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ABSTRACT
Mantle cell lymphoma (MCL) is a rare hematopoietic malignancy characterized by frequent
relapses and poor survival, partly due to minimal residual disease, whereby a subset of
malignant cells, harbored in protective niches, survive treatment. In vitro and ex vivo
experiments have shown that MCL cells can be rescued from apoptosis through interactions
with non-malignant cells such as stromal cells. The present thesis investigates the effect that
extrinsic microenvironmental interactions may exert on MCL cells and discuss the
presumptive role of these as well as intrinsic mechanisms in the development and progression
of lymphomas.
MCL cells commonly grow in suspension but when co-cultured with stromal cells a fraction
of the MCL cells strongly attached to the stromal cell monolayer. Analysis of transcript levels
by next generation sequencing and species-specific read separation we identified sets of
genes with altered transcript levels between the adherent MCL cells and those that remained
in suspension. These genes could broadly be divided into four functional themes of which
three exhibited increased transcript levels in the adherent fraction: B-cell signaling, antiapoptosis and cell adhesion/migration, and one, early mitosis for which the associated genes
exhibited lower transcript levels in the adherent MCL fraction. Additionally, we observed a
significant overlap between the changed genes in the present co-culture model system and
genes that change at the mRNA level between lymph node and cells in circulation in material
from MCL and chronic lymphocytic leukemia patients. Suggesting that the model system
faithfully represent aspects of microenvironment-promoted changes to the lymphoma cells
also observed in vivo. As different MCL cell lines were subject to similar co-culture
conditions we observed differences in engagement of and dependency on cell surface
molecules, including the B cell receptor, for adhesion to stromal cells. Different responses to
microenvironmental interactions for different MCL cells may therefore affect how different
patients or different subsets of MCL cells within a patient will respond to different therapy
regimens.
The transcription factor SOX11 is a key diagnostic marker in MCL. Commonly not expressed
in hematological malignancies it is expressed in 90% of MCL cases and most importantly
identifies cyclin D1 negative MCL. Its role in MCL development and progression is however
debated. Here we show that in the context of the non-malignant pre-B-cell-like cell line Ba/F3
SOX11 does not exhibit oncogenic properties.

MYC is a transcription factor that is capable of regulating the expression of a vast and diverse
set of genes and has a role in lymphoma development, progression and disease prognosis for
many lymphoma types, including MCL. Here we show that progressively increasing MYC
levels in B-cells lead to the gradual change in expression in a large set of genes and
importantly the gradual increase of two lymphoma-associated MYC mutants significantly
altered transcript levels differently from wild type MYC. Gene set enrichment analysis
identified functions previously associated with regulation by MYC such as ribosome
biogenesis and purine metabolism, while other, novel functions such as those related to Bcell identity and chemotaxis were observed. The MYC regulated genes overlapped with
previous gene signatures observed in the Eµ-Myc mouse model and also with recently
identified direct MYC targets, collectively indicating the utility of the present model system
with inducible MYC for the identification of MYC dependent functions in lymphomagenesis.
Two studied lymphoma-associated MYC mutants differentially affect largely distinct subsets
on Myc-regulated genes via different mechanisms.
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1 INTRODUCTION
1.1

B-CELL LYMPHOMAS

Normal B-cell differentiation and maturation depend on intrinsic and extrinsic signaling
mechanisms where survival, proliferation, genomic rearrangements and mutations are
supported at one or several instances during development. The process of B-cell development
is inherently prone to malignant transformation given that the processes involved in antibody
diversification may lead to unwanted chromosomal aberrations and oncogenic mutations. Bcell lymphomas are a heterogeneous group of malignancies, with different manifestations
and clinical outcomes that acquire the first oncogenic event at some stage during B-cell
development.1,2 This first event may give survival advantages during further differentiation
steps. The ultimate transformative event occurs later and can occur at different stages of the
B-cell differentiation process. Consequently, the transformed B-cells will have a
phenotypical resemblance to a normal B-cell counterpart at a particular developmental stage
which may be reflected in terms of V(D)J rearrangements, IGHV mutation status as well as
in distinct gene expression profiles and cell morphology. For example, the disease-defining
oncogenic event in mantle cell lymphoma (MCL) occurs during the VDJ rearrangement of
the immunoglobulin genes at the pre-B-cell stage, a translocational event juxtaposes cyclin
D1—which is normally required for the G1/S cell cycle transition—to the immunoglobulin
heavy chain promoter, leading to deregulated expression and an aberrant cell cycle. This
genetic event is however not sufficient to drive malignant transformation, as circulating Bcells carrying the MCL-associated translocation above have been observed in healthy
individuals,3 and secondary oncogenic events are required to promote malignant
transformation.
The normal cellular counterpart for the majority of MCL cases and some cases of chronic
lymphocytic leukemia (CLL) is the naïve, pre-germinal center B-cell and these cases are
typically associated with an aggressive disease phenotype and a poor clinical outcome. For
some MCL and CLL cases however the cell of origin is an antigen-experienced cell that has
acquired somatic mutations when passing through the germinal center. Germinal center Bcell-like diffuse large B-cell lymphoma (DLBCL), follicular lymphoma (FL) and Burkitt’s
lymphoma (BL) have their normal counterpart in the germinal center B-cell while activated
B-cell-like DLBCL and mucosa associated lymphoid tissue lymphoma (MALT) resemble
post-germinal center B-cells. The most common B-cell lymphomas are FL and DLBCL,
comprising between 50-60% of B-cell lymphoma cases worldwide. In some B cell
lymphomas such as FL, BL and MCL, key translocational events—where the oncogenes
1

BCL2, MYC and CCND1, respectively, are erroneously joined to the heavy chain locus on
chromosome 14, leading to their constant activation—are present in the vast majority of
cases. As these genomic rearrangements alone are not sufficient to induce malignant
transformation, secondary genomic aberrations altering key pathways are necessary for
cancer progression. While key translocational events related to the immunoglobulin heavy
chain locus are considered hallmarks of these three B-cell lymphomas, most cases retain one
allele of the immunoglobulin heavy chain locus and have the ability to express a functional
B-cell receptor and can take advantage of its downstream signaling for increased survival
and proliferative responses.
1.2

MANTLE CELL LYMPHOMA

1.2.1 Etiology and epidemiology of MCL
Mantle cell lymphoma (MCL) is an aggressive and in most cases incurable B-cell neoplasm
that was recognized as a distinct non-Hodgkin’s lymphoma (NHL) subtype in the early 1990s.
MCL comprises about 7% of the NHL cases and it is characterized by a generally high relapse
rate and mortality.1 As in most NHL subtypes there is a strong male predominance among
MCL cases (2.3–2.5 male to female ratio) and the median age at diagnosis is 67 years and 70
years for men and women respectivly.4,5 Patients commonly present with advanced stage
disease at diagnosis and more than 90% of the cases have extra-nodal manifestations with
bone marrow (> 60% of cases) and gastrointestinal involvement.6,7 The most recent
classification of MCL makes a distinction between two main groups, the first one being
classic MCL, which is typically IGHV unmutated, SOX11+, genomically unstable with lymph
node or extra-nodal involvement, and the second group being leukemic, non-nodal MCL
which is typically negative for SOX11, genomically stable, carrying mutated IGHV.2 Four
main cytological variants of MCL are recognized: small cell, classic, pleomorphic and
blastoid, ordered according to progressively worse disease outcome. The small cell type has
often been found in MCL patients with tumors that follow an indolent clinical course.
While the median overall survival time has doubled over the past years—from 3–4 years to
5–7 years—the prognosis for MCL patients is usually poor and fewer than 15% of patients
are long-term survivors.8–10 There is however a small subgroup of patients (10–15%) with
indolent disease, that may benefit from being left untreated under close supervision as the
postponed therapy of these cases will not affect the clinical outcome.11,12 A subset of the
indolent cases are characterized by a non-nodal, leukemic disease presentation but also
certain cases with nodal involvement have a slow disease course and a long survival without
treatment.13 There is a high risk of over-treatment due to the difficulty of diagnosing the
2

indolent disease type. These indolent cases have a higher number of somatic mutations in the
IGHV locus and while the majority of cases are positive for the MCL hallmark translocation
t(11;14)(q13;q32) they carry few other genetic aberrations.14 When gene expression profiles
were compared between indolent forms of MCL, conventional MCL and several other B-cell
neoplasms the indolent MCLs showed a greater similarity to conventional MCL than to any
other cell type in the study.15 Thus this study showed that the indolent cases were indeed true
MCL and not a subtype of other less aggressive B cell lymphomas such as CLL. Indolent
MCL may progress into a more aggressive form at a later stage, often through the loss of a
functional TP53 pathway.
In MCL, the Ki67 proliferative index is considered the most reliable prognostic factor for
predicting long-term patient outcome.16,17 A gene expression profiling study found a strong
correlation between high expression of a proliferative gene signature consisting of 20 genes
and poor survival.18 Patients with the highest expression of proliferation index genes had a
median survival of 0.8 years while those in the study with lowest expression had a median
survival of 6.7 years.18 In addition, deletions of genomic regions containing CDKN2A and
TP53 have been correlated with poor survival.19
1.2.2 MCL Phenotype
MCL was thought to derive from naïve, pre-germinal B-cells. Recent findings however
suggest that a fraction of MCL cases (15–40%) show evidence of antigen experience
manifested in the observed somatic mutations within the immunoglobulin genes, this patient
subset has been associated with an indolent course and a more favorable clinical outcome.20–
22

A similar division has been observed in CLL where Ig-unmutated cases have been

correlated with an inferior prognosis. Additionally, while stereotypically different from those
observed in CLL, a bias in regards to the BCR repertoire has been reported in MCL, hinting
of a role for antigen-driven clonal selection in subsets of MCL. While indolent MCL often
have a higher number of somatic mutations in IGHV, a prognostic role for the IGHV mutation
status in MCL is yet to be described. The immunophenotype of MCL is reminiscent of a
mature naïve B-cell (CD19+, CD20+, CD45+, CD24+) with a medium to strong IgM
expression along with CD5+, CD10- and CD23- (In contrast, CLL has weak expression of
CD20 and surface Ig and it is positive for both CD5 and CD23).12
1.2.3 Cyclin D1
As mentioned above, the defining feature of MCL is the t(11;14)(q13;q32) translocation
which brings the cyclin D1 gene (CCND1) under the control of the immunoglobulin heavy
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chain enhancer, leading to constitutive expression.23,24 Binding of cyclin D1 to CDK4 or
CDK6—which are both commonly overexpressed in MCL—activates E2F through
phosphorylation of its inhibitor, the tumor suppressor RB1, which leads to a deregulation of
the cell cycle promoting cells to undergo the G1/S transition. The cyclin D1/CDK4 complex
can in addition enable cyclin E/CDK2 activation by binding its repressor p27Kip1 (is encoded
by the CDKN1B gene), which in turn promotes further phosphorylation of RB1 and promotes
entry into the S phase. Furthermore, additional mechanisms resulting in CCND1
overexpression have been observed in MCL. CCND1 contains 5 exons that can be alternately
spliced into two isoforms; cyclin D1a and D1b. While the latter is not involved in MCL
pathogenesis, cyclin D1a is detected in virtually all CCND1 overexpressing MCL cases and
harbors a destabilizing 3’ UTR that, when truncated by chromosomal rearrangements or
mutations, stabilizes the transcript leading to increased CCND1 levels. Truncated CCND1
transcripts have been correlated with poor survival.25,26 In rare cases CCND1 levels can be
further elevated by amplification events affecting the t(11;14)(q13;q32) region.27
Interestingly, apart from the involvement of CCND1 in cell cycle progression, it has also
been shown to bind RAD51 to promote DNA repair and homologous DNA recombination28
and to impair the function of the proapoptotic protein BAX through direct interaction.29
The t(11;14)(q13;q32) translocation alone does not explain the aggressiveness of MCL nor
is the deregulation of cyclin D1 sufficient to initiate disease progression.30 The
t(11;14)(q13;q32) translocation has been detected in 8% of peripheral blood samples from a
population of healthy individuals.3 Secondary genomic alterations are therefore necessary for
malignant transformation. While the t(11;14)(q13;q32) translocation is considered a hallmark
of MCL there is a small subset of cases with no cyclin D1 overexpression (~ 10%) that still
present with a conventional MCL morphology and phenotype. These tumors have a gene
expression profile almost identical to cyclin D1-positive MCL and about 50% of these cases
express high levels of either cyclin D2 or D3 caused by chromosomal rearrangements fusing
CCND2 or CCND3 to the IG loci.31–33 As the cyclin D1 translocation is not present in all
cases of MCL and as immunohistochemical detection is problematic for cyclin D2 and cyclin
D3 since these cyclins, in contrast to cyclin D1, are expressed in normal B cells and other
lymphomas, there has been an interest in identifying other diagnostic markers for MCL.
SOX11 has proven a valuable diagnostic tool as it is expressed in almost all MCL cases, and
importantly it is expressed in MCL cases lacking the CCND1 translocation.34
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1.2.4 SOX11
The SOX11 gene belongs to the Sry-related high-mobility group (HMG) box transcription
factor family group C, together with SOX4 and SOX12.35–37 These genes are crucial for
organogenesis.38,39 Postnatally, SOX4 expression is restricted to B and T cells and gonad cells
while the expression of SOX11 is primarily confined to neural tissue.40,41 The role of SOX12
is less well described but expression has been observed across different cell types.38 Members
of the SOXC group preferentially bind to CA/TTTGTT genomic motifs (at surprisingly low
affinity levels compared to other transcription factors)37 via the much-conserved Nterminally located HMG box, for which the SOXC group members share 84% identity.38 In
lymphopoiesis, SOX4 is essential for pro-B cell survival42 while SOX11 has no known role.
While SOX11 is silenced in nearly all mature B-cells43,44 it is expressed in over 90% of MCL
cases and more importantly it is strongly expressed in cyclin D1-negative MCL while not
expressed at all or at very low levels in other lymphomas.34,43 In studies focusing on distinct
non-hematopoietic malignancies such as ovarian cancer and gliomas, it has been suggested
to act as a tumor suppressor,45,46 while in aggressive breast cancer and head and neck cancer,
SOX11 has been suggested to have oncogenic properties.47,48 Some studies of MCL have
argued that SOX11 has oncogenic properties, promoting proliferation and hampering
terminal B-cell differentiation by down-regulation of BCL6 and PAX5.49–51 The repression
of BCL6 by SOX11 may impair MCL cell trafficking to and within germinal centers (GC).
In a recently developed murine model with B-cell specific SOX11 overexpression it was
shown to promote BCR signaling and proliferation.52 This is however not without
controversy as other studies investigating the oncogenic properties of SOX11 in MCL have
rendered contradictory results indicative of a reduced proliferative response upon increased
SOX11 expression.53–55 Recent studies have additionally linked SOX11 to the regulation of
functions related to tumor-supportive microenvironmental interactions, such as the migration
of MCL cells below bone marrow derived mesenchymal cells or in promoting angiogenesis,
suggesting that the role for SOX11 in lymphomagenesis may be context dependent.56,57
SOX11 expression has proven a reliable tool for diagnosis of cyclin D1-negative MCL34 and
in addition studies have begun to evaluate a presumptive prognostic role for SOX11, as
indolent MCL cases are often negative for SOX11. This is however a controversial subject
as several independent groups have reported that SOX11 has no independent prognostic role.
13,15,55,58
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1.2.5 Secondary chromosomal aberrations in MCL
MCL commonly has a complex genetic landscape with a relatively high frequency of
genomic abnormalities. Several chromosomal deletions and amplifications have been
reported, and the majority of candidate genes related to the chromosomal aberrations are
related to DNA damage response pathways, cell cycle regulation and cell survival.59
Homozygous deletion at 9p21 is frequently observed in MCL60 affecting the CDKN2A locus
that encodes for both the CDK inhibitor INK4a as well as the tumor suppressor ARF, which
protects TP53 from MDM2-regulated proteasome degradation. Mono-allelic deletions are
frequent observed at 17p and 11q, containing TP53 and ATM respectively. Amplifications
have been reported for a number of chromosomal regions targeting MDM2 and CDK4 at
12q13 as well as the anti-apoptotic BCL2 (18q21). Albeit rare, overexpression of the
oncogene MYC either by amplification events at 8q24 or by other mechanisms such as the
Burkitt translocation t(8;14)(q24;q32) has been observed in blastoid MCL cases where it has
been correlated with a poor prognosis.61,62
1.2.6 Somatic mutations in MCL
The frequency of somatic mutations in MCL (1.2 per Mb)—while higher than for CLL and
acute myeloid leukemia (AML)—is lower than for most hematopoietic and solid tumors. The
most commonly mutated genes are ATM, TP53 and CCND1.63 ATM, which encodes for a
protein important in cellular responses to DNA damage, is often subject to truncating or
missense mutations in IGHV-non-mutated MCL and its inactivation has been correlated with
increased genomic instability.64 CCND1 is frequently mutated in the indolent MCL subtype
while TP53 mutations are equally distributed between IGHV mutated and un-mutated cases
irrespective of SOX11 expression.63 Other notable reoccurring somatic mutations have been
reported in the anti-apoptotic gene BIRC3, the cell surface receptor TLR2 and in the three
chromatin modifiers WHSC1, MLL2 and MEF2B.63 NOTCH1 and NOTCH2 are among the
less frequently mutated genes in MCL, albeit with possible prognostic importance given the
association between mutational status and inferior outcome.63
1.2.7 Constitutively activated pathways in MCL
Accumulated genomic gains and losses together with somatic mutational events give rise to
constitutive activation of several pathways in MCL. The underlying mechanism for their
activation and the implications thereof remains to be fully understood. The cell survivalpromoting NF-κB pathway is frequently deregulated in MCL leading to an overexpression of
several anti-apoptotic genes such as: BCL2, BCL2L1, XIAP, MCL1 and cFLIP.65 The
mechanism for activation remains to be elucidated but signaling via the B-cell receptor
6

