’ 
lymphoid tissues, particularly in so-called IP-DLBCL arising in the CNS and testis. 
IP-DLBCL have previously been shown to share a number of distinctive clinical 
and biological features. Besides having a relatively poor prognosis with preferential 
dissemination to other immune-privileged sites9-11, these tumors are predominantly 

Figure 1. Prevalence of MYD88 and CD79B mutations in DLBCL.  A) Percentage of DLBCL with 
MYD88 and/or CD79B mutations in all DLBCL tested (n=177). B) Percentage of tumors with MYD88 and/
or CD79B mutations in ABC-type and GCB-type DLBCL. C) Overlap of MYD88 and CD79B mutations 
with other recurrent oncogenic events in DLBCL.
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of the ABC subtype12;13 and show prominent loss of HLA class I and II expression, 
often caused by small interstitial deletions of chromosome 6p21.314;15. This is 
associated with down-regulation of many immune-associated genes.12 Our current 
finding that most IP-DLBCLs harbor a MYD88 mutation, while these mutations are 
uncommon in nodal and GI-tract DLBCLs, supports the concept that IP-DLBCLs 
present a pathogenetically distinct group of lymphomas. Consistent with this notion, 
two other studies have recently also reported a high frequency of MYD88 mutations 
in PCNSLs.16;17 Conceivably, mutational activation of TLR/MYD88 signaling endows 
lymphoma-initiating cells with a selective growth advantage at immune-privileged 
sites. These tissues are barrier-protected and immunologically silent and, in marked 
contrast to lymph nodes and mucosa-associated lymphoid tissues (MALT), will 
presumably provide only limited stimulation by TLR ligands. The (concomitant) 
presence of CD79B (or other BCR-pathway) mutations, causing chronic active BCR 
signaling, may further promote the selective outgrowth of the tumor cells within 
these relatively stimulus poor microenvironments. In view of the pivotal role of 
adhesion and chemokine receptors in tissue-specific lymphoma dissemination18,19, 
dysregulated “homing” of lymphoma cells carrying oncogenic MYD88 and/or CD79 

Figure 2. Prevalence of mutations in MYD88 and CD79B by tumor localization. Percentage of 
ABC DLBCL with MYD88 and/or CD79B mutations at different anatomical sites. Prevalence of MYD88 
mutations in CNS and Testis was significantly different from that in Lymph node and GI tract  (*** P< 0.001 
by Fisher’s exact test). 
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mutations could present an alternative mechanism underlying the observed site-
specific differences in prevalence of these mutations in DLBCL18. 
In conclusion, our results suggest that MYD88 mutations, and to a lesser extent 
CD79B mutations, are important drivers of lymphomagenesis in IP-DLBCLs. Hence, 
patients with these tumors may benefit from therapies targeting MYD88 signaling 
components like the IRAK4 kinase inhibitors, either alone or in combination with 
drugs blocking key mediators of B-cell receptor signaling (BCR) such as Bruton’s 
tyrosine kinase (BTK).19;20 It will be of interest to explore whether or not patients with 
DLBCLs arising in lymph nodes and MALT and lacking these mutations, nevertheless 
also show evidence of active MYD88 and/or BCR signaling. Such activation might be 
triggered by environmental ligands and be associated with non-oncogene addiction 
to these pathways.
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 Supplemental figure