(BCR) pathway or via TNF-family receptors reportedly can lead to NF-κB activation.65 The
cell-surface BCR is connected to a network of kinases and phosphatases, which have roles
with regards to survival, differentiation and proliferation during normal B-cell maturation.
Chronic and tonic activation of signaling via the BCR is common in B-cell malignancies.
Several kinases downstream of the BCR such as BTK, SYK and LYN are reportedly
phosphorylated in MCL, indicative of an activated BCR signaling pathway.66 Apart from
observations of activated BCR signaling in MCL, emerging evidence suggests a role for BCR
signaling in response to external stimuli in the proximal microenvironment, where, for
instance, MCL and CLL cells residing in LN tissue have increased transcript levels of BCR
signature genes.67,68 It has recently become more evident that anti-apoptotic signaling via the
tumor microenvironment may play a crucial role for the onset and progression of MCL and
other B-cell malignancies than previously anticipated. In many cases the anti-apoptotic
signaling may derive from pathways connected to the BCR. In addition, activated,
phosphorylated key components of the PI3K/AKT/mTOR pathway have been found in MCL
and several differentially expressed pathway components have been observed in MCL by
global gene expression profiling, which can promote tumor proliferation and surviva69,70
Gene expression profiling in primary MCL samples found several components of the Wnt
pathway, known to be deregulated in several malignancies, to be up-regulated.69 Another
study found a transcriptionally activating form of beta-catenin present in the nucleus in MCL
cell lines and primary samples, leading to an activated transcription of its targets, including
cyclin D1 and MYC.71 It is interesting to note the tremendous and maybe disproportionate
effort that has been made to describe genetic abnormalities and dysregulated pathways in
MCL and other hematological malignancies in relation to the research that has been
conducted in regards to the cellular context. Recent efforts have however begun to dissect
the different effects that the microenvironmental context has on the malignant cells in studies
comparing malignant cells of different origin (peripheral blood, lymph node and bone
marrow) in CLL and MCL.67,68,72
1.2.8 Treatment
MCL is notoriously difficult to treat, virtually incurable and no therapy is considered
standard. For disease stratification the established Mantle Cell Lymphoma International
Prognostic Index (MIPI), which makes use of the age of the patient, the Eastern Cooperative
Oncology group performance index, lactate dehydrogenase level and leukocyte count, readily
discriminates between indolent and aggressive cases while the resolution for intermediate
cases makes interpretation difficult.73 Incorporation of the Ki67 proliferation index74 has
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further improved stratification and studies have suggested a role for the additive prognostic
value of TP53 and SOX11 status.58 The rediscovered heterogeneity of the disease and the
introduction of high-dose cytarabine chemotherapy combined with autologous stem cell
transplantation (ASCT) and anti-CD20 treatment (Rituximab, a chimeric monoclonal
antibody) have produced promising results. This and other improvements have led to a
prolonged overall survival as well as a few MCL cases where the patients do experience longterm disease-free survival. Several regimens are currently under clinical investigation for
management of different MCL patient groups. The choice of first line treatment depends on
the age of the patient as well as fitness status. Young, fit patients may benefit from a high
dose, R-CHOP/R-DHAP (R-CHOP: cyclophosphamide, doxorubicin, vincristine and
prednisone in combination with Rituximab; R-DHAP: dexamethasone, high-dose cytarabine
and cisplatin in combination with Rituximab) treatment combined with an ASCT while unfit
younger patients or fit elderly patients may be treated with conventional regimens such as
standard dose R-CHOP or R-BAC (bendamustine and cytarabine in combination with
Rituximab) followed by Rituximab maintenance.75 Unfit and frail elderly patients require a
less toxic immunochemotherapy treatment combined with Rituximab, followed by
Rituximab maintenance. For patients presenting with an indolent disease manifestation;
watch and wait until the disease advances is recommended, followed by therapy as
conventional MCL upon disease progression. Relapsing MCL patient’s response rates are
generally lower regardless of choice of regimen. While some younger patients can respond
well to second-line therapy the only treatment associated with long-term remission is the
ASCT. Treatment of elderly or unfit patients that can no longer withstand chemotherapy and
much less an ASCT calls for a palliative approach.
Recent findings have increased the hope that individualized medicine and small molecules
targeting specific pathways will improve survival further. Two small molecules are currently
being tested and integrated into conventional regimens for treatment of MCL and CLL, the
proteasome inhibitor Bortezomib and the Bruton’s tyrosine kinase (BTK) inhibitor
Ibrutinib.76,77 Bortezomib reversibly inhibits the proteolytic activity of the ubiquitinproteasome system and Ibrutinib is an orally administrated small molecule that covalently
binds to and inhibits BTK activity. Interestingly, a phase 1 study found an increase in CD19+
CD3- CD5+ cells in the peripheral blood of MCL patients following ibrutinib treatment,78
indicative of a function for BCR signaling in relation to microenvironmental interaction and
retention that could possibly be exploited to expel cells from tumor-harboring niches to the
peripheral blood where they can more readily be targeted by other targeted therapy strategies
or even by conventional chemotherapy regimens. Ibrutinib has also been shown to inhibit so
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called pseudoemperipoesis (migration of cells below a stromal cell monolayer), in a CXCR4
dependent manner, using an in vitro co-culture system with a MCL cell line and mesenchymal
stromal cell line.78 Recently, the second generation BTK inhibitor Acalabrutinib was
approved for treatment of refractory MCL, reportedly more specific to BTK than Ibrutinib,
reducing off target effects, and with more potent in vivo activity.79–81
Other promising drugs in early phase clinical trials for treatment of MCL include the secondgeneration BCL2 inhibitor Ventoclax82, a CDK4/6 inhibitor,83 inhibitors of histone
deacetylases as well as an anti-CD79 conjugated monoclonal antibody.84 Additionally, the
immunomodulatory small molecule lenalidomide has recently been approved for treatment
of relapsed MCL by the FDA based on positive overall response rates in multiple phase II
studies.85,86 While targeting the anti-apoptotic BCL2 in MCL may pose a viable option,
concerns arise as other BCL2 family members, such as MCL1 and BCL2L1 (encoding for
Bcl-xL), have been shown to be up-regulated in response to signaling from proximal cells in
vitro,87,88 and increased mRNA levels of these two anti-apoptotic proteins have been observed
in LN material as compared to peripheral blood in MCL.87
1.3

MYC IN LYMPHOMAS

The transcription factor MYC (encoded by MYC and sometimes referred to as c-Myc) is a
basic helix-loop-helix protein that together with the paralogues MYCN, and MYCL
constitutes the MYC family of transcription factors, all with similar structural and functional
properties albeit with different expression across different tissues that have been implicated
in the development and progression of a substantial fraction of human tumors. For the present
discussion the focus will be on MYC. MYC has its name from its viral oncogenic homolog
v-myc of the avian myelocytomatosis virus (MC29).89–92 Its expression is essential during
embryogenesis and a gene knock-out is embryonically lethal in mice.93 Expression of Myc is
important for the survival of B-cell precursors and their subsequent differentiation into
mature B-cells and Myc expression can be detected at both pro- and pre-B-cell stages in
mouse.94,95 Mature, resting murine B-cells express MYC at very low levels.95 MYC is
expressed in a subset of GC B-cells and it is required for GC formation and maintenance.96
In the GC increased MYC levels upon repression of its repressor BCL6 in the light zone
allows for entry into the dark zone and somatic hypermutation reactions. Later, upon exiting
the GC, MYC transcription in the B-cell is repressed by BLIMP1, allowing for differentiation
into plasma cells.97 MYC was early found to be translocated to the immunoglobulin heavy
chain locus (t8;14)(q24;q32) in Burkitt’s lymphoma cells, an event that leads to deregulated
expression.98,99 In 10-15% of Burkitt’s lymphoma cases MYC is instead juxtaposed to either
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the Igk (2p12) or Igl (22q11) immunoglobulin genes, which similarly leads to aberrant
expression and a Burkitt’s lymphoma phenotype.100,101 A deregulated MYC expression is
however not sufficient for malignant transformation and secondary mutational events are
necessary to overcome responses that would otherwise lead to apoptosis or senescence.102–
104

More recently, and relevant for the present thesis, a study found that oncogenic

transformation of murine B-cells was only possible if both intrinsic apoptosis and a TP53
dependent response were circumvented by the overexpression of BCL2L1 and BMI1 in
conjunction with MYC.105 Chromosomal rearrangements leading to the juxtaposition of
MYC to the heavy chain locus have also been reported in 5-10% of DLBCL cases and the
rearrangements have been associated with a poor prognosis.106–108 In rare cases, the
translocational event leading to aberrant MYC expression has also been observed in MCL
where it, as in DLBCL, has been associated with an adverse prognosis.109 Across aggressive
B-cell lymphomas however, there are cases with elevated MYC levels irrespective of the
chromosomal aberrations mentioned above, indicative of other mechanisms leading to
increased MYC levels and cell transformation.110 In MCL for example, increased MYC levels
resulting from amplification events have been associated with a poor prognosis.111 Across a
variety of human cancers, the most frequent amplification events are those affecting 8q24
where the MYC gene is located.112 Additionally, albeit rare, increased MYC levels due to
translocation in CLL are associated with a poor prognosis.113
1.3.1 MYC structure, protein stability and mutational landscape
The MYC protein consists of a C-terminally located basic helix-loop-helix leucin zipper
(bHLH-LZ) domain used for heterodimer formation with other bHLH-LZ transcription
factors such as MAX and ZBTB17 (gene product also known as Miz-1) via the basic region
located N-terminal to the HLH-LZ to bind DNA. The N-terminally located trans-activation
domain (TAD) contains stretches of conserved regions entitled Myc box 0–IV (MB0–IV)
where the MBI contains a proline-rich stretch of residues important for MYC activity and
stability, where mutations frequently are found in lymphoma patients.114–116
Sequential phosphorylation of MYC at serine 62 and threonine 58 by ERK/CDK2 and
GSK3b respectively, first activates MYC, and subsequently primes it for proteasomal
degradation, summarized by Amy S. Farrell and Rosalie C. Sears.117 The most frequent
mutation found in lymphoma is T58I while the somewhat less frequent T58A is associated
with protein stabilization and higher transforming capacity.118 The half-lives for WT MYC
and T58I are around 30 min while the T58A half-life is double that,118 which is intriguing
given removing the phosphorylation site at T58 is not the sole contributor to increased protein
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stability but also properties of the residue such the effect it has in regards to phosphorylation
at S62, which is impaired in T58I.119 The T58A substitution has additionally been shown to
promote a more rapid tumor development in mice as compared to WT MYC.116,120 Gene
regulation differences for MYC variants differing at T58 have been reported using fibroblast
model systems with hundreds of genes reportedly differentially regulated between MYC WT
and MYC T58I expressing cells.118 How the mutational status affect gene expression in a
more relevant, lymphoma-like system remains to be investigated and is addressed by the
present thesis.
1.3.2 Genome recognition and gene regulation by MYC
MYC has a central role for transcriptional regulation of genes involved in many fundamental
cellular processes such as growth, cell division and apoptosis. It can form heterodimers with
MAX to bind DNA canonical E-box motifs (CACGTG) or variants thereof to, directly or
indirectly, regulate the expression of a vast number of genes. While the MYC/MAX
heterodimer has the highest affinity for the canonical E-box,121,122 which, incidentally, is one
of the most frequent motifs in the human genome.123 MYC/MAX has additionally been
shown to bind non-canonical E-boxes as well as genomic sequences without recognizable
E-box motifs.122,124 The progressive affinity for different genomic motifs allows for specific,
MYC-level dependent regulation of sets of genes where those with high affinity canonical Ebox motifs are occupied preferentially, sequentially followed by motifs with lower and lower
affinity, with the capacity to regulate the associated genes.125 The MYC has also been shown
to repress the expression of sets of genes through interactions with ZBTB17 (also known as
MIZ1),126,127 later studies have questioned this as mutated MYC, unable to interact with
ZBTB17, retained repressive capabilities and an additional role for ZBTB17 where it may
affect MYC-promoted RNA polymerase II recruitment.128 This simplified description of the
regulatory involvement of MYC is probably misrepresentative as the role of MYC is
pluralistic, given its multiple interaction partners and seemingly diverse involvement in
functions like proliferation, growth and apoptosis. Additionally, MYC was one of four genes,
alongside Sox2, Klf4 and Oct4 that could reprogram and de-differentiate fibroblasts into
pluripotent stem cells and it is crucial for hematopoietic stem cell maintenance and
survival.129,130 There is currently little evidence for transcriptional regulation of specific
genes being the only, or even the primary function, of MYC for propagating oncogenic
responses, as pointed out in a review by Wolf et al.131 MYC has for instance been shown to
promote transcription by both RNA polymerase I132 and III,133 to promote the interaction
between the rDNA and the nucleolar matrix via the intergenic spacer regions,134 and has been
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shown to release RNA polymerase II from transcriptional pausing.135,136 Interestingly, MYC
has been shown to bind to the promoter region of genes to elevate the transcription of all
accessible genes, which led to the hypothesis that MYC is a global transcriptional
amplifier.137,138 This is however not a likely sole explanation model given the specific and
context dependent gene regulation by MYC described more recently127,128,139 and given the
gradual specificity the MYC/MAX heterodimer shows for canonical E-box motifs and
similar variants.122,125 Additionally, direct expressional regulation of specific genes by MYC
has recently been shown in a model system where the de novo transcription of a particular
set of genes was shown to decrease upon rapid MYC degradation, several of these genes were
directly involved in functions such as ribosome biogenesis and purine synthesis.140
Interestingly, the identified signature of genes directly regulated by MYC was collectively
increased at the mRNA level in data sets derived from a diverse set of human cancers in
relation to the measured levels of MYC. Based on these recent findings a more plausible
unified explanation model has been put forth where MYC specifically regulates subsets of
genes based on promoter affinities while promoting transcription of accessible genes, the net
effect being a significant increase in transcription of genes where MYC has the highest
promoter affinity making it a non-linear amplifier of expression. This should however be
context dependent and in cases where MYC levels are high, and high-affinity promoters
saturated, the net effect could be increased expression of genes with lower promoter affinity
for MYC.
1.4

THE TUMOR MICROENVIRONMENT

1.4.1 General implications of the tumor microenvironment
While tumors arise due to somatic mutations and genetic aberrations promoting clonal
expansion and a growth advantage for the transformed cells, the events do not occur in
isolation but within a complex tissue context, often involving multiple cell types. Over the
past decades it has become increasingly evident that the microenvironment plays a vital role
for tumor expansion, vascularization, metastasis and drug resistance. When Hanahan and
Weinberg revised their “hallmarks of cancer“141 in 2011 the effect that the tumor stroma has
on the malignant cells was given substantial space and microenvironmental implications were
discussed for every hallmark.142 It is now widely appreciated that solid and hematopoietic
tumor cells do not act in isolation nor as a homogenous cell-cluster but rather engage in a
dynamic crosstalk with proximal and distal cellular components within the organism. A
malignant lesion may therefore be seen more as an organ where both tumor and normal cell
composition constitute important components for cancer initiation, growth, progression and,
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as will be discussed further on, resistance to therapy. Several components of the tumor
stroma, in the form of secreted molecules, adhesion molecules or surface receptors and their
interactions with the malignant cells have been identified both as presumptive therapeutic
targets as well prognostic markers for disease stratification.
Different cell-types frequently infiltrate and interact with malignant cells in the tumor tissue.
These recruited or invading cells may be implicated in a diverse repertoire of pro tumorigenic
mechanisms and can for instance: act to promote proliferation, confer resistance to cell death,
evade destruction by the immune system or act to promote metastasis. Endothelial cells may
infiltrate tumor tissue in response to vascular growth factors such as VEGF and FGF and see
to the vascularization of the lesion together with pericytes. Cancer associated fibroblasts
(CAFs) have been extensively studied in solid tumors over the past decade and are known to
produce growth factors like TGF-β, EGF and HGF, mitogenic factors such as SFRP1 and
IGF1 as well as chemokines like CXCL12 and CXCL14.143 The CAF is thought to be a
locally recruited fibroblast educated by the tumor environment to produce growth-promoting
signals. Cytokine gradients of CXCL12, CXCL14 and others serve to recruit immune cells
such as macrophages and B-cells to the lesion, reshaping the microenvironmental
composition. Together with other microenvironmental signals they can polarize the
recruitment of immune cells favoring an immune-dampening response where M2
macrophages and Th2 cells are attracted to the tumor tissue.
Infiltration of pro-tumorogenic immune cells into the tumor tissue is frequently observed in
both solid and hematopoietic malignancies. Regulatory T and B cells (TReg, Breg) can provide
mitogenic stimuli to tumor cells while locally reducing immune responses by, for instance,
suppressing cytotoxic T cells whose presence in tumors have been correlated with a favorable
disease outcome in several malignancies.144
1.4.2 The tumor microenvironment in B-cell malignancies
Lymphoma cells often occupy natural B-cell niches such as the bone marrow or the lymph
node, but different lymphomas have different relations to their immediate microenvironment,
both in terms of microenvironmental dependencies and the capacity to recruit or re-educate
proximal cells. Hence, the composition of the tumor microenvironment varies between Bcell malignancies.145 In BL the lesions consist almost exclusively of autonomous, malignant
cells with few, if any dependencies in regards to the microenvironment while, in contrast, the
structure of the tumor tissue in FL is more reminiscent of normal lymphoid structures where
the malignant cells take advantage of niches normally important for the survival and
proliferation of non-malignant B-cells. In classical Hodgkin’s lymphoma the infrequent
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malignant cells are supported by a large stromal component, distinct from normal tissues,
where supportive cells have been recruited to shape the microenvironment. Other lymphomas
have microenvironmental dependencies that fall somewhere in between these more extreme
cases. In FL and DLBCL, different compositions of non-malignant cells within the tumor
stroma, such as infiltrating non-malignant immune cells have been correlated with survival,
which further underlines the importance of the tumor microenvironment in lymphoma
progression.146,147 In MCL, infiltrating T-cells have been ascribed prognostic properties.148
Normal B-cells are harbored by and dependent on niche-specific signaling in different
microenvironmental settings during their differentiation and maturation process. These
signaling mechanisms are not random but precisely regulated, intrinsically through regulation
by stage-specific transcription factors and in response to external stimuli. As the immediate
environment is of great importance for B-cell homing and differentiation the notion and
composition of the tumor microenvironment B-cell neoplasms is therefore inherently
different from the microenvironment in most solid tumors. Malignant B-cells can make use
of signaling mechanisms intended for their non-malignant counterparts as survivalpromoting pathways are often functional in the malignant cells.149 Lymphoma cells can also
make use of surface molecules for accessing niches through migration towards normally
occurring gradients of chemokines. This has for example been illustrated by knock-out
studies of the CCR7 surface receptor in the Eµ-Myc mouse model where CCR7-deficient
mice were tumor free significantly longer than wild type and as B-cells from the two
genotypes were subsequently transplanted into congenic mice the CCR7 deficient B-cells
infiltrated LN, Spleen and bone marrow (BM) tissue slower and to a significantly lower
extent.150 Similar homing functions allow for interactions with mesenchymal stromal cells,
lymphoma associated macrophages and regulatory T-cells among others and are implicated
in immune evasion, proliferation and anti-apoptotic responses. Evasion of the immune
system can be mediated by several mechanisms such as down regulation of MHC class II
molecules, simultaneous down regulation of MHC I and CD58, which obliterates the effects
of both CD8+ T-cells and neutrophils, by increased expression of CD95L which induces
apoptosis in CD8+ T cells or via recruitment of cells with an immune dampening effect such
as TReg or BReg cells. Interestingly, recent studies in CLL have shown that the malignant cells
themselves can act in a regulatory fashion given right external stimuli.151
There is a growing appreciation for the BM as a survival-promoting niche for malignant Bcells in hematological cancers such as CLL and MCL, these cellular interactions may
ultimately be responsible for the development of the phenomena referred to as minimal
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residual disease. Even though the bulk of the malignant cells can often be efficiently
eradicated by ever evolving and constantly refined chemotherapy regimens a minority of the
malignant cells can still be protected by, for instance, niches of the BM. These surviving cells
subsequently have the capacity to expand and repopulate the patient upon treatment
termination. A better understanding of the overlap and differences between hematopoietic
stem cell-homing and a presumptive cancer stem cell niche will therefore be of use when
therapeutically targeting the tumor microenvironment.
Primary MCL and CLL can only be kept in culture for a few days before they undergo
spontaneous apoptosis.152,153 If co-cultured with mesenchymal stromal cells on the other
hand, the in vitro cultures can be sustained for months.153,154 The anti-apoptotic effect has
been associated with an adhesion-mediated increased signaling via the canonical and noncanonical NF-κB pathway in the malignant cells leading to increased levels of the antiapoptotic proteins BCL2L1 and MCL1.87,88,153,155
At diagnosis MCL patients frequently present with a disseminated disease often involving
multiple

extranodal

tissues.

Consequently,

in

MCL

patients,

several

distinct

microenvironmental niches exist that supposedly have different ways of supporting the
lymphoma cells. An explanation for the frequent relapses in MCL may be the homing of a
subpopulation of cells in survival-promoting, protective microenvironments where
interactions between MCL cells and the stroma allow for treatment evasion and pave the way
for minimal residual disease. While recent studies have brought forth questions related to the
microenvironment in MCL much remains to be elucidated in regards to the effect that the
different genomic abnormalities in MCL have on the cells capacity to interact with and shape
their immediate microenvironment. In a recent review by Puente et al.156 aiming to discuss
genetics of MCL and CLL in relation to each other and to the microenvironment partially
fails due to the strong focus on the genetic component, almost entirely omitting to discuss
the cellular context.
The G-protein coupled surface receptor CXCR4 is important for homing and migration of Bcells to the bone marrow or to/within secondary lymphoid structures,157–159 it is expressed at
multiple instances during development.160 Surface expression of CXCR4 allows for
migration towards CXCL12 gradients, which is secreted by cells in the microenvironment
such as stromal cells. Knocking out either the CXCR4 receptor or its ligand, the chemokine
CXCL12, are both lethal in mice.161162 MCL and CLL cells reportedly express high levels of
the CXCR4 surface receptor which can be utilized to access supportive microenvironmental
niches.163,164 Additional surface receptors for chemoattractants important for B-cell homing
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and migration are CXCR5, which is the receptor for CXCL13, as well as CCR7 which has
been shown interact with CCL19 and CCL21 and more recently also with CXCL12.165
CXCL12, in addition to promoting migration to protective niches, also has a direct role in
promoting cell survival in CLL by reducing apoptotic responses.166 Small molecules such as
the agonist Plerixafor have been developed, which upon binding to CXCR4 leads to receptor
internalization without triggering downstream signaling.167 Plerixafor has been shown to
expel different hematopoietic cells of both human and murine origin from tissues into the
peripheral blood.168,169 In MCL, inhibition of CXCR4 by plerixafor has been shown to impair
migration of MCL cells beneath stromal cells.163 Additionally, reduced CXCR4 surface levels
have been reported in LN residing cells in MCL and CLL as compared to those in
circulation.67,78
In the GC, interactions between B-cells and adjacent cells via ICAM1 or VLA-4, have been
shown to decrease the number of apoptotic cells.170 MCL cells frequently express high levels
of VLA-4.163 Signaling via VLA-4 can promote cell survival of NHL cells171 and has been
implicated in cell adhesion mediated drug resistance and the protective effect provided to the
MCL cells by proximal stromal cells can be overcome by directly targeting the VLA-4
surface molecule by antibodies.172 ICAM1 is commonly expressed on B-cells and facilitates
their exit from circulation by enabling adhesion to the vascular wall.173 High ICAM1 levels
have been observed in a subset of MCL patients174 and in CLL, ICAM1 surface expression
and plasma levels have been corelated with clinical stages of CLL.175
MCL cells express the surface receptor CD40, permitting proliferation and survival support
by CD154+ T cells. In vitro experiments have shown a proliferative response in MCL upon
stimulation with the CD40 ligand CD154 and a study of several B-cell malignancies that
included a few MCL cases, found that infiltration of TReg cells could provide similar stimuli
via the CD40-CD154 axis.176–178 Infiltration of macrophages into the tumor tissue has been
observed in aggressive MCL cases with increased mitotic activity, their role is yet to be
investigated but may be similar to lymphoma associated macrophages which have been
described and correlated with an inferior prognosis in FL.179–181
1.4.3 The B-cell receptor and the microenvironment in MCL
A constitutively active signaling via the BCR has been reported in MCL cell lines and patient
samples66 and interestingly, studies using primary material from CLL and MCL patients have
identified the increased expression of BCR genes in cells in the LN when compared to those
in the peripheral blood.67,68 Consistently, the observed exodus of cells from lymphoid tissues
in MCL patients treated with the BTK inhibitor Ibrutinib further supports the importance of
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BCR signaling for the homing of lymphoma cells.78 Interestingly, in vitro studies using MCL
cell lines have shown that BTK inhibition by Ibrutinib has been shown to reduce migration
towards both CXCL12 and CXCL13 gradients.78 While interacting antigens and the
underlying mechanism has not been determined, constitutive activation of Syk, PKCβ-II and
PI3K, all downstream of the BCR, have been reported in MCL.182–184 The activated BCR
signaling leads to downstream activation of the NF-κB and MAP kinase pathways among
others, promoting survival, for instance resulting from increased levels of the anti-apoptotic
proteins BCL2L1 and MCL1, as well as cell division. While the microenvironmental
mechanisms promoting activation of BRC signaling have yet to be elucidated the therapeutic
potential remains high given the promising responses in clinical trials targeting central actors
downstream of the BCR with small molecules.
1.4.4 Environment mediated drug resistance
So far, the discussion here has focused on how neoplastic B-cells take advantage of homing
signals from the tumor microenvironment for direct growth support, survival and immune
evasion. Accumulating evidence also suggests that intercellular interactions in the tumor
microenvironment can alter the tumor cells sensitivity to chemotherapeutic agents. The
special case of environment mediated drug resistance called cell adhesion mediated drug
resistance (CAM-DR) was first described in myeloma cell lines.185 Ex-vivo studies of MCL
cells have shown that interactions with stromal cells can make the malignant cells less
susceptible to cytotoxic treatment, partly through induction of the NF-κB pathway.153
Notably, cells that did not adhere to the stromal cell monolayer were still sensitive to druginduced apoptosis while soluble factors, such as the B-cell activating factor (BAFF)—
produced by stromal cells upon contact with lymphoma cells—lowered the apoptotic
effect.153 Reports of similar effects have been observed in CLL, where a number of different
stromal cell lines have been shown to protect CLL cells.186 Additionally, direct interactions
between lymphoma cells and stromal cells have been shown to induce cell cycle arrest in
MCL and DLBCL, making the malignant cells less susceptible to cytotoxic agents aimed at
proliferating cells.187 The mechanisms and underlying microenvironmental cross talk giving
rise to CAM-DR, survival of the malignant cells and subsequent relapse in patients remain
to be fully characterized.
1.4.5 Therapeutic targets in the MCL microenvironment
Several approaches have been undertaken to target tumor-promoting microenvironmental
interactions in MCL and here follows a brief description of four options that are or may
develop into options for treatment of MCL. CXCR4 inhibitors such as Plerixafor have been
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shown to disrupt homing signals and mobilize tumor cells into peripheral blood in both
hematological and solid malignancies.188 When deprived of protective signals from the
microenvironment these cells can more efficiently be targeted by conventional
chemotherapy.189 As hematopoietic stem cells make use of the very same signaling for
homing a combinatory treatment with molecules specifically targeting the malignant cells is
desirable. In general, the issue with overlapping signaling mechanisms between cancer stem
cell niches and hematopoietic stem cell niches will have to be addressed to efficiently target
the tumor microenvironment while keeping toxicity low. The need for a better
characterization of the different supportive signaling mechanisms cannot be emphasized
enough and recent studies of global gene expression differences in MCL and CLL cells
residing in different microenvironmental contexts have begun to identify presumptive targets
that are important for intercellular communication and physical interactions.
Therapeutic targets in the tumor microenvironment include adhesion molecules such as
VLA-4, which is frequently expressed in MCL and can be targeted by the humanized
monoclonal antibody Nataluzimab163
Blocking signaling through the BCR via the BTK inhibitor Ibrutinib has produced promising
results, mobilizing MCL cells from lymphoid tissue into the peripheral blood where they can
be targeted by conventional therapy.78 Ibrutinib has in addition been shown to impair
migration and survival in CLL cells as well as their ability to secrete BCR dependent
chemokines such as CCL3 and CCL4, both thought to promote interactions with T cells.190
This underlines a central role for the BCR when it comes to migration and homing. The
second generation BTK inhibitor Acalabrutinib reportedly have a higher specificity for its
target and reports following a phase-2 trial in patients with relapsed or refractory MCL have
shown promising results.80,81 Targeting other central components of the BCR signaling
pathway like Syk may have potential and the small-molecule Syk-inhibitor R406 has shown
promising results in both pre-clinical studies and in a first clinical trial in CLL.191
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2 AIMS
The overall aim of the thesis was to establish and study relevant model systems for
investigating the implications of intrinsic and extrinsic stimuli of cells in lymphomagenesis.
Specifically, the studies aimed to do the following:
2.1

PAPER I

Given that stromal cells of different origin can protect MCL and CLL cells from drug-induced
apoptosis the aim of Paper I was to develop and characterize a model system for studying
cellular changes arising in lymphoma cells upon interaction with and/or attachment to stromal
cells.
2.2

PAPER II

Based on findings from Paper I the aim of Paper II was to evaluate the findings from Paper I
in a similar albeit different model system and investigate to investigate the extent of common
and divergent effects in response to MCL cell adhesion to stromal cells.
2.3

PAPER III

The aim of paper III was to investigate the effect of SOX11 overexpression in the nonmalignant pre-B-cell Ba/F3, in order to determine whether it showed oncogenic activity.
2.4

PAPER IV

In Paper IV the aim was to develop a model system for testing the effect of progressively
increasing MYC levels in B-cell lymphomagenesis and characterize the differences between
wild type MYC and two lymphoma-associated MYC mutants under these circumstances, in
order to determine the role of wild type and mutant MYC in the conversion of normal B-cells
to lymphoma cells.
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3 METHODOLOGICAL CONSIDERATIONS
Here follows a brief discussion of technical and methodological considerations and choices.
Full descriptions of the materials and methods are available in the respective publications.
3.1

CELL SOURCES

For studies of microenvironmental interactions in MCL, two well-characterized MCL cell
lines that grow in single-cells suspensions were chosen: JeKo-1 was established in 1998 from
mononuclear cells of the peripheral blood from a 78 year old female patient diagnosed with
MCL.192 The rendered cell line had a B-cell phenotype expressing cell surface markers: IgM+,
IgD+, CD3-, CD5+, CD10-, CD19+, CD20+ and CD23- and carried the MCL-associated cyclin
D1 translocation t(11;14)(q13;q32). The JeKo-1 cells used in the present studies were
purchased from the DSMZ. Rec-1 was established in 1988 from lymph node material from a
61 year old male patient with malignant large-cell B-lymphoma positive for
the t(11;14)(q13;q32) translocation, which had the following cell-surface characteristics:
IgM+, IgD+, CD3-, CD5-, CD10-, CD19+, CD20+, CD22+, CD23- and CD37+.193,194 The Rec1 cells used here were a kind gift from Dr. Christian Bastard, Ronan, France.
Recent studies have shown that an array of different stromal cell lines, of both human and
murine origin, can protect lymphoma cells from undergoing both spontaneous and druginduced apoptosis.

153,163,172,186,195

MS-5 is a bone marrow derived murine stromal cell line

established in 1988 that has the capacity to support the growth of hematopoietic stem
cells.196,197 It was chosen for its documented capacity to protect lymphoma cells from
spontaneous and drug-induced apoptosis153,171,195 as well as for its murine origin, which
would later allow for transcript discrimination between the lymphoma and stromal
components in the adherent co-culture fraction by next generation sequencing and speciesbased read separation. The MS-5 cells used in the present study were purchased from the
DSMZ.
For investing a presumptive role for the transcription factor SOX11 in non-malignant B-cells
in terms on the effect it has on global gene expression, proliferation and presumptive
oncogenic transformation we transduced the murine, bone marrow derived, pro-B cell line
Ba/F3 with a Tet-On construct that allowed for doxycycline-regulated overexpression of
SOX11.198,199 Ba/F3 has previously been used to investigate oncogenic properties of
proteins.200–203
For investigating the role of MYC in its WT form or in variants carrying lymphomaassociated missense mutations leading to the exchange of threonine 58 to either alanine
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(T58A) or isoleucine (T58I), murine B-cells carrying Tet-On MYC constructs (WT, T58A
and T58I) were generated through retroviral transduction of splenic B-cells with constructs
for regulable expression of MYC and constitutive expression of BMI1 and BCL2L1 as
described previously.204 The expression of WT MYC or mutated MYC could be regulated
from low levels to being overtly over-expressed by adding doxycycline (in the range of 01000 ng/ml) to the transformed B-cells.
3.2

CO-CULTURE CONDITIONS AND CHARACTERISATION

MCL cells were maintained in RPMI1640 supplemented with 10% heat inactivated FBS and
1% penicillin/streptomycin. The MS-5 stromal cells were cultured in aMEM supplemented
with 10% heat inactivated FBS, 2mM sodium pyruvate and 1% penicillin/streptomycin. The
co-cultures were cultivated as the MS-5 stromal cells. The stromal cells were seeded in
advance followed by the addition of MCL cells 24 hours later at a 10:1 MCL to stromal cell
ratio. For quantitation of bound MCL cells the cells were labelled prior to co-cultivation using
the Carboxyfluorescein succinimidyl ester (CFSE, CellTracer life technologies) in
conjunction with previously labeled far red stromal cells. The ratio of bound MCL cells to
stromal cells was determined by flow cytometry using a MACSQuant Analyzer 10 instrument
and the data was analyzed using FlowJo (v10).
3.3

NGS LIBRARY PREPARATION AND SEQUENCING

For all RNA-seq experiments in the thesis, total RNA was extracted using the RNeasy kit
(Qiagen), quality was assessed by TapeStation and subsequent cDNA libraries were created
using the TrueSeq 2.0 library preparation kit from Illumina including a poly-A enrichment
step by poly-T attached magnetic beads. The libraries were sequenced using different
Illumina sequencing platforms depending on the experimental prerequisites in terms of read
length, read count etc., e.g. the MiSeq platform was used for initial pilot experiments for
species-based read separation for its cost-effectiveness and for the subsequent co-culture
experiments a HiSeq2000/2500 instrument was used generating 2x101 base pair (bp) pairedend reads. The same platform was used for global gene expression assessment in MYC overexpressing cells, but in that study a paired-end approach was deemed unnecessary and the
libraries were sequenced to generate 50 bp single-end reads.
3.4