Figure 1. Sensitivity of allele specific PCRs. Serial dilution of DNA of the DLBCL cell line LY10 containing 
a mono-allelic MYD88 L265P mutation in DNA derived from normal tonsil tissue. 100% corresponds to 
100ng/µl LY10 DNA, 0% corresponds with 100ng/µl tonsil DNA. The section with MYD88 WT primers was 
run on the same gel.
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Diffuse large B cell lymphoma (DLBCL) is a heterogeneous class of lymphomas, 
comprising molecularly distinct subtypes that differ in gene expression profile 
(GEP), genetic aberrations, clinical presentation and disease outcome.1;2 Within 
this lymphoma class, primary testicular lymphoma (PTL) is a distinctive entity 
characterized by unique clinical and molecular features, including its exclusive 
manifestation in the immune-privileged microenvironment of the testis and frequent 
dissemination to the contralateral testis and central nervous system (CNS).3;4 
Although the incidence of PTL has significantly increased over the last decades, there 
is at present no consensus on a standard therapeutic regimen.3;4 A current gene-
expression profiling (GEP) based molecular classification of DLBCL distinguishes 
two main subtypes: activated B-cell-like (ABC) lymphoma, and germinal-center 
B-cell-like (GCB) lymphoma.1 PTLs belong to the ABC-DLBCL subtype, which is 
characterized by constitutively active NF-kB signaling.1;2 NF-kB pathway activation 
in DLBCL may result from oncogenic CARD11 mutations and/or of CD79 mutations 
causing chronic active B cell receptor (BCR) signaling.5-7 In addition, somatically 
acquired mutations in MYD88, an adaptor protein that mediates toll-like receptor 
(TLR) and interleukin (IL)-1 receptor signaling were shown to promote NF-kB and 
JAK-STAT3 signaling in this lymphoma type.8 Intriguingly, recent studies indicate that 
the prevalence of oncogenic MYD88 mutations varies greatly among ABC-DLBCL 
presenting at different anatomical sites: whereas MYD88 mutations show a high 
prevalence in primary central nervous system lymphomas (PCNSLs) as well as in 
lymphomas arising at some other extra-nodal sites, they are relatively uncommon in 
primary nodal and gastro-intestinal DLBCL.9-11 In a survey of genomic alterations in 
a large panel of DLBCL, we recently found an activating MYD88 mutation in 10 of 
14 PTLs studied,11 suggesting a high mutation prevalence. Here we extended these 
series to obtain robust evidence for a role of deregulated MYD88 signaling in PTLs. 
The study material comprised a panel of 37 PTL diagnosed as DLBCLs according 
the World Health Organization (WHO) classification, 14 of which have been reported 
previously.11 All tumors were extensively immuno-phenotyped, including antibodies 
against CD20, CD10, MUM1, BCL-2, and BCL-6, tested for Epstein Barr-virus (EBV) 
expression by EBV-encoded RNA (EBER) in-situ hybridization (ISH), and tested for 
translocations of BCL-2, BCL-6, and c-MYC by fluorescence in situ hybridization 
(FISH) (supplementary Table 1).11 To detect somatic mutations in MYD88 and 
CD79B, a panel of allele-specific PCRs covering all major mutation (hot)spots8 was 
employed. As recently reported, this strategy permits efficient and sensitive detection 
of mutations using DNA extracted from paraffin embedded tissue, even in samples 
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with relatively low tumor load.11 The detected mutations were verified by Sanger 
sequencing. Of the 37 PTLs studied, 25 tumors (68%) were found to harbor a MYD88 
mutation (supplementary Table1). All these mutations concerned a leucine to proline 
exchange at position 265 (L265P). Among other MYD88 mutations reported, the 
L265P mutant has been shown to be biologically the most potent and was unique in 
its ability to organize a stable signaling complex containing phosphorylated IRAK1.8 
These characteristics presumably explain its ‘hotspot’ status in lymphomas, including 
DLBCL and Waldenströms macroglobulinemia.8,12 A CD79B mutation was found in 
7 of the 37 PTLs (supplementary Table 1). Interestingly, these tumors all harbored a 
co-existing MYD88 mutation. 
Our finding that MYD88 mutations are highly prevalent in PTLs confirm and extend 
previous studies reporting a remarkable site-specific variation in the prevalence of 
MYD88 mutations. Whereas MYD88 mutations were relatively infrequent in ABC 
DLBCLs arising in lymph nodes or gut, tumors arising outside these ‘professional’ 
lymphoid tissues frequently contained MYD88 mutations, either with or without a 
coexisting CD79B mutation. Interestingly, they were found to be present in up to 
75% of PCNSLs, which together with testicular lymphomas represent the immune-
privileged site-associated diffuse large B cell lymphomas (IP-DLBCL). Our current 
finding of a prevalence of MYD88 mutation in PTL that is comparable to that 
reported for PCNSLs9-11 supports the concept that IP-DLBCLs present a molecularly 
distinct group of lymphomas with shared pathogenetic features. Conceivably, 
mutational activation of TLR/MYD88 signaling may endow lymphoma-initiating 
cells with a selective growth advantage at immune-privileged sites. Other than 
lymph nodes and mucosa-associated lymphoid tissues (MALT), IP-sites are barrier-
protected and immunologically silent and, consequently, will likely under normal 
circumstances provide only limited stimulation by TLR ligands. Coexistent CD79B 
(or other BCR-pathway) mutations, causing chronic active BCR signaling, may 
further promote the selective outgrowth of the tumor cells within the stimulus-low IP 
microenvironment. In view of the crucial role of adhesion and chemokine receptors 
in tissue-specific lymphoma dissemination13,14, dysregulated “homing” of lymphoma 
cells carrying oncogenic MYD88 and/or CD79 mutations could present an alternative 
mechanism underlying the observed site-specific differences in prevalence of these 
mutations in DLBCL13. 
In conclusion, our results suggest that MYD88 mutations, and to a lesser extent 
CD79B mutations, are important drivers of lymphomagenesis in PTL. Presumably, 
PTL patients may benefit from therapies targeting MYD88 signaling components, 
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including IRAK kinase inhibitors, either alone or in combination with drugs blocking 
key mediators of B-cell receptor signaling (BCR) such as Bruton’s tyrosine kinase 
(BTK).14;15 It will be of interest to explore if patients with DLBCLs arising in lymph nodes 
and MALT and lacking these mutations, nevertheless also show evidence of active 
MYD88 and/or BCR signaling. Such activation might be triggered by environmental 
ligands and be associated with non-oncogene addiction to these pathways. Thus, 
like PTL patients, these patients may also benefit from therapy targeting MYD88 
and/or BCR signaling.
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The role of FOXP1 in mature human B cell biology and 
lymphomagenesis
The forkhead transcription factor FOXP1 has been shown to be essential for 
early B cell development.1 Recurrent chromosomal translocation involving FOXP1 
in ABC-DLBCL and MALT lymphoma, and the frequent aberrantly high FOXP1 
expression in these lymphomas, due to chromosomal translocation, trisomy 3 or 
other means, which is associated with poor prognosis, suggest that FOXP1 also 
exerts functional roles in mature B cells.2-9 Limited research has been performed in 
the past to elucidate the functions and underlying molcular mechnisms of the actions 
of FOXP1 in mature B cells an B cell lymphomagenesis. 

Oncogenic mechanisms of FOXP1 in B cell non-Hodgkin 
lymphomas
To investigate the potential oncogenic roles of high FOXP1 expression in B cells, we 
overexpressed FOXP1 in primary human B cells.
We showed that FOXP1 directly represses the expression of pro-apoptotic genes 
and that aberant overexpression of FOXP1 induces expansion of primary human B 
cells by repressing caspase-dependent apoptosis (chapter 2). Interestingly, FOXP1 
is dependent upon and cooperates with NF-κB activation to promote B-cell expansion 
and survival. However, FOXP1 still represses its-proapoptotic target genes in the 
absence of NF-κB activation. This indicates that whereas repression of these genes 
might be required for their prosurvial effect of FOXP1, their repression is not sufficient 
to promote survival of primary human B cells, because activation of the NF-κB pathway 
is required as well. Conversely, although it is well established that NF-κB activation 
and the subsequent upregulation of various antiapoptotic NF-κB targets plays a 
major role in B cell survival10-12, activation of NF-κB alone is apparently not sufficient 
to accomplish an optimal survival response. These results are of specific interest 
given the fact that the types of lymphomas in which FOXP1 is highly expressed 
(ABC-DLBCL and MALT lymphoma) are characterized by constitutive activation of 
the NF-κB pathway, on which they rely for survival3;5;13. Our data therefore suggest 
that aberrant FOXP1 expression can cooperate with constitutive activation of the 
NF-κB pathway to promote B cell survival and lymphomagenesis. From a diagnostic 
and therapeutic perspective, the dependence of FOXP1 on NF-κB signaling for its 
prosurvival effect is of major importance: targeted therapy of patients with agents 
that result in inhibiton of the NF-κB pathway will also overcome the additional 
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survival benefit due to aberrant FOXP1 expression. However, these results should 
also be interpreted with caution since they were obtained in an in vitro culture system 
that is highly dependent on NF-κB stimulation for survival. Similar to FOXP1, the 
well established B cell proto-oncogene BCL6, which causes lymphomagenesis in 
mice upon constitutive expression in B cells,14 could also no longer promote B cell 
expansion in the absence of NF-κB stimulation. Therefore, to prove the cooperation 
and dependence of FOXP1 on NF-κB pathway activation in an in vivo setting, further 
studies are warranted. For example, mouse models in which expression of FOXP1 
and/or CA-IKK2 could conditionally be induced in mature B cells could further clarify 
the the cooperation between these pathways in lymphomagenesis.15