NGS ANALYSIS

Most processor- and memory-intensive computational processes such as species-based read
separation, alignment to reference genomes and per feature read quantification were
conducted using the UPPNEX computer cluster infrastructure which is a member of the NIBS
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infrastructure for bioinformatics and is a part of the UPPMAX and it is partially funded
through the SNIC computational infrastructure for Swedish universities. Hence, all data
processing, from quality assessment through alignment to the reference genomes and
subsequent per-feature read-quantification was conducted in a Unix/Linux environment
using dedicated, open-source software packages for reproducibility purposes.
3.4.1 Read quality and pre-processing
Quality assessment of the raw fastq data files was conducted using FastQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Adapter trimming was in
most cases automatically performed immediately following sequencing by means of Illumina
proprietary software. A subsequent quality-based trimming of read-ends using phred scores
was conducted using Trimmomatic.205
3.4.2 Reference genomes
Reference genomes for alignment-based read quantification or species-specific read
separation were initially acquired via the UCSC (unmasked hg19 and mm10 including
scaffolds for human and mouse respectively). Following the release of the updated human
reference genome in December 2013 by the Genome Reference Consortium new versions of
unmasked genomes for both human and mouse, including scaffolds, were downloaded from
the ENSEMBL ftp server and used for subsequent analysis (GRCh38.87 and GRCm38.87 for
human and mouse respectively).
3.4.3 Species-based unmixing of short reads
Given the dual cell components in the co-cultures (human MCL cells co-cultured with murine
stromal cells) and due to the fact that lengthy physical cell separation procedures have been
shown to introduce artifacts affecting the expression levels of genes due to sample
preparation procedures,206–209 a decision was made to circumnavigate this by extracting total
RNA from a mixed population of human and mouse cells followed by library preparation,
sequencing and a subsequent in silico de-convolution of the short reads based on species
origin.
Initially, a method for linear unmixing of reads based on their species origin was developed
where a per-gene bleed over coefficient was calculated, using mono-cultured human and
murine cells, which was subsequently used for per gene unmixing. The method had several
drawbacks. First, it assumes that the global blead over between organisms is small. This was
not an issue in the case of the present study as the long, paired-end reads readily differentiated
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between the two species fractions for the majority of genes. Secondly, estimation of the
constants for the linear unmixing model had to be determined empirically, something that
was feasible in the case of the present study but that would be more difficult in other model
system settings such as xenografts should the method be developed further and distributed
for broader use. Lastly, the unmixing is done at the count level using aligned and quantified
read count data. A method capable of classifying a read based on its inherent sequence
information prior to counting would be preferable. The species-based and publicly available
classifying tool for short read sequencing data named Xenome met all of the criteria
mentioned above.210 Initially developed for the deconvolution of NGS reads of xenograft
origin Xenome uses a k-mer based approach for a mere classification of reads from mixed
libraries of up to two species. During the indexing step a k-mer hash array based on the
reference genomes fasta files is created which is thereafter used to classify each read as being
derived from one or the other, neither or both of the different species. As indicated in the
paper by Conway et al.211 the drawback of an alignment-based method using a short read
aligner such as Tophat with read processing software like SAMtools212 is not so much the
miss classification of reads but that a significant proportion of the reads cannot be assigned
to either of the species exclusively which inflates the “both” category. Another approach
would have been to use a k-mer based count approach omitting alignment such as the one
employed by the program Sailfish.213 During the course of the project other approaches for
species-based read separation with marginally better performance than Xenome have been
put forward.214 Based on empirical benchmarking against the linear-unmixing approach
(Figure 1) and the ease of use, the Xenome approach was employed in Paper I and Paper II
using the default k-mer length of 25.
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Figure 1. Comparison of in silico, species-based deconvolution of short read libraries by linear unmixing (x-axis)
or Xenome (y-axis).
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3.4.4 Alignment of short reads to the reference genome
Reads separated based on species origin were aligned to the respective reference genomes
using splice-aware short read aligners. For paper I we made use of Tophat2,215 which is a
splice-aware aligner based on Bowtie2 that in turn employs a suffix-array-like so-called FMindex which is based on the burrows wheeler transformation216 and therefore leaves a small
memory footprint making it suitable for local desktop machines.217 It is however processor
intensive and the alignment is time consuming despite the possibility of multi-threading.
While the precision of Tophat2 is only slightly inferior to more recently developed short read
aligners,218 the slow alignment process made us switch to the more recent, faster and more
precise, splice-aware short-read aligner STAR219 for the subsequent projects. STAR, like
Tophat2, employs a suffix-array-based approach but in contrast to Tophat2 it loads the entire
uncompressed suffix array into the RAM memory making it memory intensive but extremely
fast while retaining mapping precision.218 For comparison a typical fastq file that Tophat2
would align in 4 h using < 16 GB memory STAR would align in 15 min using ~ 80 GB of
memory.
3.4.5 Read quantification and differential expression
In Paper I, Reads per feature (concatenated exons for one gene) were counted using the
Bioconductor package GenomicAlignments (1.0.6) with the counting mode set to “Union”
with

gene

annotations

from

TxDb.Hsapiens.UCSC.hg19.knownGene

the

Bioconductor
(v.2.14.0)

packages
and

TxDb.Mmusculus.UCSC.mm10.knownGene (v.2.14.0). For the subsequent studies reads per
feature were derived using the function featurecounts from the subread package in
conjunction with gtf gene annotation files downloaded from the ENSEMBL ftp server
(GRCh38.87 for human and GRCm38.87 for mouse). The TxDb databases contain
information for 23459 and 24421 genes for human and mouse respectively while the
ENSEMBL database for the GRC38 genomes contain information about 58051 human genes
and 49671 for mouse.
Count table objects were imported into the R environment and tests for differential transcript
levels between groups were conducted using the well-established Biocounductor packages
DESeq220 and edgeR.221 For Paper I sequential pair-wise comparisons using DESeq sufficed
while the more complex experimental setups in Paper II and Paper IV required a more
complex modeling approach which was implemented using the glmQLF222 workflow from
the edgeR package. Briefly about the normalization of read counts to library sizes and to
feature (gene) length, Paper I present expression values as transcript per million (TPM) while
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the subsequent Paper II and IV presents the expression as reads per kilobase per million of
reads (RPKM). While the two are related they differ slightly in regards to how the data is
normalized. RPKM, (or the equivalent fragments per kilobase per million of reads (FPKM),
which is often used for paired end data) is calculated based on the relationship between the
number of counted fragments for each feature in relation to the total number of mapped
fragments in the cDNA library and to the length of the feature in base pairs.223 TPM in
addition takes both feature length and library size into consideration and also adjusts for the
length of all expressed transcripts.224
3.4.6 Gene set overrepresentation tests and GSEA
To ascribe functional categories to sets of genes with transcript level differences between
conditions gene set databases such as the KEGG pathway database225,226, the GO biological
processes227,228 or the Hallmark229 gene sets from the MSigDb230 have been used in
conjunction with methods to test for enrichment. Basic enrichment tests for significant
overlaps between differentially expressed and/or clustered genes and gene lists from the
databases above or gene signature lists acquired elsewhere were conducted using Fisher’s
exact tests, adjusting for multiple testing by the false discovery rate (FDR) when multiple
sequential tests were conducted. Gene set enrichment analysis (GSEA) produces a similar
result but the approach is slightly more powerful as it takes expression levels from the global
gene expression data into account and thereby gives more weight to the most significant
genes with the highest fold change.231 All genes for which expression data has been acquired
are ordered so that one end of the list is associated with the most interesting genes for one
condition and the other end contain the most interesting genes for the other condition, for a
pair-wise comparison one might use log2 transformed fold change values multiplied by the
negative log10 transformed adjusted P-values. The GSEA can for instance be conducted either
by submitting gene expression data to the software provided by Broad Institute or by feeding
a pre-ranked list to the Bioconductor package fGSEA.232 This produces a list of gene sets
presented with the level of enrichment (expressed as a normalized enrichment score NES)
and significance level (FDR adjusted P-value).
3.4.7 Genome-wide identification of E-box motifs
The canonical E-box motif CACGTG, which the MYC/MAX heterodimer has the highest
affinity for, was aligned to the mouse reference genome GRCm38.87 using the short read
aligner Bowtie (v1.2.0)233 rendering 271113 unique alignment locations. The output bam file
containing read alignment coordinates was converted to a bed file using BEDTools (v2.27.1)
and distances between the aligned E-boxes to the closest transcription start site (TSS) for
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known features in the ENSEMBL database were calculated using the script annotatePeaks.pl
from the Homer package (http://homer.ucsd.edu/homer). To tests whether the clustered genes
in Paper IV had E-box motifs closer to the TSS or whether they contained a higher number
of E-box motifs within a certain distance from the TSS a Z-score was calculated based on
1000 resampling permutations within the set of non-regulated genes.
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4 RESULTS AND DISCUSSION
4.1

PAPER I

As stromal cells can protect malignant B cells from undergoing both spontaneous and drug
induced apoptosis153,186 we sought to investigate the implications of microenvironmental
signaling by stromal cells on MCL cells, both in relation to function and gene expression.
For this purpose, a co-culture model system was developed using the murine stromal cell line
MS-5 and the MCL cell line JeKo-1. A subset of the MCL cells, which normally grow in
suspension, adhered strongly to the stromal cell monolayer. This has previously been
observed in similar systems.163,234 The intercellular interaction was stable as a subsequent
addition of fresh MCL cells in 10-fold excess, after the first set had been allowed to adhere
to the stromal cells for 24 hours and the suspension fraction had been poured off, could not
displace the already bound MCL cells by competing for the same binding sites and the first
bound cells remained bound during the following 24 hours. The stable adhesion of a subset
of the MCL cells to the stromal cell mono-layer prompted us to investigate differences in
global gene expression between the adherent fraction and the cells remaining in suspension
by RNA sequencing.
Using a murine stromal cell line made possible immediate RNA isolation from the mixed
fraction of adherent cells followed by library preparation and short read generation by
massive parallel sequencing by means of the Illumina platform. The mixed libraries were
subsequently deconvoluted in silico using species-based read separation. Isolated RNA from
suspension cells in co-culture were subject to the same workflow as the mono-cultured MCL
and stromal cells that were included as control. 1050 genes were found to have significantly
changed transcript levels between adherent and suspension MCL cells in co-culture,
including cytokines such as e.g. IL10, CSF1, CCL22, CCL3 and CCL4 as well as NF-kB
pathway components like: NFKB1, NFKB2, NFKBID and NFKBIE and surface receptors
such as e.g. TNF and CD40, anti-apoptotic BCL2L1 and the adhesion molecule ICAM1, all
with higher expression in the adherent MCL cells. A subsequent functional classification of
the differentially regulated genes between adherent and suspension cells in co-culture led to
the identification of four functional themes, three for genes with higher mRNA levels in the
adherent cells: B-cell receptor activation and immune cell signaling, apoptosis and antiapoptosis and cell adhesion and migration, as well as early mitosis which was associated with
genes with lower transcript levels in the adherent cells.
100 genes had significantly altered transcript levels between the mono- and co-cultured MS5 stromal cells. While there were interesting genes among the regulated, such as an increase
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in the immunomodulatory cytokines Ccl2 and Ccl7, the experimental setup was not designed
for detecting gene expression changes in the stromal cell fraction as only a minority of these
cells were physically interacting with an MCL cell, which diluted the signal for gene
expression changes resulting from a physical cell-cell interaction.
When the 1050 differentially expressed genes between adherent and suspension MCL cells
from the present study were interrogated for overlaps with previously published data sets that
describe gene expression differences between lymphoma/leukemia cells residing in the
lymph nodes and those in circulation for MCL and CLL patients, significant overlaps in
regulated genes were found (Intersect: 348 genes (Fisher’s exact test P = 8.2x10-38) and 228
genes (Fisher’s exact test P = 2.7x10-38), respectively). 116 of these genes were present in all
three data sets and out of these 65 displayed a conserved direction of regulation between the
studies and out of these we identified a core set of thirteen genes that were all changed more
than two-fold in the present study (CCL3, CCL4, DUSP4, ETV5, ICAM1, IL15RA, IL21R,
IL4I1, MFSD2A, NFKB1, NFKBIE, SEMA7A, TMEM2). Future studies of these thirteen
genes investigating their roles in adhesion, intercellular communication as well as dissecting
possible prognostic properties would be of interest.
The observed increased levels of CCL3 and CCL4 are consistent with previous observations
in co-cultures of MCL or CLL cells and for lymphoma cells stimulated with anti-IgM,78,235
which may have implications for an immunomodulatory response, attracting regulatory Tcells.236 Increased CCL3 and CCL4 serum levels have also been associated with an inferior
prognosis in DLBCL237 and in CLL238 where they decrease rapidly upon Ibrutinib treatment
initiation.239 Increased secretion of the chemokine CCL22 by FL cells has been shown to
actively recruit TReg cells to the tumor tissue.178 Interestingly, and which was not granted
space in the published manuscript, there was a strong up-regulation of IL-10 in the adhered
MCL co-culture fraction along with the up-regulation of several genes related to BReg cells
such as PDCD11240 (2-fold increase in the adhered MCL fraction). This led us to investigate
the intersect between genes with significantly altered transcript levels between suspension
and adherent MCL co-culture fractions and an experimentally determined BReg gene signature
(27 genes) where we found a significant enrichment for genes with a stronger mRNA
expression in the adhered MCL cell fraction (intersect: 7 genes, Fisher’s exact test P-value =
0.0009, Figure 2).241 Among the differentially expressed genes overlapping with the BReg cell
expression profile apart from IL-10 were the transcription factor IRF4, important during B
cell development, HES1 implicated in notch signaling, the early growth response gene EGR3,
the TNF superfamily member LTA, SRM which is a mediator of growth and differentiation
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as well as the surface molecule SLAMF1. Although, most of the BReg signature genes did not
exhibit differential gene expression between the adhesion–suspension MCL cell fractions,
the notion of a malignant cell capable of acting immunosuppressive upon contact with
stromal cells, a trait normally reserved for infiltrating regulatory T and B cells, is intriguing.
Interestingly, it has been reported that CLL cells themselves can adopt regulatory
characteristics in response to appropriate external stimuli.151 The over-lapping genes
identified here might represent a module of genes that can elicit a subset of BReg behavior.

Figure 2. Relative transcript levels for 27 regulatory B-cell signature genes. ADH (adherent MCL cells in coculture), SEP (mono cultured MCL cells), SUSP (suspension MCL cells in co-culture).

We concluded that, while there are differences between the results from the present in vitro
study and those based on patient material, the co-culture model system reproduces a
significant part of the gene regulation observed in vivo and that this model system, or future
incarnations thereof, can be utilized for studying aspects of the microenvironmental
interactions also observed in MCL and CLL patients.
4.2

PAPER II

Building and expanding on the results from Paper I a second co-culture model system was
developed, using MS-5 stromal cells and the MCL cell line REC-1. Similar to JeKo-1, REC1 adhered strongly to the stromal cell monolayer but significantly fewer cells attached and in
contrast to JeKo-1, where an increase in cumulative adhesion over time could be observed,
the number of adhered cells did not significantly increase following 4 hours of co-culture.
Additionally, REC-1 cells migrated to a lower extent towards conditioned media from
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stromal cells than JeKo-1 cells. Global gene expression data similar to that in Paper 1 was
generated for the REC-1 co-culture conditions and for consistency the JeKo-1 data was
reanalyzed in parallel using an updated workflow including: the most recent reference
genome versions, quicker and more accurate alignment using the short-read aligner STAR
combined with an analysis workflow based on generalized linear models by the edgeR
Bioconductor package, which allow for more complex experimental designs. Given that
every step of the analysis workflow was exchanged the net result for the reanalyzed JeKo-1
data set was relatively consistent (Figure 3).
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Figure 3 Comparison of gene expression changes (log2 fold change, genes with significantly altered transcript
levels) between adherent and suspension JeKo-1 cells using the workflow presented in Paper I (deseq1, on xaxis) compared to the updated workflow implemented in Paper II (edgeR, y-axis).

Significant differences in transcript levels between adherent and suspension cells in coculture were observed for 549 and 291 genes for JeKo-1 and REC- cells respectively (FDR
q-value < 0.05, absolute fold change > 1.5). Surprisingly, merely 34 genes were significantly
changed at the transcript level in both cell lines in response to adhesion to the stromal cell
mono-layer. Several of the concordantly down-regulated genes were of mitochondrial origin
with functions in the respiratory chain. The small overlap prompted an analysis of the
differences in response to adhesion between JeKo-1 and REC-1 which rendered a list of 590
genes that were significantly differentially regulated between JeKo-1 and REC-1 as the cells
adhered to the stromal cell mono-layer. Among these genes were several that had been
identified belonging to a core signature of thirteen genes in Paper I such as CCL3, CCL4,
ICAM1, NFKB1 and NFKBIE that were also differentially regulated in MCL and CLL patient
samples. A subsequent GSEA using a ranked list of genes based on differences in response
to adhesion between JeKo-1 and REC-1 cells rendered a somewhat weak but significant
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enrichment of nine gene sets from the KEGG pathway database, including B-cell receptor
signaling and Apoptosis. Consistently, there was a significant overlap of genes with
differential responses to adhesion between JeKo-1 and REC-1 and published signatures for
BCR and NF-kB signaling. However, stimulating the cells with anti-IgM antibodies led to
the phosphorylation of BTK and PLCg in both cell lines and increased levels of the cytokines
CCL3 and CCL4—which are known to be upregulated upon BCR stimulation235—in the
conditioned media. Both JeKo-1 and REC-1 thus appeared to express a functional BCR but
upon adhesion there was a significant difference in BCR signaling engagement between the
two cell lines. Similarly, knocking down BTK, which functions downstream of the BCR, or
inhibiting its function by the covalently bound small-molecule Ibrutinib led to a reduction in
stromal cell-bound JeKo-1 cells but had no measurable effect on the number of adhered REC1 cells.
The surface receptor CXCR4 was among the genes with significant differences in differential
regulation upon adhesion. CXCR4 mRNA and cell surface levels were decreased in JeKo-1
and REC-1 cells upon adhesion and the negative regulation was significantly higher in JeKo1. The reduced CXCR4 levels in the adherent fraction is consistent with previous studies
where lower CXCR4 surface levels have been found for cells of lymph node origin when
compared to cells in circulation.67,72 Attenuation of CXCR4 signaling by addition of the
agonist plerixafor (a small molecule also known as AMD3100) significantly decreased
migration towards CXCL12 and reduced adhesion to the stromal cell mono-layer for JeKo1cells, while no significant effect was observed for REC-1.
Reduced cell surface levels of ICAM1 by siRNA knock-down led to a reduction in the
number of adhered MCL cells while knocking down sphingosine-1-phosphate receptor 1
(S1PR1) increased the number of adhered JeKo-1 and REC-1 cells. S1PR1 has been
suggested to have diagnostic properties in MCL,242 and missense mutations affecting S1PR1
have been shown to be more frequent among relapsing MCL patients.243 Consistent with the
present study, increased S1PR1 levels upon BTK inhibition by Ibrutinib244 as well as a
reduction in S1PR1 levels upon anti-IgM or CXCL12 stimulation or in co-cultures with nurse
like cells245 has been shown in CLL.
The importance of the BCR for lymphoma development and progression has been described
previously as has the possibility of targeting BCR signaling for treatment of B-cell
lymphomas, reviewed by R. Young and L. Staudt.246 BCR signaling important for the survival
of MCL cells can be conferred by the TME 66,68,247 To target intrinsic aberrant BCR signaling
or TME-mediated BCR signaling, small molecules targeting the BCR-axis by inhibition of
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e.g. the spleen tyrosine kinase (SYK),191,248 Phosphatidylinositol 3-kinase d (PI3Kd)249,250 or
BTK251 have been developed for treatment of MCL and CLL patients. The irreversiblybinding BTK inhibitor Ibrutinib, has proven successful for treatment of MCL77,252 and
CLL76,253 and has been shown to promote a rapid migration of MCL cells into circulation
following treatment initiation.78 Resistance to Ibrutinib has however been reported,254 with
plausible mechanistic explanations being missense-mutations affecting cysteine 451 in the
region where Ibrutinib binds to BTK, leading to a reversible binding, or through mutations
to PLCg, leading to constitutive downstream BCR signaling.255 Another suggested, possible
culprit for Ibrutinib resistance in MCL could be supportive signaling mechanisms provided
by the TME.256 A second generation BTK inhibitor, Acalabrutinib, allegedly with improved
specificity for BTK, has recently been approved for the treatment of refractory MCL.81
Blocking BCR signaling through BTK inhibition by Ibrutinib has been shown to reduce
serum levels of the cytokines CCL3 and CCL4 in MCL and CLL,78,239 which is consistent
with in vitro observations where the levels of CCL3 and CCL4 increase in the conditioned
media of MCL and CLL cells upon co-culture or when stimulated with anti-IgM.235 High
serum levels of CCL3 and CCL4 have additionally been associated with a poor prognosis in
CLL and DLBCL.237,238 The present study shows that different MCL cells have different
dependencies on BCR signaling in relation to their interaction with their immediate
microenvironment, which could lead to a differential response to treatments where aspects of
BCR signaling are being targeted.
In conclusion, the two MCL cell lines JeKo-1 and REC-1 have different dependencies for
adhesion to and intercellular communication with stromal cells. BCR signaling was
important for the adhesion of JeKo-1 to stromal cells but not for REC-1. Similarly, the
chemokine receptor CXCR4 was implicated in adhesion and migration of JeKo-1 cells but
not for REC-1. Lowered surface levels of the adhesion molecule ICAM1 reduced the
adhesion of both cells to stromal cells while reducing the levels of S1PR1 led to an increase
in the number of attached cells. This prompts for future studies validating the findings from
the present study and subsequently investigating the possibility of targeting proteins for
which a common dependency was observed in relation to adhesion. The in vitro model
system described in the present study may thus be used to identify pathways and mechanisms
that in turn can be used to identify patients that will respond to different forms of treatment.
4.3

PAPER III

The study made use of an inducible system to investigate the impact of SOX11 overexpression in the Ba/F3 pro-B cell line. Constitutive over-expression of SOX11 for 72 hours
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led to a gradual aggregation of cells. Following 72 hours of SOX11 over-expression the
Ba/F3 cells formed large aggregates, had lower metabolic activity as measured by XTT and
a lower 3H Thymidine incorporation rate. A global gene expression analysis by microarray
identified 534 significantly changed genes with higher and 338 with lower transcript levels
in the SOX11 over-expressing (SOX11-on) cells as compared to control, including higher
transcript levels for Mmp8 and S110A8/9 as well as the protocatherin-b genes Pcdhb16 and
Pcdhb17. In addition, the cells appeared to retain their B-cell identity as the pro-B-cell
restricted genes Id1 and Tal were increased at the transcript level while no significant change
was detected for other genes typically associated with specific B-cell developmental
stages.257 A gene set enrichment analysis of the global gene expression data identified several
cell cycle related gene sets that were enriched for among the genes with increased transcript
levels in the SOX11-on cells, and importantly they contained several checkpoint genes like
Chek1 and Chek2 as well as DNA damage response genes like Trp53, Brca1 and Brca2. The
net result was reduced proliferation. Among the enriched gene sets for genes with lower
transcript levels were those associated with leukocyte function and immunomodulatory
pathways. We concluded that in the context of the Ba/F3 cell system, SOX11 did not act as
an oncogene. Interestingly, the oncogenic properties of SOX11 in MCL have been debated
and the results have been divergent and collectively inconclusive.50,52,54,55 If anything, the
importance of the cellular context for the net response upon SOX11 induction/depletion has
been underlined. It is therefore interesting to note that in this particular cellular system
SOX11 did not elicit explicit oncogenic activity which of course does not exclude the
possibility of other outcomes at other B-cell differentiation stages, in other cellular
backgrounds, or in other microenvironmental contexts.
4.4

PAPER IV

A model system was developed for doxycycline-regulated control of wild type MYC levels
or for MYC carrying either of the lymphoma-associated missense mutations T58A or T58I
in murine splenic B-cells. The transformed cells were generated through simultaneous
lentiviral transduction of BCL2L1 and BMI1, to inhibit apoptosis and DNA damage
response, alongside a vector carrying Tet-on constructs allowing for progressive regulation
of MYC levels. MYC protein levels, when measured by western blot, indicated consistently
higher levels for T58A for any doxycycline dose when compared to WT or T58I, possibly
due to increased protein stability as has previously been reported.118 As the level of MYC
increased so did cellular proliferation rate. A gradual increase in MYC levels also led a lower
portion of cells in G0/G1 and a higher portion in the S phase of the cell cycle as the cells
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stained with propidium were assessed by flow cytometry. Interestingly, consistently for all
functional readouts, the response is more sensitive and subsequently of higher magnitude for
T58A as compared to WT which has a more sensitive and higher response when compared
to T58I, consistent with the order of previous observations in regards of transforming
capacity.119 The phenotypic differences together with previous observations of differences in
gene regulation between WT and T58I118 led us to investigate differences in gene regulation
between the three B-cell types expressing different MYC genotypes by next generation
sequencing.
mRNA was extracted for cells expressing seven different levels of MYC for WT, T58A and
T58I and cDNA libraries were prepared and sequenced using the Illumina platform
generating on average 29 million 50 bp single-end reads per sample. Reads were subject to
quality control and trimmed based on sequence quality, and subsequently aligned to the latest
mouse reference genome GRCh38.87 concatenated with the sequences for MYC, BCL2L1,
BMI1 and EGFP, which were all over-expressed in the transduced cells. Aligned reads per
gene (concatenated exons) were assessed by the featurecounts function of the SubRead
package and, using the glmQLF workflow of the edgeR package, following threshold-based
removal of genes with consistently low read counts, the per gene expression was modeled
using generalized linear models that were then used to test for significant gene profiles. While
the three MYC genotypes were different in terms of global gene expression level their
response to progressively increasing MYC levels were consistent, as shown by the principal
component analysis.
7263 genes were significantly altered at the transcript level as the levels of WT MYC
increased, in addition 347 genes were regulated significantly differently in response to
increasing MYC levels between WT and T58A while 683 were differentially regulated
between WT and T58I. The union of lists with differentially regulated genes was thereafter
subject to division into 12 clusters by agglomerative hierarchical clustering based on log2
transformed RPKM values. For two clusters a significant enrichment of non-coding genes
was found. Consistent with previous observations about MYC and E-box motifs, most
clusters containing a majority of genes with increasing transcript levels following an increase
in MYC levels contained more genes with E-boxes within 1000 bp of the TSS.
The genes in each cluster were subsequently functionally classified through hypergeometric
tests for overrepresentation in gene sets from the gene ontology database for biological
processes and in gene sets from the KEGG pathway database. Some clusters contained genes
related to processes that have previously been described to change in response to increased
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MYC levels (e.g. de novo pyrimidine and purine synthesis258, cell cycle progression as well
as ribosome biogenesis259). Other clusters contained genes in gene sets which have not been
described in relation to increased MYC levels before (e.g. functions related to B-cell identity
and Chemotaxis, which were enriched for in clusters containing genes that were downregulated as the level of MYC increased).
When interrogating the overlap between genes that were differentially expressed upon an
increase in WT MYC levels in the present study and genes that were found to be differentially
expressed in the Eµ-Myc mouse model between cells at three different stages of
lymphomagenesis, with progressively increasing MYC levels, a significant intersect of
commonly regulated genes was found (intersect 3991 genes, Fisher’s exact test P-value =
1.7x10-8).127 All previously defined clusters were represented in the intersect but notably we
observed a significant enrichment of genes in the three clusters that contained genes involved
in ribosome biogenesis, purine metabolism and pyrimidine metabolism. Interestingly, a
significant overlap was also found between genes significantly changed upon progressively
increasing WT MYC levels and a gene signature containing 100 direct MYC targets (intersect
71 genes, Fisher’s exact test P-value = 1.6x10-28) and more importantly the genes in the
intersect were significantly enriched for among the most significant genes in the present
study.140 These two observations strengthened the notion of a model system that represent
aspects of gene expression regulation by MYC independently observed elsewhere.
Consistent with previous studies, MYC carrying lymphoma-associated mutations at
threonine 58 regulate the expression of genes differently from WT,118 and interestingly, while
T58A and T58I commonly can regulate a set of genes differently from WT they do also
regulate the expression of genes differently between the two. The mutant phenotype is not
merely due to the inability to phosphorylate threonine 58 but seems also to reflect different
conformational properties of the proteins containing the T58A and T58I substitutions. We
concluded that the model system can be used to further study functional changes in response
to different MYC levels and that it can also be used for a more elaborate characterization of
how the lymphoma-associated MYC mutants affect cancer progression in B-cells.
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5 CONCLUDING REMARKS
It is interesting to note the importance of the cellular background and the context in which
the cell resides when assessing gene expression changes inflicted by external or internal
events. With this in mind, the key for finding ways to manage MCL and other malignancies
that are difficult to cure possibly does not lie in their genetic makeup and probably not in the
microenvironmental context either but in a combination of the two. Developing and
characterizing model systems such as the ones presented here may prove useful for designing
and testing treatment approaches for targeting microenvironmental interactions that are
specific to lymphoma subsets. The controlled nature of the in vitro models is of course
compelling but their lack of complexity may cause issues as they may exclude important
components, illustrated by the discrepancy between the efficacy of certain compounds in 2D
monocultures as compared to their in vivo effect. Regardless of the level of refinement the
relevance of these systems will have to be evaluated in relation to in vivo situations and for
that the evolving single cell omics techniques, such as for instance: spatial transcriptomics,
single cell ATAC-seq and single cell bisulfite sequencing will likely prove important.
Microenvironment-related findings from the present thesis such as the importance of surface
molecules like for instance ICAM1, CXCR4, S1PR1 and the BCR will have to be evaluated
in other in vitro and in vivo systems to investigate their universality in propagating survival
or adhesion related mechanisms to the malignant cell. Including different model systems can
have a confirmatory role but also a role in finding different genes that potentially could be
used for disease stratification or for to be targeted in different patient subgroups. Future
experiments could for instance involve different in vitro cell systems, possibly through the
use of 3D cultures and inclusion of more than one supportive cell type. Similar systems could
be developed for ex vivo propagation of lymphoma cells.
Interestingly, given the documented role of MYC in cell trafficking and homing, as illustrated
by its role in the GC reaction, it would be of interest to subject the B-cells presented here,
with regulable MYC levels, to the adhesion assay presented in Paper I and II. Given the
omnipresent and pluralistic role of MYC in human malignancies it would be unsurprising if
it also had a role in survival-promoting microenvironmental interactions.

36

6 ACKNOWLEDGEMENTS
I am incredibly grateful for all the support by my family, colleagues and friends that has
helped make this work possible. I would like to thank everybody that have contributed to
making my time at KI more pleasant through your encouragement and support. To those of
you that have engaged in conversations about science, music, literature and cycling and to
those that generously traded wine for furniture or vacuum cleaners, thank you so much!
First and foremost, I would like to thank my main supervisor Anthony Wright for welcoming
me into the research group and for your support throughout the scientific process. You
combine a tremendous patience, broad scientific knowledge with a good approach and
attitude to science. I will very much miss our conversations, both in regards to science and
other topics.
I would also like to express my gratitude to past and present group members. Amir thank you
for the many chats and all your support, Chiou-Nan, Helmi, John and Yongtao, thank you all
for the warm welcome when I started and for the good conversations we had along the way.
Johan, thank you for giving me a jump start with the bioinformatics and NGS. Thanks also
to the former students Karen and Tom, sorry that I kept calling you Tim, you’ll be a terrific
scientist. And last but not least Laia, you are a great colleague and I very much appreciate
the positive energy you brought to the lab, I have very much enjoyed working with you and
appreciate how you have made me and the projects we’ve worked on together better with
your structured approach and knowledge.
I would like to thank my co-supervisor Birgitta Sander for including me in the SOX11 project,
for all the good discussions we have had along the way and for your guidance. A big thank
you to past and present members of the Sander group at the division of pathology, thank you
Birger for the scientific advice and the conversations about photography, Agata and ÅsaLena for help with flow cytometry and technical advice, Magali for your contagious positive
attitude and for all the advice in relation to cell migration. And Martin, thank you for spending
all those hours with me analyzing data, writing the paper and for giving me the full
background to SOX11, I very much enjoyed all of that.
My first home at KI was at the facilities of the department of Biosciences and Nutrition and
I would like to especially like to thank the people of BioNut for the nice working
environment. Thank you Andrea, Andreas, Augustín, Carsten, Gabor, Gergerly, Hans,
Indranil, Isabel, Karin, Karl, Knut, Lennart, Lise-Lotte, Luca, Marco, Maria Eriksson, Maria
Henström, Maria Kasper, Pauliina, Per, Peter, Saioa, Sam, Serena, Sharif, Sylvie, Thomas for
37

your energy and the conversations about photography and climbing, Ylva and especially Lee
and Lina, you’ve really made my time here at KI so much better!
Additionally, I am thankful for the support of the people at the BEA core facility, both for
nice conversations in the lunch room and for helping me generate the high quality NGS data
sets, thank you Fredrik for all the help with library preps, sequencing and the chats about
cycling, Malin, Marika, Patrik, and also, David, thank you for patiently answering my
questions related to bioinformatics and statistics.
For the past few years we have had the pleasure of working in close proximity to two research
groups at the division of the clinical research center at the department of laboratory medicine.
I would like to thank Edvard Smith and all of the past and present members of the MCG
group for creating a pleasant and organized working environment. And the same goes for
Samir El Andaloussi and the members of the BMM research group and Evox, it has been
very inspirational seeing how you develop the Evox lab in parallel with the academic work
and the energy you put into it. I would like to thank you all for being such great colleagues
and especially: André for all the help with flow cytometry and the MCL paper, Anna for the
conversations about art and photography, Antje, Anurupa, Baranca, Beklem, Burcu,
Christina, Dhanu, Daniel, Dara, Doste, Eman, Fiona, Giulia for the laughs and all the help
with the thesis process, Golam, Helena my energetic personal bioinformatics support,
Hayley, Imre thanks for bringing over the photobooks, Jeremy, Joel, Kariem I have really
enjoyed our conversations while being desk neighbors, Karin, Negin, Manuela, Mattias,
Ming, Olof, Osama, Oscar, Qing, Raul, Rim, Risul, Rula, Svetlana, Ulrika, Vladimir, Yesid
and Julia, Oskar and Tea, thanks for taking me climbing. And Taavi, my desk neighbor, I will
miss your loud skype calls and good music recommendations! I wish you the best of luck
setting up the lab in Tartu. I’d also like to express my gratitude to Kelli for guiding me through
multifactorial designs and related statistical questions.
Thanks to all the different research groups at the division of clinical research center for
creating a nice working environment. Thank you Hanna and Emelie for your patience and for
helping me with everything administrative, thank you Kathrin, Mustapha, Kirsti, Nelson and
thank you Isa for helping me with the master key when I accidentally left mine in my locker.
Thanks also to JP for the discussions about RNA-seq analysis and Oksana and Caroline for
nice chats in the lunchroom.
I would also like to express my gratitude to my mentor Matthias Löhr, thank you for taking
the time to chat and for involving me in the co-culture project. Rainer, thank you for letting

38

me collaborate with you, I have very much enjoyed chatting about both scientific projects
and cycling in the alps. I would also like to thank the entire research group working with
pancreatic cancer for having me over to present my project and especially thank Jessica and
Xinyuan, I have really enjoyed discussing the project with you and I can’t believe how fast
you learned how to handle the NGS analysis workflows.
I would also like to thank Hong Qian, Julian Walfridsson, Hui Gao for all the scientific advice
and for being on the committee for my half time.
A big thank you to the Scilife drop-in bioinformatics support, what a wonderful initiative! I
would especially like to thank Olga, you always listen very carefully and then give precise
and thoughtful recommendations. On that note I would also like to express my gratitude to
Mattias Rantalainen, thank you for taking time to meet for discussions about experimental
design and statistical modeling. I would also like to thank Alf Grandien for constructive
discussions.
Fazila Asmar, thank you for bringing me into the DLBCL project, I have really enjoyed the
conversations we’ve had so far and hop that the project and collaboration can develop into
something very good.
Although maybe not directly important to the work related to the present thesis, I would very
much like to thank my previous supervisors Tomas Åkerud and Mario Tschan for advice that
helped shape and sharpen my scientific thinking and for your generally positive approach to
science.
Most importantly, to my family, I am so incredibly grateful for your never-ending support
and the joy you bring, without you this PhD endeavor would not have been possible!