Besides promoting B cell survival, overexpression of FOXP1 in primary human 
memory B cells also directly represses the key regulators of plasma cell differntiation 
PRDM1, IRF4, and XBP1 and represses the ability of these cells to differentiate 
into plasma cells (chapter 3). FOXP1 expression is downregulated during normal 
terminal B cell differentiation and failure to downregulate FOXP1 expression, due 
to aberrant, constitutively high, expression of FOXP1 will block B cell differentiation, 
similar to other established oncogenes and tumor suppressor genes, such as BCL6, 
SpiB, SOX11 and PRDM1 .9;16-19 Whereas FOXP1 overexpression inhibits terminal 
differentiation of primary human IgG+, it does not impair differentiation of IgM+ MBCs. 
We propose that this difference might be the consequence of the dissimilar levels of 
endogenous FOXP1 protein expression, which is higher in IgM+ MBCs than in IgG+ 
MBCs and might be sufficient to fully exert the differentiation inhibiting potential of 
FOXP1 (also see below for further discussion). This finding might seem conflicting 
with an oncogenic role of high aberrant FOXP1 through inhibition of plasma cell 
differentiation, especially since most ABC-DLBCLs express IgM surface BCR.20 
However, whereas the high levels of FOXP1 per se might not inhibit differentiation 
more than in the physiological situation, the inability to downregulate FOXP1, as a 
result of chromosomal translocations, trisomy 3 or other means, will prevent efficient 
plasma cell differentiation, and can thereby contribute to lymphomagenesis. 
In conclusion, its abilities to both inhibit apoptosis and prevent plasma cell differentiation 
render FOXP1 a highly efficacious oncogene for B cell lymphomagenesis. (Figure 1)
It has previously been suggested that a smaller FOXP1-isoform (FOXP1-iso), 
which is specifically highly expressed in ABC-DLBCL, rather than FOXP1-FL, might 
have oncogenic potential.21 This hypothesis could explain the paradoxic roles of 
FOXP1 as tumor suppressor in a number of solid tumor types, but as oncogene in 
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B cell non-Hodgkin lymphomas.5;22-31 We identified that the major FOXP1 isoform 
expressed in DLBCL lacks the N-terminal 100 amino acids of FOXP1-FL (Chapter 4). 
Overexpression of this smaller isoform in primary human B cells revealed a similar 
potency to promote survival and repress plasma cell differentiation as compared 
to FOXP1-FL. Moreover, overexpression studies of FOXP1-iso and FOXP1-FL in 
primary human B cells and DLBCL cell lines showed that these isoforms regulate the 
same set of genes. Therefore, our data indicate that FOXP1-iso and FOXP1-FL exert 
a similar and equally strong oncogenic activity when aberrantly (over)expressed in 
primary human B cells and that the total levels of FOXP1 expression, rather than 
the relative expression of specific isoforms, contributes to the oncogenic potential 
of FOXP1 in B cell lymphomas.  Furthermore, our results imply that expression of 
FOXP1-iso in B cell non-Hodgkin lymphomas versus expression of FOXP1-FL in 
epithelial tissues cannot explain its paradoxical actions as oncogene in the former 
and tumor suppressor in the latter tissues. These opposing functions of FOXP1 in 

Figure 1 Oncogenic mechanisms of FOXP1 in ABC-DLBCL
Aberrant high expression of FOXP1 cooperates with the NF-κB pathway, which is constitutively active in 
ABC DLBCL as a result of various mutations and deletions,  to promote B-cell expansion by repressing 
apoptosis. Moreover, failure to downregulate FOXP1 expression blocks plasma cell differentiation, similar 
to other established oncogenes and tumor suppressor genes. Combined, these actions render FOXP1 a 
highly efficacious oncogene for B cell lymphomagenesis 
Genes encoding for protein indicated in green are either overexpressed or affected by gain of function 
mutations whereas genes encoding for proteins indicated in red are downregulated or affected by 
deletions or inactivating mutations in ABC DLBCL. 
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different cell types are therefore more likely to be due to tissue-specific expression 
of transcriptional co-regulators or regulation of transcriptional targets, an intriguing 
and important aspect that warrants future studies. 

The role of FOXP1 in mature B cell biology
FOXP1 has been shown to be essential for early B cell development.1 Whereas 
aberrant high levels of FOXP1 might contribute to lymphomagenesis by promoting 
survival and inhibiting plasma cell differentiation, physiological expression levels 
might also regulate aspects of normal mature B cell biology, possibly via the same 
mechanisms. It has been shown by Sagardoy et al that FOXP1 expression is 
temporarily repressed at the GC stage, which is needed for appropriate GC B cell 
function.32 We show that (post-GC) memory B cells prominently express FOXP1, 
but these levels rapidly decrease upon plasma cell differentiation (Chapter 3). It is 
therefore conceivable that the endogenous levels of FOXP1, present in memory B 
cells, contribute to the B cell identity by directly repressing PRDM1, IRF4, XBP1, and 
that its downregulation is required for efficient plasma cell differentiation, similar to 
other B cell genes such as BCL6, SpiB, BACH2 and PAX5 (chapter 1, figure 2).33-36 
Given that FOXP1 protein expression is temporarily lowered at the GC stage26, is 
high in memory B cells and very low in plasma cells, it is tempting to speculate that 
the extend of FOXP1 upregulation at the end of the GC stage might contribute to the 
fate of a GC B cell, i.e., whether it differentiates into either a PC (no or weak FOXP1 
upregulation) or MBC (strong FOXP1 upregulation). Further studies are needed to 
investigate whether FOXP1 might indeed play a role in this fate decision. 
Intriguingly, as compared to IgM+ MBCs, IgG+ MBCs combine lower expression of 
FOXP1 with an enhanced intrinsic plasma cell differentiation propensity. Moreover, 
overexpression of FOXP1 inhibits terminal differentiation of primary human IgG+, 
but not of IgM+ MBCs. This difference does not appear to rely on intrinsic functional 
differences between the IgM vs the IgG BCR since FOXP1 could also inhibit PC 
differentiation of IgM expressing B cell lines (which express low endogenous 
levels of FOXP1). Rather, the divergent effects on IgG+ and IgM+ MBCs might be 
the consequence of the high(er) endogenous expression of FOXP1 in IgM+ MBCs, 
suggesting that these levels are sufficient to fully exert the differentiation inhibiting 
potential of FOXP1. Furthermore, the differences in differentiation potential between 
IgM+ versus IgG+ memory B cells in our culture system, in which the BCR is not 
stimulation, supports the model that BCR-extrinsic factors, such as transcription 
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factors, can contribute to these differences (see also introduction). Whether FOXP1 
indeed contributes to these differences in differentiation potential of IgM+ versus IgG+ 
memory B cells, analogous to the function of BACH2 in naive versus IgG+ memory B 
cells37, should be investigated in further studies.