39

7 REFERENCES
1.

Swerdlow, S. H. et al. WHO classification of tumours o f haematopoetic and lymphoid
tissues (4thedn.) IARC. Lyon Fr. (2008).

2.

Steven H. Swerdlow, Elias Campo, Stefano A. Pileri, Nancy Lee Harris, Harald Stein
Reiner Siebert, R. A. et al. The 2016 revision of the World Health Organization
classification of lymphoid neoplasms. Blood 127, 2375–90 (2016).

3.

Lecluse, Y. et al. t(11;14)-positive clones can persist over a long period of time in the
peripheral blood of healthy individuals. Leukemia 23, 1190–1193 (2009).

4.

Sant, M. et al. Incidence of hematologic malignancies in Europe by morphologic
subtype: results of the HAEMACARE project. Blood 116, 3724–34 (2010).

5.

Zhou, Y. et al. Incidence trends of mantle cell lymphoma in the United States between
1992 and 2004. Cancer 113, 791–8 (2008).

6.

Velders, G. A. et al. Mantle-Cell Lymphoma: A Population-Based Clinical Study. J
Clin Oncol 14, 1269–1274 (1996).

7.

Cohen, P. L., Kurtin, P. J., Donovan, K. A. & Hanson, C. A. Bone marrow and
peripheral blood involvement in mantle cell lymphoma. Br. J. Haematol. 101, 302–
310 (1998).

8.

Geisler, C. H. et al. Long-term progression-free survival of mantle cell lymphoma after
intensive front-line immunochemotherapy with in vivo-purged stem cell rescue: a
nonrandomized phase 2 multicenter study by the Nordic Lymphoma Group. Blood
112, 2687–2693 (2008).

9.

Martin, P. et al. Intensive treatment strategies may not provide superior outcomes in
mantle cell lymphoma: overall survival exceeding 7 years with standard therapies.
Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. 19, 1327–30 (2008).

10.

Herrmann, A. et al. Improvement of overall survival in advanced stage mantle cell
lymphoma. J. Clin. Oncol. 27, 511–8 (2009).

11.

Eve, H. E., Furtado, M. V., Hamon, M. D. & Rule, S. A. J. Time to Treatment Does
Not Influence Overall Survival in Newly Diagnosed Mantle-Cell Lymphoma. J. Clin.
Oncol. 27, e189–e190 (2009).

12.

Martin, P. et al. Outcome of deferred initial therapy in mantle-cell lymphoma. J. Clin.
Oncol. 27, 1209–1213 (2009).

13.

Nygren, L. et al. Prognostic role of SOX11 in a population-based cohort of mantle cell
lymphoma. Blood 119, 4215–4223 (2012).

14.

Orchard, J. A subset of t(11;14) lymphoma with mantle cell features displays mutated
IgVH genes and includes patients with good prognosis, nonnodal disease. Blood 101,
4975–4981 (2003).

15.

Fernàndez, V. et al. Genomic and gene expression profiling defines indolent forms of
mantle cell lymphoma. Cancer Res. 70, 1408–1418 (2010).

16.

Katzenberger, T. et al. The Ki67 proliferation index is a quantitative indicator of
clinical risk in mantle cell lymphoma [1]. Blood 107, 3407 (2006).

41

17.

Räty, R., Franssila, K., Joensuu, H., Teerenhovi, L. & Elonen, E. Ki-67 expression
level, histological subtype, and the International Prognostic Index as outcome
predictors in mantle cell lymphoma. Eur. J. Haematol. 69, 11–20 (2002).

18.

Rosenwald, A. et al. The proliferation gene expression signature is a quantitative
integrator of oncogenic events that predicts survival in mantle cell lymphoma. Cancer
Cell 3, 185–197 (2003).

19.

Halldórsdóttir, A. M. et al. High-resolution genomic screening in mantle cell
lymphoma-specific changes correlate with genomic complexity, the proliferation
signature and survival. Genes, Chromosom. Cancer 50, 113–121 (2011).

20.

Walsh, S. H. et al. Mutated VH genes and preferential VH3-21 use define new subsets
of mantle cell lymphoma. Blood 101, 4047–54 (2003).

21.

Kienle, D. et al. VH mutation status and VDJ rearrangement structure in mantle cell
lymphoma: correlation with genomic aberrations, clinical characteristics, and
outcome. Blood 102, 3003–9 (2003).

22.

Hadzidimitriou, A. et al. Is there a role for antigen selection in mantle cell lymphoma?
Immunogenetic support from a series of 807 cases. Blood 118, 3088–95 (2011).

23.

Bertoni, F., Zucca, E. & Cotter, F. E. Molecular basis of mantle cell lymphoma. Br. J.
Haematol. 124, 130–140 (2004).

24.

Williams, M. E., Westermann, C. D. & Swerdlow, S. H. Genotypic characterization of
centrocytic lymphoma: frequent rearrangement of the chromosome 11 bcl-1 locus.
Blood 76, 1387–91 (1990).

25.

Wiestner, A. et al. Point mutations and genomic deletions in CCND1 create stable
truncated cyclin D1 mRNAs that are associated with increased proliferation rate and
shorter survival. Blood 109, 4599–4606 (2007).

26.

Krieger, S., Gauduchon, J., Roussel, M., Troussard, X. & Sola, B. Relevance of cyclin
D1b expression and CCND1polymorphism in the pathogenesis of multiple myeloma
and mantle cell lymphoma. BMC Cancer 6, 238 (2006).

27.

Beà, S. et al. Uniparental disomies, homozygous deletions, amplifications, and target
genes in mantle cell lymphoma revealed by integrative high-resolution whole-genome
profiling. Blood 113, 3059–69 (2009).

28.

Jirawatnotai, S. et al. A function for cyclin D1 in DNA repair uncovered by protein
interactome analyses in human cancers. Nature 474, 230–4 (2011).

29.

Beltran, E. et al. A cyclin-D1 interaction with BAX underlies its oncogenic role and
potential as a therapeutic target in mantle cell lymphoma. Proc. Natl. Acad. Sci. U. S.
A. 108, 12461–6 (2011).

30.

Gladden, A. B., Woolery, R., Aggarwal, P., Wasik, M. A. & Diehl, J. A. Expression of
constitutively nuclear cyclin D1 in murine lymphocytes induces B-cell lymphoma.
Oncogene 25, 998–1007 (2006).

31.

Gesk, S. et al. A chromosomal translocation in cyclin D1-negative/cyclin D2-positive
mantle cell lymphoma fuses the CCND2 gene to the IGK locus. Blood 108, 1109–10
(2006).

32.

Wlodarska, I. et al. Translocations targeting CCND2, CCND3, and MYCN do occur
in t(11;14)-negative mantle cell lymphomas. Blood 111, 5683–5690 (2008).

42

33.

Fu, K. et al. Cyclin D1-negative mantle cell lymphoma: a clinicopathologic study
based on gene expression profiling. Blood 106, 4315–21 (2005).

34.

Mozos, A. et al. SOX11 expression is highly specific for mantle cell lymphoma and
identifies the cyclin D1-negative subtype. Haematologica 94, 1555–1562 (2009).

35.

Jay, P. et al. The human SOX11 gene: cloning, chromosomal assignment and tissue
expression. Genomics 29, 541–5 (1995).

36.

van de Wetering, M., Oosterwegel, M., van Norren, K. & Clevers, H. Sox-4, an Srylike HMG box protein, is a transcriptional activator in lymphocytes. EMBO J. 12,
3847–54 (1993).

37.

Lefebvre, V., Dumitriu, B., Penzo-Méndez, A., Han, Y. & Pallavi, B. Control of cell
fate and differentiation by Sry-related high-mobility-group box (Sox) transcription
factors. Int. J. Biochem. Cell Biol. 39, 2195–2214 (2007).

38.

Dy, P. et al. The three SoxC proteins - Sox4, Sox11 and Sox12 - Exhibit overlapping
expression patterns and molecular properties. Nucleic Acids Res. 36, 3101–3117
(2008).

39.

Sock, E. et al. Gene targeting reveals a widespread role for the high-mobility-group
transcription factor Sox11 in tissue remodeling. Mol. Cell. Biol. 24, 6635–44 (2004).

40.

Wang, Y., Lin, L., Lai, H., Parada, L. F. & Lei, L. Transcription factor Sox11 is
essential for both embryonic and adult neurogenesis. Dev. Dyn. 242, 638–653 (2013).

41.

Mu, L. et al. SoxC Transcription Factors Are Required for Neuronal Differentiation in
Adult Hippocampal Neurogenesis. J. Neurosci. 32, 3067–3080 (2012).

42.

Sun, B. et al. Sox4 Is Required for the Survival of Pro-B Cells. J. Immunol. 190, 2080–
2089 (2013).

43.

Ek, S., Dictor, M., Jerkeman, M., Jirström, K. & Borrebaeck, C. A. K. Nuclear
expression of the non-B-cell lineage Sox11 transcription factor identifies mantle cell
lymphoma. Blood 111, 800–805 (2008).

44.

Lord, M., Wasik, A. M., Christensson, B. & Sander, B. The utility of mRNA analysis
in defining SOX11 expression levels in mantle cell lymphoma and reactive lymph
nodes. Haematologica 100, e369-72 (2015).

45.

Sernbo, S. et al. The tumour suppressor SOX11 is associated with improved survival
among high grade epithelial ovarian cancers and is regulated by reversible promoter
methylation. BMC Cancer 11, 405 (2011).

46.

Hide, T. et al. Sox11 prevents tumorigenesis of glioma-initiating cells by inducing
neuronal differentiation. Cancer Res. 69, 7953–7959 (2009).

47.

Shepherd, J. H. et al. The SOX11 transcription factor is a critical regulator of basallike breast cancer growth, invasion, and basal-like gene expression. Oncotarget 7,
13106–21 (2016).

48.

Huang, J. et al. Sox11 promotes head and neck cancer progression via the regulation
of SDCCAG8. J. Exp. Clin. Cancer Res. 38, 1–13 (2019).

49.

Beekman, R., Amador, V. & Campo, E. SOX11, a key oncogenic factor in mantle cell
lymphoma. Curr. Opin. Hematol. 25, 299–306 (2018).

43

50.

Vegliante, M. C. et al. SOX11 regulates PAX5 expression and blocks terminal B-cell
differentiation in aggressive mantle cell lymphoma. Blood 121, 2175–85 (2013).

51.

Palomero, J. et al. SOX11 defines two different subtypes of mantle cell lymphoma
through transcriptional regulation of BCL6. Leukemia 30, 1580–1599 (2016).

52.

Kuo, P.-Y. et al. SOX11 augments BCR signaling to drive MCL-like tumor
development. Blood 131, 2247–2255 (2018).

53.

Gustavsson, E. et al. SOX11 expression correlates to promoter methylation and
regulates tumor growth in hematopoietic malignancies. Mol. Cancer 9, 187 (2010).

54.

Conrotto, P., Andréasson, U., Kuci, V., Borrebaeck, C. A. K. & Ek, S. Knock-down of
SOX11 induces autotaxin-dependent increase in proliferation in vitro and more
aggressive tumors in vivo. Mol. Oncol. 5, 527–537 (2011).

55.

Kuo, P. Y. et al. High-resolution chromatin immunoprecipitation (ChIP) sequencing
reveals novel binding targets and prognostic role for SOX11 in mantle cell lymphoma.
Oncogene 34, 1231–1240 (2015).

56.

Balsas, P. et al. SOX11 promotes tumor protective microenvironment interactions
through CXCR4 and FAK regulation in mantle cell lymphoma. Blood 130, 501–513
(2017).

57.

Palomero, J. et al. SOX11 promotes tumor angiogenesis through transcriptional
regulation of PDGFA in mantle cell lymphoma. Blood 124, 2235–2247 (2014).

58.

Nordström, L. et al. SOX11 and TP53 add prognostic information to MIPI in a
homogenously treated cohort of mantle cell lymphoma - a Nordic Lymphoma Group
study. Br. J. Haematol. 166, 98–108 (2014).

59.

Jares, P., Colomer, D. & Campo, E. Genetic and molecular pathogenesis of mantle cell
lymphoma: Perspectives for new targeted therapeutics. Nat. Rev. Cancer 7, 750–762
(2007).

60.

Hartmann, E. M. et al. Pathway discovery in mantle cell lymphoma by integrated
analysis of high-resolution gene expression and copy number profiling. Blood 116,
953–961 (2010).

61.

Reddy, K. S., Ansari-Lari, M. & Dipasquale, B. Blastic mantle cell lymphoma with a
Burkitt translocation. Leuk. Lymphoma 49, 740–750 (2008).

62.

Hao, S. et al. Mantle cell lymphoma with 8q24 chromosomal abnormalities: A report
of 5 cases with blastoid features. Mod. Pathol. 15, 1266–1272 (2002).

63.

Bea, S. et al. Landscape of somatic mutations and clonal evolution in mantle cell
lymphoma. Proc. Natl. Acad. Sci. 110, 18250–18255 (2013).

64.

Camacho, E. et al. ATM gene inactivation in mantle cell lymphoma mainly occurs by
truncating mutations and missense mutations involving the phosphatidylinositol-3
kinase domain and is associated with increasing numbers of chromosomal imbalances.
Blood 99, 238–244 (2002).

65.

Pérez-Galán, P. et al. Bortezomib resistance in mantle cell lymphoma is associated
with plasmacytic differentiation. Blood 117, 542–52 (2011).

66.

Pighi, C. et al. Phospho-proteomic analysis of mantle cell lymphoma cells suggests a
pro-survival role of B-cell receptor signaling. Cell. Oncol. 34, 141–153 (2011).

44

67.

Herishanu, Y. et al. The lymph node microenvironment promotes B-cell receptor
signaling, NF-κB activation, and tumor proliferation in chronic lymphocytic leukemia.
Blood 117, 563–574 (2011).

68.

Saba, N. S. et al. Pathogenic role of B-cell receptor signaling and canonical NF-κB
activation in mantle cell lymphoma. Blood 128, 82–92 (2016).

69.

Rizzatti, E. G. et al. Gene expression profiling of mantle cell lymphoma cells reveals
aberrant expression of genes from the PI3K-AKT, WNT and TGFβ signalling
pathways. Br. J. Haematol. 130, 516–526 (2005).

70.

Col, J. D. et al. Distinct functional significance of Akt and mTOR constitutive
activation in mantle cell lymphoma. Blood 111, 5142–5151 (2008).

71.

Anand, M. et al. Constitutive activation of the Wnt canonical pathway in mantle cell
lymphoma. Blood 112, 5171–5179 (2008).

72.

Mittal, A. K. et al. Chronic Lymphocytic Leukemia Cells in a Lymph Node
Microenvironment Depict Molecular Signature Associated with an Aggressive
Disease. Mol. Med. 20, 290–301 (2014).

73.

Hoster, E. et al. A new prognostic index (MIPI) for patients with advanced-stage
mantle cell lymphoma. Blood 111, 558–65 (2008).

74.

Hoster, E. et al. Prognostic Value of Ki-67 Index, Cytology, and Growth Pattern in
Mantle-Cell Lymphoma: Results From Randomized Trials of the European Mantle
Cell Lymphoma Network. J. Clin. Oncol. 34, 1386–94 (2016).

75.

Dreyling, M., Ferrero, S. & Hermine, O. How to manage mantle cell lymphoma.
Leukemia 28, 2117–2130 (2014).

76.

Badar, T., Burger, J. A., Wierda, W. G. & O’Brien, S. Ibrutinib: A paradigm shift in
management of CLL. Expert Rev. Hematol. 7, 705–717 (2014).

77.

Herrera, A. F. & Jacobsen, E. D. Ibrutinib for the treatment of mantle cell lymphoma.
Clin. Cancer Res. 20, 5365–5371 (2014).

78.

Chang, B. Y. et al. Egress of CD19+CD5+ cells into peripheral blood following
treatment with the Bruton tyrosine kinase inhibitor ibrutinib in mantle cell lymphoma
patients. Blood 122, 2412–2424 (2013).

79.

Covey, T. et al. Abstract 2596: ACP-196: a novel covalent Bruton’s tyrosine kinase
(Btk) inhibitor with improved selectivity and in vivo target coverage in chronic
lymphocytic leukemia (CLL) patients. Cancer Res. 75, 2596 LP – 2596 (2015).

80.

Barf, T. et al. Acalabrutinib (ACP-196): A Covalent Bruton Tyrosine Kinase Inhibitor
with a Differentiated Selectivity and In Vivo Potency Profile. J. Pharmacol. Exp. Ther.
363, 240–252 (2017).

81.

Wang, M. et al. Acalabrutinib in relapsed or refractory mantle cell lymphoma (ACELY-004): a single-arm, multicentre, phase 2 trial. Lancet 391, 659–667 (2018).

82.