MYD88 and CD79 mutations in diffuse-large B cell lymphomas 
presenting at immune-privileged sites
Diffuse large B cell lymphoma is a heterogeneous diagnostic class of lymphomas 
comprising molecularly distinct subtypes that differ in gene expression profile, 
oncogenic aberrations, clinical presentation and outcome.38;39 In ABC-DLBCL, various 
mutations and deletions in the pathways that normally control physiological NF-κB 
activation in B cells, cause constitutive activation of the NF-κB pathway, essential 
for ABC-DLBCL pathogenesis (Chapter 1, Figure 3).17 These include mutations in 
CD79B that enhance BCR induced signaling, and MYD88 mutations that promote 
MYD88 induced activation of NF-κB, JAK-STAT and interferon signaling.40;41 These 
mutations occur far more frequently in ABC-DLBCL than in GC-DLBCL and often 
coexist in the same tumor.40;41 By analyzing a large, independent set of DLBCLs 
we confirmed these observations. We furthermore showed that MYD88 and 
CD79B mutations rarely coexist with translocations of BCL2, BCL6, and cMYC, or 
Epstein-Bar virus infection. Intriguingly, whereas MYD88 mutations were relatively 
uncommon in nodal and gastrointestinal (GI) tract lymphomas, they were present in 
the vast majority of lymphomas presenting outside “professional lymphoid tissues”, 
particularly in so-called immune-privileged site-associated DLBCLs (IP-DLBCLs), 
arising in the central nervous system and the testis. IP-DLBCLs have previously 
been shown to share a number of distinctive clinical and biological features42-48 Our 
findings that most IP-DLBCLs harbor a MYD88 mutation, while these mutations are 
uncommon in the nodal and gastrointestinal tract DLBCLs, supports the concept 
that IP-DLBCLs present a molecularly distinct group of lymphomas with shared 
pathogenic features. Conceivably, mutational activation of MyD88 signaling may 
provide a selective growth advantage to lymphoma-initiating cells at immune-
privileged sites. IP-sites are barrier protected and immunologically silent and, in 
stark contrast to lymph node and mucosa-associated lymphoid tissues (MALT), will 
normally presumably only provide limited stimulation by TLR ligands. Further studies 
are needed to clarify if MYD88 and BCR signaling pathways in ABC-DLBCLs are 
indeed either activated by mutations or by environmental ligands. To this end, the 
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activity of MYD88 and BCR signaling pathways in nodal-, GI-, and IP-DLBCL with or 
without these mutations should be investigated. Alternatively, given the pivotal role 
of adhesion and chemokine receptors in tissue-specific lymphoma dissemination49, 
deregulated homing of lymphoma cells carrying oncogenic MYD88 and/or CD79B 
mutations might also underlie the site-specific differences in prevalence of these 
mutations in DLBCL. Our results suggest that MYD88 mutations, and to a lesser 
extend CD79 mutations are important drivers of lymphomagenesis in IP-DLBCL. 
From a therapeutic perspective, our data suggest that patients with IP-DLBCLs may 
benefit from therapies targeting MYD88 signaling, either alone or in combination with 
drugs blocking key mediators of BCR signaling.40;50;51
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Summary 
FOXP1 is prominently expressed in mature B cells and is a potential oncogene 
in B cell non-Hodgkin lymphomas; however, the functions of FOXP1 in mature B 
cells and B cell lymphomagenesis have not yet been fully explored. In the first part 
of this thesis we aimed to further study the roles of FOXP1 in B cell biology and 
lymphomagenesis.

The studies in part I of this thesis show the molecular and functional consequences 
of FOXP1 overexpression in mature human B cells. To identify direct FOXP1 target 
genes we combined gene expression microarray analysis, upon overexpression 
or knockdown of FOXP1, with chromatin immunoprecipitation followed by next-
generation sequencing (chapter 2 and chapter 3). 
In chapter 2 we showed that FOXP1 directly represses the expression of multiple 
pro-apoptotic genes. Furthermore we demonstrated that FOXP1 promotes 
expansion of primary human B cells by inhibiting caspase-dependent apoptosis, 
without affecting proliferation. We further showed that FOXP1 is dependent upon, 
and cooperates with NF-κB activity to promote this B-cell expansion and survival.
In chapter 3 we showed that FOXP1 directly represses the expression of PRDM1, 
IRF4, and XBP1, transcriptional master regulators of plasma cell differentiation. 
We further demonstrated that whereas FOXP1 is prominently expressed in primary 
human naive and memory B cells, expression strongly decreases during plasma 
cell differentiation. Moreover, as compared to IgM+ MBCs, IgG+ MBCs combine 
lower expression of FOXP1 with an enhanced intrinsic plasma cell differentiation 
propensity. Importantly, we show that constitutive (over)expression of FOXP1 in B 
cell lines and primary human MBCs represses their ability to differentiate into plasma 
cells, indicating that downregulation of FOXP1 is required for efficient plasma cell 
differentiation. 
In chapter 4 we investigated the functions of a smaller FOXP1 isoform that is 
specifically highly expressed ABC-DLBCL. It has previously been suggested that 
this isoform, rather than FOXP1-FL, has oncogenic potential. We identified that the 
major FOXP1 isoform expressed in DLBCL lacks the N-terminal 100 amino acids 
of FOXP1-FL. Overexpression of this smaller isoform in primary human B cells 
revealed a similar potency to promote survival and repress plasma cell differentiation 
as compared to FOXP1-FL. Moreover, overexpression of FOXP1-iso and FOXP1-FL 
in primary human B cells and DLBCL cell lines showed that these isoforms regulate 
the same set of genes. Together these data indicate that FOXP1-iso has a similar 
oncogenic potential as FOXP1-FL, when aberrantly overexpressed in B cells.
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Diffuse large B cell lymphoma is a heterogeneous diagnostic class of lymphomas 
comprising molecularly distinct subtypes that differ in gene expression profile, 
oncogenic aberrations, clinical presentation and outcome.1;2 Various mutations 
affecting the NF-κB pathway occur in ABC DLBCL (see introduction), of which 
MyD88 mutations are the most prevalent.3;4

The studies in part II of this thesis explore the prevalence of CD79B and MYD88 
mutations and their relation to established clinical, phenotypical and molecular 
parameters in a large panel of DLBC patients.
In chapter 5 we confirmed previous observations that mutations in CD79B and 
MYD88 are predominantly present in ABC-DLBCL and often coexist in the same 
tumor.4 Moreover, we demonstrated that the presence of these mutations is almost 
mutually exclusive with translocations of BCL2, BCL6, and cMYC, or Epstein-Bar 
virus infection. Furthermore, we showed a striking site specific variation in the 
prevalence of MYD88 mutations; whereas these mutations are relatively uncommon 
in nodal and gastrointestinal tract lymphomas, they are present in around 70% of 
immune-privileged site-associated DLBCL, presenting in central nervous system or 
testis. In chapter 6 we studied an extended panel of primary testicular lymphomas, 
with which we confirmed the high prevalence of MyD88 mutations in these immune-
privileged site-associated DLBCLs.
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Ondanks dat we continue blootgesteld worden aan ziekteverwekkers, zoals 
bacteriën en virussen, worden we zelden ziek. Het geheim hierachter ligt in ons 
immuunsysteem. Het immuunsysteem bestaat uit twee delen: het aangeboren en het 
adaptieve immuunsysteem. De cellen van het aangeboren immuunsysteem vormen 
de eerste verdedigingslinie: zodra ze iets lichaamsvreemds detecteren beginnen 
ze direct met de aanval. Deze cellen kunnen echter niet voor blijvende immuniteit 
zorgen. Cellen van het adaptieve immuunsysteem (de B cellen en de T cellen), 
beginnen pas een paar dagen na de infectie met daadwerkelijk aanvallen. Deze 
cellen kunnen echter specifiek een bepaalde ziekteverwekker herkennen en deze 
gericht aanvallen. Bovendien onthouden ze, nadat ze een ziekteverwekker voor de 
eerste keer gezien en uitgeschakeld hebben, hoe ze deze uitgeschakeld hebben. 
De volgende keer dat deze zelfde ziekteverwekker het lichaam binnenkomt, kunnen 
ze deze strategie dan gelijk toepassen en ze zorgen daarmee voor immuniteit. Dit 
is ook het systeem waarop vaccinaties berusten. Geactiveerde B cellen ontwikkelen 
zich tot zowel plasma cellen als B-geheugen cellen. Plasma cellen scheiden 
antilichamen uit, die specifiek zijn voor een bepaalde ziekteverwekker en zorgen 
voor de uitschakeling van deze ziekteverwekker. De B-geheugen cellen blijven in het 
lichaam achter, tot lang na een infectie. Mocht er een tweede infectie plaatsvinden met 
dezelfde ziekteverwekker, worden deze specifieke B-geheugen cellen geactiveerd, 
waarop ze snel differentiëren naar plasma cellen, die er op hun beurt voor zorgen 
dat de ziekteverwekker snel geëlimineerd wordt (immuniteit).

De specificiteit van de B cellen voor één bepaalde ziekteverwekker komt doordat 
B cellen een eiwit op hun celoppervlak hebben dat een deeltje van één bepaalde 
ziekteverwekker kan herkennen (analoog aan een slot en een sleutel). Er 
zijn bijna oneindig veel varianten van dit eiwit (de B cel receptor) en elke B cel 
heeft één van deze varianten op zijn celoppervlak. De diversiteit van deze B cel 
receptoren komt al tot stand tijdens de ontwikkeling van de B cel in het beenmerg. 
Na activatie van een B cel door deeltjes van een ziekteverwekker, wordt de B cel 
receptor nog verder geoptimaliseerd voor perfecte herkenning van specifiek deze 
ziekteverwekker. Hiervoor worden er mutaties en breuken in het DNA dat codeert 
voor de B cel receptor gemaakt. Alhoewel dit aan de ene kant dus nodig is om een 
optimaal werkend immuunsysteem te hebben, zit er een deze processen ook een 
grote keerzijde: soms ontstaan er als bijproduct ook mutaties of breuken in andere 
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delen van het DNA, wat in het ergste geval kan leiden tot gedereguleerde expressie 
van genen die een rol spelen bij de vorming van kanker. Inderdaad komt kanker 
van B cellen (lymfomen of leukemieën) relatief vaak voor (ongeveer 10% van alle 
kankergevallen). 
Het meest voorkomende lymfoom is diffuus grootcellig B-cel lymfoom (DLBCL). 
Onder deze noemer valt een redelijk heterogene groep lymfomen, die kan worden 
ingedeeld in drie hoofdtypes, waarvan het geactiveerde B cel type (ABC) de slechtste 
prognose heeft. Lymfomen uit deze groep hebben specifieke kenmerken in het 
gemeen, waarvan de belangrijkste zijn dat ze vastzitten in een differentiatiestadium 
die tussen de B-geheugencel en de plasma cel in ligt en dat de zogenaamde NF-κB 
signaleringsroute (die zorgt voor celgroei en overleving) continue actief is. Dit is 
het gevolg van verkeerde expressie of activiteit van één of meerder eiwitten: hoge 
expressie of verhoogde activiteit van genen die de differentiatie remmen of de NF-κB 
signaleringsroute activeren, of lage expressie van genen die differentiatie stimuleren 
of de NF-κB signaleringsroute remmen.

Het eiwit FOXP1 komt hoog tot expressie in ABC type DLBCL en de mate van 
expressie kan ook gecorreleerd worden aan de prognose in patiënten met deze 
lymfomen. Dit suggereert dat dit eiwit een actieve rol zou kunnen spelen in deze 
lymfomen, en mogelijk ook in de normale tegenhanger van deze lymfomen: de 
B-geheugencellen. Dit eiwit is een zogenaamde transcriptiefactor, wat inhoudt dat 
het de transcriptie van bepaalde genen, en daarmee de aanmaak van eiwitten, kan 
remmen of stimuleren. In het eerste deel van dit proefschrift hebben we de gevolgen 
van hoge FOXP1 expressie in humane B-geheugencellen onderzocht.
In hoofdstuk 2 hebben we laten zien dat FOXP1 de expressie van meerdere apoptose 
(celdood) stimulerende genen remt. Bovendien zorgt hoge FOXP1 expressie ook 
daadwerkelijk voor minder celdood in B-geheugencellen, terwijl het geen invloed 
heeft op de celdeling. Dit overlevings-stimulerende effect kon echter alleen worden 
waargenomen als in deze cellen de NF-κB signaleringsroute ook werd gestimuleerd. 
Dit is van belang omdat het suggereert dat wanneer de NF-κB signaleringsroute 
wordt geremd in patiënten (zoals nu al gebeurd in bepaalde therapieën), dan ook het 
overlevings-stimulerende effect van FOXP1 teniet zal worden gedaan. 
In hoofdstuk 3 hebben we laten zien dat FOXP1 de expressie van drie genen die een 
essentiële rol spelen bij de plasma cel differentiatie (PRDM1, IRF4 en XBP1) remt. 
Verder tonen we aan dat er redelijk veel FOXP1 eiwit aanwezig is in B-geheugencellen, 
maar dat dit expressieniveau snel daalt wanneer deze cellen differentiëren naar 
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plasma cellen. Dit suggereert dat het dalen van het expressieniveau nodig zou 
kunnen zijn voor efficiënte plasma cel differentiatie. Of, als je dit omkeert, dat als 
de expressie continue hoog blijft (zoals bij een zich ontwikkelend lymfoom het geval 
kan zijn), de B cellen mogelijk niet meer goed differentiëren naar plasma cellen. Dit 
blijkt inderdaad het geval te zijn: continue overexpressie van FOXP1 in B cellijnen en 
humane B-geheugencellen zorgt ervoor dat deze cellen minder goed naar plasma 
cellen kunnen differentiëren. Verder laten we zien dat een specifieke subgroep van 
humane B-geheugen cellen (IgG+ B-geheugen cellen) een lagere FOXP1 expressie 
combineert met een verhoogt vermogen te differentiëren naar plasma cellen. Dit 
suggereert dat FOXP1 ook een rol zou kunnen spelen in fysiologische verschillen 
tussen verschillende B-geheugencel subgroepen. 
In hoofdstuk 4 hebben we ons specifiek gericht op een kleinere variant van het 
FOXP1 eiwit (FOXP1-iso), waarbij een stukje mist wat wel in het volledige FOXP1 
eiwit aanwezig is. Deze zogenaamde “isovorm” komt hoog tot expressie in ABC type 
DLBCL, en in het verleden is gesuggereerd dat specifiek FOXP1-iso, en niet het 
volledige FOXP1 eiwit, oncogene potentie zou kunnen hebben. Wij laten zien dat 
FOXP1-iso de eerste 100 aminozuren mist, in vergelijking met het volledige FOXP1 
eiwit. Vervolgens hebben we functies van deze isovorm bekeken, en vergeleken met 
de functies van het volledige FOXP1 eiwit, door beide tot overexpressie te brengen 
in primaire humane B cellen en DLBCL cellijnen. Hiermee hebben we aangetoond 
dat er geen verschil is tussen volledig FOXP1 en FOXP1-iso in de mate waarin 
deze in staat zijn tot het onderdrukken van celdood en plasma cel differentiatie. 
Bovendien laten we ook zien dat beiden dezelfde reeks genen reguleren in deze 
cellen. Samengenomen suggereren deze data dat FOXP1-iso dezelfde oncogene 
potentie heeft als het volledige FOXP1 eiwit, wanneer dit tot overexpressie wordt 
gebracht in B cellen.