Davids, M. S. et al. Phase i first-in-human study of venetoclax in patients with relapsed
or refractory non-hodgkin lymphoma. J. Clin. Oncol. 35, 826–833 (2017).

83.

Leonard, J. P. et al. Selective CDK4/6 inhibition with tumor responses by PD0332991
in patients with mantle cell lymphoma. Blood 119, 4597–4607 (2012).

45

84.

Palanca-Wessels, M. C. A. et al. Safety and activity of the anti-CD79B antibody-drug
conjugate polatuzumab vedotin in relapsed or refractory B-cell non-Hodgkin
lymphoma and chronic lymphocytic leukaemia: A phase 1 study. Lancet Oncol. 16,
704–715 (2015).

85.

Habermann, T. M. et al. Lenalidomide oral monotherapy produces a high response rate
in patients with relapsed or refractory mantle cell lymphoma. Br. J. Haematol. 145,
344–349 (2009).

86.

Witzig, T. E. et al. An international phase II trial of single-agent lenalidomide for
relapsed or refractory aggressive B-cell non-Hodgkin’s lymphoma. Ann. Oncol. 22,
1622–1627 (2011).

87.

Chiron, D. et al. Rational targeted therapies to overcome microenvironment-dependent
expansion of mantle cell lymphoma. Blood 128, 2808–2818 (2016).

88.

Chiron, D. et al. Biological rational for sequential targeting of Bruton tyrosine kinase
and Bcl-2 to overcome CD40-induced ABT-199 resistance in mantle cell lymphoma.
Oncotarget 6, (2015).

89.

Hu, S. S., Lai, M. M. & Vogt, P. K. Genome of avian myelocytomatosis virus MC29:
analysis by heteroduplex mapping. Proc. Natl. Acad. Sci. U. S. A. 76, 1265–8 (1979).

90.

Duesberg, P. H. & Vogt, P. K. Avian acute leukemia viruses MC29 and MH2 share
specific RNA sequences: evidence for a second class of transforming genes. Proc.
Natl. Acad. Sci. U. S. A. 76, 1633–7 (1979).

91.

Sheiness, D. & Bishop, J. M. DNA and RNA from uninfected vertebrate cells contain
nucleotide sequences related to the putative transforming gene of avian
myelocytomatosis virus. J. Virol. 31, 514–21 (1979).

92.

Vennstrom, B., Sheiness, D., Zabielski, J. & Bishop, J. M. Isolation and
characterization of c-myc, a cellular homolog of the oncogene (v-myc) of avian
myelocytomatosis virus strain 29. J. Virol. 42, 773–9 (1982).

93.

Davis, A. C., Wims, M., Spotts, G. D., Hann, S. R. & Bradley, A. A null c-myc
mutation causes lethality before 10.5 days of gestation in homozygotes and reduced
fertility in heterozygous female mice. Genes Dev. 7, 671–82 (1993).

94.

Vallespinós, M. et al. B Lymphocyte commitment program is driven by the protooncogene c-Myc. J. Immunol. 186, 6726–36 (2011).

95.

Huang, C.-Y., Bredemeyer, A. L., Walker, L. M., Bassing, C. H. & Sleckman, B. P.
Dynamic regulation of c-Myc proto-oncogene expression during lymphocyte
development revealed by a GFP-c-Myc knock-in mouse. Eur. J. Immunol. 38, 342–9
(2008).

96.

Calado, D. P. et al. The cell-cycle regulator c-Myc is essential for the formation and
maintenance of germinal centers. Nat. Immunol. 13, 1092–100 (2012).

97.

Lin, Y., Wong, K. & Calame, K. Repression of c-myc transcription by Blimp-1, an
inducer of terminal B cell differentiation. Science (80-. ). 276, 596–9 (1997).

98.

Taub, R. et al. Translocation of the c-myc gene into the immunoglobulin heavy chain
locus in human Burkitt lymphoma and murine plasmacytoma cells. Proc. Natl. Acad.
Sci. U. S. A. 79, 7837–41 (1982).

46

99.

Dalla-Favera, R. et al. Human c-myc onc gene is located on the region of chromosome
8 that is translocated in Burkitt lymphoma cells. Proc. Natl. Acad. Sci. U. S. A. 79,
7824–7 (1982).

100. Bertrand, S. et al. Variant translocation in a non endemic case of Burkitt’s lymphoma:
t (8;22) in an Epstein--Barr virus negative tumour and in a derived cell line. Eur. J.
Cancer 17, 577–84 (1981).
101. Bernheim, A., Berger, R. & Lenoir, G. Cytogenetic studies on African Burkitt’s
lymphoma cell lines: t(8;14), t(2;8) and t(8;22) translocations. Cancer Genet.
Cytogenet. 3, 307–15 (1981).
102. Pelengaris, S., Littlewood, T., Khan, M., Elia, G. & Evan, G. Reversible activation of
c-Myc in skin: Induction of a complex neoplastic phenotype by a single oncogenic
lesion. Mol. Cell 3, 565–577 (1999).
103. Felsher, D. W. & Bishop, J. M. Reversible tumorigenesis by MYC in hematopoietic
lineages. Mol. Cell 4, 199–207 (1999).
104. Beer, S. et al. Developmental context determines latency of MYC-induced
tumorigenesis. PLoS Biol. 2, (2004).
105. Hogstrand, K., Grandien, A., Högstrand, K. & Grandien, A. MYC-driven malignant
transformation of mature murine B cells requires inhibition of both intrinsic apoptosis
and p53 activity. Eur J Immunol 49, 375–385 (2019).
106. KJ, S. et al. MYC gene rearrangements are associated with a poor prognosis in diffuse
large B-cell lymphoma patients treated with R-CHOP chemotherapy. Blood 114,
3533–3537 (2009).
107. Zhang, H. W. et al. Clinical significance and prognosis of MYC translocation in
diffuse large B-cell lymphoma. Hematol. Oncol. 29, 185–9 (2011).
108. Horn, H. et al. MYC status in concert with BCL2 and BCL6 expression predicts
outcome in diffuse large B-cell lymphoma. Blood 121, 2253–2263 (2013).
109. Hu, Z. et al. Mantle Cell Lymphoma With MYC Rearrangement. Am. J. Surg. Pathol.
41, 216–224 (2017).
110. Chisholm, K. M. et al. Expression profiles of MYC protein and MYC gene
rearrangement in lymphomas. Am. J. Surg. Pathol. 39, 294–303 (2015).
111. Choe, J.-Y. et al. MYC overexpression correlates with MYC amplification or
translocation, and is associated with poor prognosis in mantle cell lymphoma.
Histopathology 68, 442–9 (2016).
112. Beroukhim, R. et al. The landscape of somatic copy-number alteration across human
cancers. Nature 463, 899–905 (2010).
113. Huh, Y. O. et al. MYC translocation in chronic lymphocytic leukaemia is associated
with increased prolymphocytes and a poor prognosis. Br. J. Haematol. 142, 36–44
(2008).
114. Bahram, F., von der Lehr, N., Cetinkaya, C. & Larsson, L. G. c-Myc hot spot mutations
in lymphomas result in inefficient ubiquitination and decreased proteasome-mediated
turnover. Blood 95, 2104–10 (2000).

47

115. Grande, B. M. et al. Genome-wide discovery of somatic coding and noncoding
mutations in pediatric endemic and sporadic Burkitt lymphoma. Blood 133, 1313–
1324 (2019).
116. Chakraborty, A. A. et al. A common functional consequence of tumor-derived
mutations within c-MYC. Oncogene 34, 2406–2409 (2015).
117. Farrell, A. S. & Sears, R. C. MYC degradation. Cold Spring Harb. Perspect. Med. 4,
1–16 (2014).
118. Cowling, V. H., Turner, S. A. & Cole, M. D. Burkitt’s lymphoma-associated c-Myc
mutations converge on a dramatically altered target gene response and implicate
Nol5a/Nop56 in oncogenesis. Oncogene 33, 3519–3527 (2014).
119. Chang, D. W., Claassen, G. F., Hann, S. R. & Cole, M. D. The c-Myc transactivation
domain is a direct modulator of apoptotic versus proliferative signals. Mol Cell Biol
20, 4309–4319 (2000).
120. Hemann, M. T. et al. Evasion of the p53 tumour surveillance network by tumourderived MYC mutants. Nature 436, 807–811 (2005).
121. Nair, S. K. & Burley, S. K. X-Ray Structures of Myc-Max and Mad-Max Recognizing
DNA. Cell 112, 193–205 (2004).
122. Guo, J. et al. Sequence specificity incompletely defines the genome-wide occupancy
of Myc. Genome Biol. 15, 482 (2014).
123. Xie, X. et al. Systematic discovery of regulatory motifs in human promoters and 3’
UTRs by comparison of several mammals. Nature 434, 338–45 (2005).
124. Allevato, M. et al. Sequence-specific DNA binding by MYC/MAX to low-affinity
non-E-box motifs. PLoS One 12, 1–20 (2017).
125. Lorenzin, F. et al. Different promoter affinities account for specificity in MYCdependent gene regulation. Elife 5, (2016).
126. Wiese, K. E. et al. The role of MIZ-1 in MYC-dependent tumorigenesis. Cold Spring
Harb. Perspect. Med. 3, a014290 (2013).
127. Sabo, A. et al. Selective transcriptional regulation by Myc in cellular growth control
and lymphomagenesis. Nature 511, 488–492 (2014).
128. de Pretis, S. et al. Integrative analysis of RNA polymerase II and transcriptional
dynamics upon MYC activation. Genome Res. 27, 1658–1664 (2017).
129. Laurenti, E. et al. Hematopoietic stem cell function and survival depend on c-Myc and
N-Myc activity. Cell Stem Cell 3, 611–24 (2008).
130. Takahashi, K. & Yamanaka, S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell 126, 663–76 (2006).
131. Wolf, E., Lin, C. Y., Eilers, M. & Levens, D. L. Taming of the beast: Shaping Mycdependent amplification. Trends Cell Biol. 25, 241–248 (2015).
132. Grandori, C. et al. c-Myc binds to human ribosomal DNA and stimulates transcription
of rRNA genes by RNA polymerase I. Nat. Cell Biol. 7, 311–8 (2005).
133. Gomez-Roman, N., Grandori, C., Eisenman, R. N. & White, R. J. Direct activation of
RNA polymerase III transcription by c-Myc. Nature 421, 290–4 (2003).

48

134. Shiue, C.-N., Nematollahi-Mahani, A. & Wright, A. P. H. Myc-induced anchorage of
the rDNA IGS region to nucleolar matrix modulates growth-stimulated changes in
higher-order rDNA architecture. Nucleic Acids Res. 42, 5505–17 (2014).
135. Cowling, V. H. & Cole, M. D. The Myc transactivation domain promotes global
phosphorylation of the RNA polymerase II carboxy-terminal domain independently of
direct DNA binding. Mol. Cell. Biol. 27, 2059–73 (2007).
136. Rahl, P. B. et al. c-Myc regulates transcriptional pause release. Cell 141, 432–45
(2010).
137. Nie, Z. et al. c-Myc is a universal amplifier of expressed genes in lymphocytes and
embryonic stem cells. Cell 151, 68–79 (2012).
138. Lin, C. Y. et al. Transcriptional amplification in tumor cells with elevated c-Myc. Cell
151, 56–67 (2012).
139. Walz, S. et al. Activation and repression by oncogenic MYC shape tumour-specific
gene expression profiles. Nature 511, 483–487 (2014).
140. Muhar, M. et al. SLAM-seq defines direct gene-regulatory functions of the BRD4MYC axis. Science (80-. ). 360, 800–805 (2018).
141. Hanahan, D. & Weinberg, R. A. The hallmarks of cancer. Cell 100, 57–70 (2000).
142. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144,
646–74 (2011).
143. Östman, A. & Augsten, M. Cancer-associated fibroblasts and tumor growth bystanders turning into key players. Curr. Opin. Genet. Dev. 19, 67–73 (2009).
144. DeLeeuw, R. J., Kost, S. E., Kakal, J. A. & Nelson, B. H. The prognostic value of
FoxP3+ tumor-infiltrating lymphocytes in cancer: A critical review of the literature.
Clin. Cancer Res. 18, 3022–3029 (2012).
145. Scott, D. W. & Gascoyne, R. D. The tumour microenvironment in B cell lymphomas.
Nat. Rev. Cancer 14, 517–534 (2014).
146. Dave, S. S. et al. Prediction of survival in follicular lymphoma based on molecular
features of tumor-infiltrating immune cells. N. Engl. J. Med. 351, 2159–69 (2004).
147. Lenz, G. et al. Stromal gene signatures in large-B-cell lymphomas. N. Engl. J. Med.
359, 2313–23 (2008).
148. Nygren, L. et al. T-Cell Levels Are Prognostic in Mantle Cell Lymphoma. Clin.
Cancer Res. 20, 6096–6104 (2014).
149. Trentin, L. et al. Homeostatic chemokines drive migration of malignant B cells in
patients with non-Hodgkin lymphomas. Blood 104, 502–8 (2004).
150. Rehm, A. et al. Cooperative function of CCR7 and lymphotoxin in the formation of a
lymphoma-permissive niche within murine secondary lymphoid organs. Blood 118,
1020–33 (2011).
151. Dilillo, D. J. et al. Chronic lymphocytic leukemia and regulatory B cells share IL-10
competence and immunosuppressive function. Leukemia 27, 170–82 (2013).
152. Collins, R. J. et al. Spontaneous programmed death (apoptosis) of B-chronic
lymphocytic leukaemia cells following their culture in vitro. Br. J. Haematol. 71, 343–
50 (1989).
49

153. Medina, D. J. et al. Mesenchymal stromal cells protect mantle cell lymphoma cells
from spontaneous and drug-induced apoptosis through secretion of B-cell activating
factor and activation of the canonical and non-canonical nuclear factor κB pathways.
Haematologica 97, 1255–1263 (2012).
154. Panayiotidis, P., Jones, D., Ganeshaguru, K., Foroni, L. & Hoffbrand, A. V. Human
bone marrow stromal cells prevent apoptosis and support the survival of chronic
lymphocytic leukaemia cells in vitro. Br. J. Haematol. 92, 97–103 (1996).
155. Lwin, T. et al. Bone marrow stromal cells prevent apoptosis of lymphoma cells by
upregulation of anti-apoptotic proteins associated with activation of NF-κB
(RelB/p52) in non-Hodgkin’s lymphoma cells. Leukemia 21, 1521–1531 (2007).
156. Puente, X. S., Jares, P. & Campo, E. Chronic lymphocytic leukemia and mantle cell
lymphoma: crossroads of genetic and microenvironment interactions. Blood 131,
2283–2296 (2018).
157. Shen, W., Bendall, L. J., Gottlieb, D. J. & Bradstock, K. F. The chemokine receptor
CXCR4 enhances integrin-mediated in vitro adhesion and facilitates engraftment of
leukemic precursor-B cells in the bone marrow. Exp. Hematol. 29, 1439–47 (2001).
158. Allen, C. D. C. et al. Germinal center dark and light zone organization is mediated by
CXCR4 and CXCR5. Nat. Immunol. 5, 943–52 (2004).
159. Okada, T. et al. Chemokine requirements for B cell entry to lymph nodes and Peyer’s
patches. J. Exp. Med. 196, 65–75 (2002).
160. Nie, Y. et al. The role of CXCR4 in maintaining peripheral B cell compartments and
humoral immunity. J. Exp. Med. 200, 1145–56 (2004).
161. Nagasawa, T. et al. Defects of B-cell lymphopoiesis and bone-marrow myelopoiesis
in mice lacking the CXC chemokine PBSF/SDF-1. Nature 382, 635–8 (1996).
162. Ma, Q. et al. Impaired B-lymphopoiesis, myelopoiesis, and derailed cerebellar neuron
migration in CXCR4- and SDF-1-deficient mice. Proc. Natl. Acad. Sci. U. S. A. 95,
9448–53 (1998).
163. Kurtova, A. V., Tamayo, A. T., Ford, R. J. & Burger, J. A. Mantle cell lymphoma cells
express high levels of CXCR4, CXCR5, and VLA-4 (CD49d): Importance for
interactions with the stromal microenvironment and specific targeting. Blood 113,
4604–4613 (2009).
164. Barretina, J. et al. CXCR4 and SDF-1 expression in B-cell chronic lymphocytic
leukemia and stage of the disease. Ann. Hematol. 82, 500–505 (2003).
165. Reif, K. et al. Balanced responsiveness to chemoattractants from adjacent zones
determines B-cell position. Nature 416, 94–9 (2002).
166. Burger, J. A. et al. Blood-derived nurse-like cells protect chronic lymphocytic
leukemia B cells from spontaneous apoptosis through stromal cell-derived factor-1.
Blood 96, 2655–63 (2000).
167. JA, B. & TJ, K. CXCR4: A Key Receptor in the Crosstalk Between Tumor Cells and
their Microenvirontment. Blood 107, 1761–1767 (2006).
168. Broxmeyer, H. E. et al. Rapid mobilization of murine and human hematopoietic stem
and progenitor cells with AMD3100, a CXCR4 antagonist. J. Exp. Med. 201, 1307–
18 (2005).