Zoals eerder gezegd is diffuus grootcellig B-cel lymfoom een heterogene diagnostische 
klasse van lymfomen die bestaat uit moleculair verschillende subtypes die verschillen 
in genexpressie, oncogene afwijkingen, klinische presentatie en prognose. ABC 
type DLBCL wordt gekenmerkt door verscheidene mutaties die resulteren in een 
verhoogde activiteit van de NF-κB signaleringsroute. Veelvoorkomend zijn mutaties 
in het MyD88 gen en het CD79B gen.
In hoofdstuk 5 bevestigen we de al eerder gemaakte bevindingen dat mutaties in 
CD79B en MYD88 voornamelijk voorkomen in het ABC type DLBCL en dat deze 
vaak beide voorkomen in dezelfde tumor. Interessant is dat we zien dat er een groot 
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verschil is tussen de frequentie van deze mutaties in DLBCLen die zich presenteren 
in enerzijds de lymfeknopen en het maag-darm stelsel, en anderzijds in het centrale 
zenuwstelsel en de testis. Terwijl deze mutaties voorkomen in ongeveer 70% van de 
tumoren in het centrale zenuwstelsel en de testis, komen ze relatief weinig voor in 
tumoren uit de andere geteste locaties. Het centrale zenuwstelsel en de testis behoren 
tot de zogenaamde immuun gepriviligeerde plaatsen. Dit zijn plaatsen in het lichaam 
waar immuunreacties niet plaats vinden of op een andere manier plaatsvinden dan 
in de rest van het lichaam, wat belangrijk is voor het behoud van de integriteit in 
deze organen. In hoofdstuk 6 hebben we de groep primaire testiculaire lymfomen 
uitgebreid. Wederom zagen we ook in deze grotere groep aanwezigheid van MyD88 
mutaties in de meerderheid van deze lymfomen. Onze bevindingen ondersteunen 
het concept dat DLBCLen die zich presenteren in immuun gepriviligeerde plaatsen 
(IP-DLBCLen) een aparte subgroep vormen. Deze mutaties zouden de lymfomen 
kunnen voorzien van activatie van bepaalde signaaltransductieroutes, die in 
lymfomen in de lymfeknopen of het maag darm stelsel geactiveerd worden door 
stimulatie van de B cellen via B cel receptor of andere receptoren op de B cel als 
gevolg van een immuunrespons. Of dit daadwerkelijk het geval is zal in verdere 
studies onderzocht moeten worden. 
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Dankwoord
Voor het tot stand komen van dit proefschrift en alle bijkomende zaken tijdens mijn 
promotietijd hebben veel mensen op enige manier een bijdrage geleverd en die wil 
ik allen hartelijk bedanken.

Ten eerste, mijn co-promotor Marcel Spaargaren en mijn promotor Steven Pals. 
Allereerst voor de kans aan dit “uitdagende” eiwit te werken. Ik ben blij dat we 
de hoop niet hebben opgegeven. Uiteindelijk is er, zeker ook dankzij jullie input, 
toch echt wel iets moois uitgekomen. Naast de input in het lab vond ik vooral de 
werkbesprekingen op 3000m in de skilift gedenkwaardig.

Gelijk daarna, uiteraard, mijn paranimf Leonie. Leonie (a.k.a. Leonie the buffy 
slayer), het is duidelijk dat zonder jou dit proefschrift er een stuk minder mooi had 
uitgezien. Je bent, terecht, tweede auteur van de 3 FOXP1 hoofdstukken. Jij bent 
degene geweest die begonnen is met de plasma cel differentiatie proeven op te 
zetten (en die vieze tonsillen te prakken!), waardoor het project de nodige positieve 
boost kreeg. Het was heel fijn om iemand te hebben die echt alles van het project af 
wist en met wie ik alles kon bespreken (zelfs als het niet FOXP1 gerelateerd was). 
Je bent een superanalist.

Dan mijn tweede paranimf, Katarina, die ik nu gewoon in het nederlands kan 
toespreken J.
Ooit in een ver verleden hebben wij ook eens iets samen gedaan met FOXP1, 
maar jouw input tijdens mijn promotietijd (en daarna) was niet alleen op 
wetenschappelijk gebied. Met jou kan ik ook zeker alles bespreken, en dan 
voornamelijk niet over FOXP1 ;). Een van de hoogtepunten was natuurlijk dat we 
samen de halve marathon van Wenen gelopen hebben; ooit,op een dag lopen we 
samen de midzomernachtsmarathon….Ook erg belangrijk voor de diepgaande 
wetenschappelijke discussies binnen de afdeling (en tussen de verschillende 
groepen in de afdeling) was jouw initiatief voor “sporten en saunen”, waarbij af en 
toe ook door sommige mensen gesport werd.

Verder wil ik natuurlijk ook de rest van mijn kamergenoten bedanken. Martin..zonder 
jou was het zeker een stuk ongezelliger geweest. Jij nam vaak het initiatief leuke 
dingen te doen, naast het harde werk op het lab. Met als hoogtepunt de trip naar 
New York, zonder jou was ik er nooit heen gegaan en het was geweldig! Linda, ook 
lange tijd onderdeel van onze AIOkamer. Als er iets georganiseerd moest worden 
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kwam het er vaak op neer dat wij dat deden, maar meestal was dat ook leuk. Vooral 
natuurlijk de organisatie van ons labuitje (uiteraard ook met dank aan Roy en Rob), 
waar we vooral zelf erg veel plezier aan beleefden. Later kwamen ook Mahnoush, 
Timon en Zemin op de kamer. Alhoewel ik niet zo lang samen op de afdeling ben 
geweest met jullie, heb ik toch al behoorlijk wat leuke en goede herinneringen aan 
jullie, bedankt voor de gezelligheid. Mahnoush..I suppose you are almost a complete 
labencyclopedia yourselve now..

En ook de rest van de mensen van de “B-cel-pathologie” hebben allemaal op 
een of andere manier op een positieve manier een bijdrage geleverd. Anneke en 
Annemieke, bedankt voor de hulp bij experimenten en de gezelligheid op het lab 
en op congressen. Harmen, bedankt voor de gezelligheid en voor dat ik jou altijd 
als uitlaatklep mocht gebruiken. Jeroen G. heel erg bedankt voor al je input. Je 
was altijd geïnteresseerd in wat ik deed en kwam vaak met goede ideeën, die ook 
zeker hebben geholpen de hoofdstukken in dit proefschrift te verbeteren. Daarnaast 
ook bedankt voor je gezelligheid, bijvoorbeeld tijdens het overleven van extreem 
gevaarlijke “only for experts” pistes. Richard, altijd een gezellige gesprekspartner en 
elke keer dat ik een antilichaam nodig heb tegen bijvoorbeeld CD23, denk ik:Richard 
zou zeggen:”je kunt ook een antilichaam tegen CD19 én een antilichaam tegen CD4 
combineren J”. Robbert en Sander, bedankt voor jullie gezelligheid op de kamer, 
tijdens de lunch en in de epstein bar. Kinga, hope you are doing well in Poland! 
Patricia, bedankt voor al je hulp op het lab en voor het fungeren als mijn persoonlijke 
chauffeur bij feestjes en congressen. Alex, je was een fijne toevoeging aan de groep, 
veel succes in de toekomst! Speciale dank gaat uiteraard ook uit naar Willem. Deel 
twee van dit proefschrift is misschien ook een beetje jouw proefschrift? Monique en 
Esther, bedankt voor het voorwerk aan FOXP1 en het snijden van die verschrikkelijke 
vriescoupes. Carel, bedankt voor je input tijdens de werkbesprekingen. Daarnaast 
heb ik goede herinneringen aan verstoppertje spelen in Manhattan. Ook wil ik de 
“oude garde” (Rogier, Febe, en Jurrit) bedanken voor de hulp tijdens mijn begin op 
het lab.
Daarnaast wil ik ook twee “studenten” die ik heb begeleid in het bijzonder noemen. Lise 
en Timon, jullie kenmerken je beide door een enorme inzet en doorzettingsvermogen, 
beiden op jullie eigen manier. Jullie waren een stimulerend voorbeeld voor mij, veel 
succes met afronden van jullie eigen promotietrajecten! 

Daarnaast werkten er nog veeel meer mensen op de pathologie waarvan ik er een 
aantal speciaal wil noemen. Wilco, Marcel J., Jeroen B., Jesper en Lotte van de 
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nierengroep : gelukkig durfden jullie ook af en toe dingen te ondernemen met de “B 
cellen”, zoals naar pinkpop en uiteraard het eerder genoemde sporten en saunen. 
Nike, essentieel op het lab en extreem sportief daarbuiten. Het was erg leuk dat we 
uiteindelijk zoveel mensen meekregen naar de bootcamp. Hans, altijd gezellig en ook 
een zeer “fanatiek”sporter. Eelco, heel erg bedankt voor het snelle lay-outen! Peter 
van R. bedankt voor al je verhalen en ingenieuze oplossingen zoals het doormidden 
branden van een ELISPOT plaat.

Daarnaast dank voor gezelligheid, op het werk of tijdens borrels aan Chiel, 
Karène,Anand, Avanita, Emanuelle, Geurt,Peter O., Mark, Jaklien, Elena, Lionel, 
Diba, Alessandra, Loes, Gwen, Frederike, Gerrit, Dilara, Dieuwertje, Nerissa, Katja, 
Peter T,. Onno,Mireille, Thera, Alex, Jitske, Mirjam, Patrick, Remco, Ronald en Robert.

Michal en Ruben, thanks for your help with the CHiP-seq and analysis, without you 
it would certainly have taken much more time.

Thanks as well to my new colleagues in Freiburg, for providing a nice atmosphere in 
my “new lab”. Special thanks to Marta, Steffi, and Marika, for pulling me away from 
work every once in a while for some more relaxing or sportive activities. Steffi….
finally…..you can call me a postdoc.
Abhi: you’re next!
 
Daarnaast, ook heel belangrijk, dank aan de mensen bij wie ik buiten het werk om 
terecht kon voor ontspanning, gezelligheid en/of advies.
Lars, Maya, Caro, Niels, Frank, Eunjoo, Sophia, Jaap, Sae, Jeroen (Steen)…
gelukkig kon ik af en toe bij jullie langskomen (ik weet het, niet vaak genoeg) voor 
ontspanning, inspanning, een drankje, een maaltijd (mexicaans!), een leuk bordspel 
(kakkerlakkensalade!) of een feestje. Natuurlijk waren de gezamenlijke vakanties 
ook erg gedenkwaardig. Hopelijk binnenkort weer een keer? 

Daarnaast, natuurlijk, voor jullie interesse, begrip, steun op alle mogelijke manieren 
en bovenal gezelligheid, heel veel dank aan Pap,Mam, Oma, Linda, Eric en Maria 
Natuurlijk, ook niet te vergeten, aan Naomi en Jael, voor gezellige afleiding.
En natuurlijk,  Maarten (niet te slijmerig!!!), oke.. niet te slijmerig…bedankt voor alle 
hulp, begrip, geduld, liefde en gezelligheid. 
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Name PhD student:              Martine van Keimpema 

PhD period:               june 2008-june 2013 

Name PhD supervisor:  Prof. Steven T.  Pals 

1. PhD training 

 

 Year Workload 

(ECTS) 

Specific courses  

-  advanced immunology 

 

2011 

 

2.9 

Seminars, workshops and master classes 

- Seminars in pathology 

- OASIS seminars 

- AIM seminars 

- Ruysch lectures 

 

2008-2013 

2008-2013 

2008-2013 

2008-2013 

 

7 

6 

5 

0.5 

Presentations 

- Oral presentation, seminars in pathology 

- Oral presentation, tumor cell biology meeting 

- Oral presentiation, OASIS seminars 

- Oral presentation, dutch hematology congress 

- Oral presentation, tumor cell biology meeting 

- Poster presentation, NVVI annual meeting 

- Oral presentation, tumor cell biology meeting 

- oral presentation, NVVI annual meeting 

- oral presentation, pathology research day 

- oral presentation, AIM seminar 

- oral presentation, Lymmcare symposium 

- oral presentation, AIM seminar 

- poster presentation, keystone “B cell development and 
function” 

- oral presentation, dutch hematology congress 

 

 

2009 
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2011 

2011 

2012 

2012 

2012 

2012 

2012 
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2013 

 

2015 

 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.5 

0.25 

0.5 

0.5 

0.25 

0.5 

 