50

169. Devine, S. M. et al. Rapid mobilization of functional donor hematopoietic cells
without G-CSF using AMD3100, an antagonist of the CXCR4/SDF-1 interaction.
Blood 112, 990–8 (2008).
170. Koopman, G. et al. Adhesion through the LFA-1 (CD11a/CD18)-ICAM-1 (CD54) and
the VLA-4 (CD49d)-VCAM-1 (CD106) pathways prevents apoptosis of germinal
center B cells. J. Immunol. 152, 3760–7 (1994).
171. Weekes, C. D., Kuszynski, C. A. & Sharp, J. G. VLA-4 mediated adhesion to bone
marrow stromal cells confers chemoresistance to adherent lymphoma cells. Leuk.
Lymphoma 40, 631–45 (2001).
172. Mraz, M. et al. Bone marrow stromal cells protect lymphoma B-cells from rituximabinduced apoptosis and targeting integrin α-4-β-1 (VLA-4) with natalizumab can
overcome this resistance. Br. J. Haematol. 155, 53–64 (2011).
173. Boyd, A. W., Wawryk, S. O., Burns, G. F. & Fecondo, J. V. Intercellular adhesion
molecule 1 (ICAM-1) has a central role in cell-cell contact-mediated immune
mechanisms. Proc. Natl. Acad. Sci. U. S. A. 85, 3095–9 (1988).
174. Jacob, M. C. et al. Quantification of cellular adhesion molecules on malignant B cells
from non-Hodgkin’s lymphoma. Leukemia 13, 1428–33 (1999).
175. Molica, S., Dattilo, A., Mannella, A., Levato, D. & Levato, L. Expression on leukemic
cells and serum circulating levels of intercellular adhesion molecule-1 (ICAM-1) in
B-cell chronic lymphocytic leukemia: implications for prognosis. Leuk. Res. 19, 573–
80 (1995).
176. Castillo, R. et al. Proliferative response of mantle cell lymphoma cells stimulated by
CD40 ligation and IL-4. Leukemia 14, 292–298 (2000).
177. Andersen, N. S. et al. Soluble CD40 ligand induces selective proliferation of
lymphoma cells in primary mantle cell lymphoma cell cultures. Blood 96, 2219–2225
(2000).
178. Yang, Z., Novak, A. J., Stenson, M. J., Witzig, T. E. & Ansell, S. M. Intratumoral
CD4+CD25+ regulatory T-cell-mediated suppression of infiltrating CD4+ T cells in
B-cell non-Hodgkin lymphoma. Blood 107, 3639–46 (2006).
179. Pittaluga, S. et al. Mantle cell lymphoma: a clinicopathological study of 55 cases.
Histopathology 26, 17–24 (1995).
180. Argatoff, L. H., Connors, J. M., Klasa, R. J., Horsman, D. E. & Gascoyne, R. D. Mantle
cell lymphoma: a clinicopathologic study of 80 cases. Blood 89, 2067–78 (1997).
181. Farinha, P. et al. Analysis of multiple biomarkers shows that lymphoma-associated
macrophage (LAM) content is an independent predictor of survival in follicular
lymphoma (FL). Blood 106, 2169–74 (2005).
182. Rinaldi, A. et al. Genomic and expression profiling identifies the B-cell associated
tyrosine kinase Syk as a possible therapeutic target in mantle cell lymphoma. Br. J.
Haematol. 132, 303–316 (2006).
183. Cecconi, D. et al. Signal transduction pathways of mantle cell lymphoma: A
phosphoproteome-based study. Proteomics 8, 4495–4506 (2008).
184. Boyd, R. S. et al. Protein Profiling of Plasma Membranes Defines Aberrant Signaling
Pathways in Mantle Cell Lymphoma. Mol. Cell. Proteomics 8, 1501–1515 (2009).

51

185. Damiano, J. S., Cress, A. E., Hazlehurst, L. A., Shtil, A. A. & Dalton, W. S. Cell
adhesion mediated drug resistance (CAM-DR): role of integrins and resistance to
apoptosis in human myeloma cell lines. Blood 93, 1658–67 (1999).
186. Kurtova, A. V. et al. Diverse marrow stromal cells protect CLL cells from spontaneous
and drug-induced apoptosis: Development of a reliable and reproducible system to
assess stromal cell adhesion-mediated drug resistance. Blood 114, 4441–4450 (2009).
187. Lwin, T. et al. Lymphoma cell adhesion-induced expression of B cell-activating factor
of the TNF family in bone marrow stromal cells protects non-Hodgkin’s B lymphoma
cells from apoptosis. Leukemia 23, 170–177 (2009).
188. Burger, J. A. & Peled, A. CXCR4 antagonists: Targeting the microenvironment in
leukemia and other cancers. Leukemia 23, 43–52 (2009).
189. Uy, G. L. et al. A phase 1/2 study of chemosensitization with the CXCR4 antagonist
plerixafor in relapsed or refractory acute myeloid leukemia. Blood 119, 3917–3924
(2012).
190. Ponader, S. et al. The Bruton tyrosine kinase inhibitor PCI-32765 thwarts chronic
lymphocytic leukemia cell survival and tissue homing in vitro and in vivo. Blood 119,
1182–9 (2012).
191. Friedberg, J. W. et al. Inhibition of Syk with fostamatinib disodium has significant
clinical activity in non-Hodgkin lymphoma and chronic lymphocytic leukemia. Blood
115, 2578–2585 (2010).
192. Jeon, H. J., Kim, C. W., Yoshino, T. & Akagi, T. Establishment and characterization
of a mantle cell lymphoma cell line. Br. J. Haematol. 102, 1323–6 (1998).
193. Szepetowski, P. et al. Localization of 11q13 loci with respect to regional chromosomal
breakpoints. Genomics 12, 738–44 (1992).
194. Prod’homme, T. et al. Defective class II transactivator expression in a B lymphoma
cell line. Leukemia 18, 832–840 (2004).
195. Weekes, C. D., Pirruccello, S. J., Vose, J. M., Kuszynski, C. & Sharp, J. G. Lymphoma
cells associated with bone marrow stromal cells in culture exhibit altered growth and
survival. Leuk. Lymphoma 31, 151–65 (1998).
196. Itoh, K. et al. Reproducible establishment of hemopoietic supportive stromal cell lines
from murine bone marrow. Exp. Hematol. 17, 145–53 (1989).
197. Suzuki, J., Fujita, J., Taniguchi, S., Sugimoto, K. & Mori, K. J. Characterization of
murine hemopoietic-supportive (MS-1 and MS-5) and non-supportive (MS-K) cell
lines. Leukemia 6, 452–8 (1992).
198. Palacios, R. & Steinmetz, M. Il-3-dependent mouse clones that express B-220 surface
antigen, contain Ig genes in germ-line configuration, and generate B lymphocytes in
vivo. Cell 41, 727–34 (1985).
199. Palacios, R., Henson, G., Steinmetz, M. & McKearn, J. P. Interleukin-3 supports
growth of mouse pre-B-cell clones in vitro. Nature 309, 126–131 (1984).
200. Daley, G. Q. & Baltimore, D. Transformation of an interleukin 3-dependent
hematopoietic cell line by the chronic myelogenous leukemia-specific P210bcr/abl
protein. Proc. Natl. Acad. Sci. U. S. A. 85, 9312–6 (1988).

52

201. Carroll, M., Tomasson, M. H., Barker, G. F., Golub, T. R. & Gilliland, D. G. The
TEL/platelet-derived growth factor beta receptor (PDGF beta R) fusion in chronic
myelomonocytic leukemia is a transforming protein that self-associates and activates
PDGF beta R kinase-dependent signaling pathways. Proc. Natl. Acad. Sci. U. S. A. 93,
14845–50 (1996).
202. Lacronique, V. et al. A TEL-JAK2 fusion protein with constitutive kinase activity in
human leukemia. Science 278, 1309–12 (1997).
203. Kelly, L. M. et al. FLT3 internal tandem duplication mutations associated with human
acute myeloid leukemias induce myeloproliferative disease in a murine bone marrow
transplant model. Blood 99, 310–8 (2002).
204. Högstrand, K., Darmanin, S., Forshell, T. P. & Grandien, A. Transformation of mouse
T cells requires MYC and AKT activity in conjunction with inhibition of intrinsic
apoptosis. Oncotarget 9, 21396–21410 (2018).
205. Bolger, A. M., Lohse, M. & Usadel, B. Trimmomatic: a flexible trimmer for Illumina
sequence data. Bioinformatics 30, 2114–2120 (2014).
206. Qiu, J. et al. Mixed-species RNA-seq for elucidation of non-cell-autonomous control
of gene transcription. Nat. Protoc. 13, 2176–2199 (2018).
207. Okaty, B. W., Sugino, K. & Nelson, S. B. A Quantitative Comparison of Cell-TypeSpecific Microarray Gene Expression Profiling Methods in the Mouse Brain. PLoS
One 6, e16493 (2011).
208. Okaty, B. W., Sugino, K. & Nelson, S. B. Cell Type-Specific Transcriptomics in the
Brain. J. Neurosci. 31, 6939–6943 (2011).
209. Hasel, P. et al. Neurons and neuronal activity control gene expression in astrocytes to
regulate their development and metabolism. Nat. Commun. 8, 15132 (2017).
210. Conway, T. et al. Xenome-a tool for classifying reads from xenograft samples.
Bioinformatics 28, 172–178 (2012).
211. Trapnell, C., Pachter, L. & Salzberg, S. L. TopHat: discovering splice junctions with
RNA-Seq. Bioinformatics 25, 1105–1111 (2009).
212. Li, H. et al. The Sequence Alignment/Map format and SAMtools. Bioinformatics 25,
2078–2079 (2009).
213. Patro, R., Mount, S. M. & Kingsford, C. Sailfish enables alignment-free isoform
quantification from RNA-seq reads using lightweight algorithms. Nat. Biotechnol. 32,
462–464 (2014).
214. Chivukula, I. V. et al. Decoding breast cancer tissue-stroma interactions using speciesspecific sequencing. Breast Cancer Res. 17, 109 (2015).
215. Kim, D. et al. TopHat2: accurate alignment of transcriptomes in the presence of
insertions, deletions and gene fusions. Genome Biol. 14, R36 (2013).
216. Burrows, M. & Wheeler, D. J. A Block-sorting Lossless Data Compression Algorithm.
in (1994).
217. Langmead, B. & Salzberg, S. L. Fast gapped-read alignment with Bowtie 2. Nat.
Methods 9, 357–9 (2012).

53

218. Baruzzo, G. et al. Simulation-based comprehensive benchmarking of RNA-seq
aligners. Nat. Methods 14, 135–139 (2017).
219. Dobin, A. et al. STAR: Ultrafast universal RNA-seq aligner. Bioinformatics 29, 15–
21 (2013).
220. Anders, S. & Huber, W. Differential expression analysis for sequence count data.
Genome Biol. 11, R106 (2010).
221. Robinson, M. D., McCarthy, D. J. & Smyth, G. K. edgeR: A Bioconductor package
for differential expression analysis of digital gene expression data. Bioinformatics 26,
139–140 (2009).
222. Lun, A. T. L., Chen, Y. & Smyth, G. K. It’s DE-licious: A Recipe for Differential
Expression Analyses of RNA-seq Experiments Using Quasi-Likelihood Methods in
edgeR. Methods Mol. Biol. 1418, 391–416 (2016).
223. Mortazavi, A., Williams, B. A., McCue, K., Schaeffer, L. & Wold, B. Mapping and
quantifying mammalian transcriptomes by RNA-Seq. Nat. Methods 5, 621–8 (2008).
224. Li, B., Ruotti, V., Stewart, R. M., Thomson, J. A. & Dewey, C. N. RNA-Seq gene
expression estimation with read mapping uncertainty. Bioinformatics 26, 493–500
(2010).
225. Kanehisa, M., Furumichi, M., Tanabe, M., Sato, Y. & Morishima, K. KEGG: New
perspectives on genomes, pathways, diseases and drugs. Nucleic Acids Res. 45, D353–
D361 (2017).
226. Kanehisa, M. & Goto, S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic
Acids Res. 28, 27–30 (2000).
227. Ashburner, M. et al. Gene ontology: tool for the unification of biology. The Gene
Ontology Consortium. Nat. Genet. 25, 25–9 (2000).
228. The Gene Ontology Consortium. The Gene Ontology Resource: 20 years and still
GOing strong. Nucleic Acids Res. 47, D330–D338 (2019).
229. Liberzon, A. et al. The Molecular Signatures Database Hallmark Gene Set Collection.
Cell Syst. 1, 417–425 (2015).
230. Liberzon, A. et al. Molecular signatures database (MSigDB) 3.0. Bioinformatics 27,
1739–40 (2011).
231. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc. Natl. Acad. Sci. U. S. A. 102,
15545–50 (2005).
232. Sergushichev, A. An algorithm for fast preranked gene set enrichment analysis using
cumulative statistic calculation. bioRxiv (2016). doi:https://doi.org/10.1101/060012
233. Langmead, B., Trapnell, C., Pop, M. & Salzberg, S. L. Ultrafast and memory-efficient
alignment of short DNA sequences to the human genome. Genome Biol. 10, R25
(2009).
234. Grande, B. M. et al. Genome-wide discovery of somatic coding and noncoding
mutations in pediatric endemic and sporadic Burkitt lymphoma. Blood 14, 800–805
(2014).

54

235. Burger, J. A. et al. High-level expression of the T-cell chemokines CCL3 and CCL4
by chronic lymphocytic leukemia B cells in nurselike cell cocultures and after BCR
stimulation. Blood 113, 3050–3058 (2009).
236. Bystry, R. S., Aluvihare, V., Welch, K. A., Kallikourdis, M. & Betz, A. G. B cells and
professional APCs recruit regulatory T cells via CCL4. Nat. Immunol. 2, 1126–1132
(2001).
237. Takahashi, K. et al. CCL3 and CCL4 are biomarkers for B cell receptor pathway
activation and prognostic serum markers in diffuse large B cell lymphoma. Br. J.
Haematol. 171, 726–735 (2015).
238. Sivina, M. et al. CCL3 (MIP-1α) plasma levels and the risk for disease progression in
chronic lymphocytic leukemia. Blood 117, 1662–9 (2011).
239. Palma, M. et al. Ibrutinib induces rapid down-regulation of inflammatory markers and
altered transcription of chronic lymphocytic leukaemia-related genes in blood and
lymph nodes. Br. J. Haematol. 183, 212–224 (2018).
240. Xiao, X. et al. PD-1hi Identifies a Novel Regulatory B-cell Population in Human
Hepatoma That Promotes Disease Progression. Cancer Discov. 6, 546–59 (2016).
241. Dilillo, D. J., Matsushita, T. & Tedder, T. F. B10 cells and regulatory B cells balance
immune responses during inflammation, autoimmunity, and cancer. Ann. N. Y. Acad.
Sci. 1183, 38–57 (2010).
242. Nishimura, H. et al. Expression of sphingosine-1-phosphate receptor 1 in mantle cell
lymphoma. Mod. Pathol. 23, 439–449 (2010).
243. Wasik, A. M. et al. Clinical and functional impact of recurrent S1PR1 mutations in
mantle cell lymphoma. Blood Adv. 2, 621–625 (2018).
244. Patrussi, L. et al. Enhanced Chemokine Receptor Recycling and Impaired S1P1
Expression Promote Leukemic Cell Infiltration of Lymph Nodes in Chronic
Lymphocytic Leukemia. Cancer Res. 75, 4153–63 (2015).
245. Borge, M. et al. The Expression of Sphingosine-1 Phosphate Receptor-1 in Chronic
Lymphocytic Leukemia Cells Is Impaired by Tumor Microenvironmental Signals and
Enhanced by Piceatannol and R406. J. Immunol. 193, 3165–3174 (2014).
246. Young, R. M. & Staudt, L. M. Targeting pathological B cell receptor signalling in
lymphoid malignancies. Nat. Rev. Drug Discov. 12, 229–243 (2013).
247. Bernard, S. et al. Inhibitors of BCR signalling interrupt the survival signal mediated
by the micro-environment in mantle cell lymphoma. Int. J. Cancer 136, 2761–2774
(2015).
248. Singh, R., Masuda, E. S. & Payan, D. G. Discovery and development of spleen
tyrosine kinase (SYK) inhibitors. J. Med. Chem. 55, 3614–43 (2012).
249. Lannutti, B. J. et al. CAL-101, a p110δ selective phosphatidylinositol-3-kinase
inhibitor for the treatment of B-cell malignancies, inhibits PI3K signaling and cellular
viability. Blood 117, 591–594 (2011).
250. Peterman, S. et al. Idelalisib, a selective inhibitor of phosphatidylinositol 3-kinase- ,
as therapy for previously treated indolent non-Hodgkin lymphoma. Blood 123, 3406–
3413 (2014).

55

251. Pan, Z. et al. Discovery of selective irreversible inhibitors for Bruton’s tyrosine kinase.
ChemMedChem 2, 58–61 (2007).
252. Wang, M. L. et al. Targeting BTK with Ibrutinib in Relapsed or Refractory MantleCell Lymphoma. N. Engl. J. Med. 369, 507–516 (2013).
253. Byrd, J. C. et al. Targeting BTK with Ibrutinib in Relapsed Chronic Lymphocytic
Leukemia. N. Engl. J. Med. 369, 32–42 (2013).
254. Hershkovitz-Rokah, O., Pulver, D., Lenz, G. & Shpilberg, O. Ibrutinib resistance in
mantle cell lymphoma: clinical, molecular and treatment aspects. Br. J. Haematol. 181,
306–319 (2018).
255. Woyach, J. A. et al. Resistance Mechanisms for the Bruton’s Tyrosine Kinase Inhibitor
Ibrutinib. N. Engl. J. Med. 370, 2286–2294 (2014).
256. Zhao, X. et al. Unification of de novo and acquired ibrutinib resistance in mantle cell
lymphoma. Nat. Commun. 8, 14920 (2017).
257. Tsapogas, P. et al. RNA analysis of B cell lines arrested at defined stages of
differentiation allows for an approximation of gene expression patterns during B cell
development. J. Leukoc. Biol. 74, 102–10 (2003).
258. Liu, Y. C. et al. Global regulation of nucleotide biosynthetic genes by c-myc. PLoS
One 3, e2722 (2008).
259. Ji, H. et al. Cell-type independent MYC target genes reveal a primordial signature
involved in biomass accumulation. PLoS One 6, (2011).

56