0.5 
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(Inter)national conferences 

-  KWF tumor cell bioloy meeting, Lunteren, the 
Netherlands 

 

-  NVVI annual meeting, Noordwijkerhout, the 
Netherlands 

 

- Dutch hematology congress, Papendal, the 
Netherlands 

 

- Keystone B cells: new insights into norma versus 
dysregulated function, Whistler, Canada 

 

- Keytone B cell development and function, Keystone, 
USA 

 

 

2010,2011, 

2012 

2009, 2011, 
2012 

2009,2010, 
2011, 2012, 

2015 

 

 

2011 

 

 

2013 

 

1.7 

 

2 

 

1.5 

 

 

 

1.5 

 

 

1.5 

Other 

-  Journal club 

- Annual graduate student retreat, OOA 

- Annual graduate student retreat, FBI Amsterdam 

 

2008-2013 

2009,2010, 

2009, 2010 

 

8 

1.8 

1 

 
 
 

2. Teaching 

 

 Year Workload 
(ECTS) 

Supervising  

- Rewie Ramawadh 

- Spyros Goudelis 

- Lise Hafkenscheid 

- Timon Bloedjes 

 

2009 

2011 

2012 

2013 

 

4 

1 

4 

1 
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 Year 
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- NVVI travel grant 

- Spinoza scholarship 

 

2013 

2013 
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Peer reviewed 

-High prevalence of activating MYD88 and CD79B mutations in  
diffuse large B-cell lymphomas presenting at immune-privileged  
sites 
Kraan W, Horlings H, van Keimpema M, Schilder-Tol E, Oud M,  
Scheepstra C, Kluin P, Kersten MJ,Spaargaren M, and Pals ST 
Blood Cancer Journal (2013); 3:e319 
 
- High prevalence of oncogenic MYD88 and CD79B mutations in 
primary testicular diffuse 
large B-cell lymphoma 
Kraan W, Horlings H, van Keimpema M, Schilder-Tol E, Oud M, 
Scheepstra C, Kluin P, Kersten MJ,Spaargaren M, and Pals ST 
Leukemia(2014); 28:719-720 
 
-FOXP1 directly represses transcription of pro-apoptotic genes and 
cooperates with NF-κB to promote survival of human B-cells 
Van Keimpema M, Grüneberg LJ, Boxtel R, Mokry M, Coffer PJ, Pals ST 
and Spaargaren M 
Blood (2014);124(23):3431-3440 
 
T-he forkhead transcription factor FOXP1 represses human plasma 
cell differentiation 
van Keimpema M, Grüneberg LJ, Mokry M,  van Boxtel R, van Zelm MC, 
Coffer P, Pals ST,, and Spaargaren M. 
Blood, under revision 
 

 

 

2013 

 

 

 

 

2014 

 

 

 

 

2014 

 

 

 

2015 
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FOXP1 directly represses transcription of pro-apoptotic genes and 
cooperates with NF-κB to promote survival of human B cells
Martine van Keimpema, Leonie J. Grüneberg, Michal Mokry, Ruben van Boxtel, Jan 
Koster, Paul J. Coffer, Steven T. Pals, and Marcel Spaargaren
Blood. (2014);124(23):3431-3440

Authorship contributions
M.vK. designed the research, performed experiments, analyzed data, designed 
figures and wrote the manuscript; L.J.G., M.M., and R.vB. performed experiments, 
analyzed data and designed figures, J.K. analyzed array-/survival-data, P.J.C. 
interpreted data and co-supervised part of the study, S.T.P. co-supervised the study 
and reviewed the manuscript; M.S. designed the research, supervised the study, 
analyzed the data and wrote the manuscript.

The forkhead transcription factor FOXP1 represses human plasma cell 
differentiation
Martine van Keimpema, Leonie J. Grüneberg, Michal Mokry, Ruben van Boxtel, 
Menno C. van Zelm, Paul Coffer, Steven T. Pals, and Marcel Spaargaren
Submitted manuscript

Authorship contributions
M.vK. designed the research, performed experiments, analyzed data, designed 
figures and wrote the manuscript; L.J.G., M.M., and R.vB. performed experiments 
and analyzed data, M.C.vZ and P.J.C. interpreted data and co-supervised part of the 
study, S.T.P. co-supervised the study and reviewed the manuscript; M.S. designed 
the research, supervised the study, analyzed the data and wrote the manuscript.
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The small FOXP1 isoform highly expressed in ABC-DLBCL exerts 
similar transcriptional and oncogenic activity as full length FOXP1 in 
human B cells
Martine van Keimpema, Leonie J. Grüneberg, Esther J.M. Schilder-Tol, Monique 
E.C.M. Oud, Esther Beuling, Paul J. Hensbergen, Johann de Jong, Jaap Kool, 
Louise van der Weyden, Steven T. Pals, and Marcel Spaargaren
Manuscript in preparation

Authorship contributions
M.vK. designed the research, performed experiments, analyzed data, designed 
figures and wrote the manuscript; L.J.G., E.J.M. S-T, M.E.C.M.O, E.B., J.dJ., J.K., 
and L. vdW. performed experiments and analyzed data, P.J.H. interpreted data and 
co-supervised part of the study, S.T.P. co-supervised the study and reviewed the 
manuscript; M.S. designed the research, supervised the study, analyzed the data 
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High prevalence of oncogenic MYD88 and CD79B mutations in diffuse 
large B-cell lymphomas presenting at immune-privileged sites
Willem Kraan, Hugo M. Horlings, Martine van Keimpema, Esther J. M. Schilder-Tol, 
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Marcel Spaargaren, and Steven T. Pals
Blood Cancer Journal. (2013); 3:e319

Authorship contributions
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figures and wrote the manuscript; E.J.M. S-T and M.E.C.M.O performed experiments; 
C.S., P.K., and M.J.K. provided patients samples and data and reviewed the 
manuscript; M.S. co-supervised the study and reviewed the manuscript; S.T.P. 
designed the research, supervised the study, analyzed the data and wrote the 
manuscript.
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High prevalence of oncogenic MYD88 and CD79B mutations in primary 
testicular diffuse large B-cell lymphoma
Willem Kraan, Martine van Keimpema, Hugo M. Horlings, Esther J. M. Schilder-Tol, 
Monique E. C. M. Oud, Arnold L. Noorduyn, Philip M. Kluin, Marie José Kersten, 
Marcel Spaargaren, and Steven T. Pals
Leukemia. (2014) 28(3):719-720.

Authorship contributions
W.K., M.vK, and H.M.H performed experiments, analyzed the data, designed the 
figures and wrote the manuscript; E.J.M. S-T and M.E.C.M.O performed experiments, 
A.L.N., P.K., and M.J.K. provided patients samples and data and reviewed the 
manuscript; M.S. co-supervised the study and reviewed the manuscript; S.T.P. 
designed the research, supervised the study, analyzed the data and wrote the 
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