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POPULAR SCIENCE SUMMARY OF THE THESIS 
DNA is an essential molecule for life containing all the necessary information for producing 
and sustaining an organism. Part of this essential information is held in genes, which are 
sections of DNA containing the code for building proteins, the basic components that allow 
cells to operate correctly. Nonetheless, it is not enough to have this information, the genes must 
also be correctly regulated for the organism to be properly functional. Regulation is crucial, as 
it activates the required genes and deactivates those that are not needed. For example, the cells 
in your skin and in your brain contain the exact same DNA and yet they perform very different 
functions as determined by their gene expression pattern. 

Within this thesis, we studied the regulation of a particular set of cells from your immune 
system: the B-cells. These blood cells work to protect your body from diseases by fighting 
invaders like bacteria or viruses. However, sometimes, things do not work well and there are 
changes to the DNA of B-cells that cause an uncontrolled expansion of cell numbers, leading 
to cancer. Here we will discuss two of these cancers, chronic lymphocytic leukemia (CLL) and 
multiple myeloma (MM). 

In studies I and II, we studied how B-cells develop from a hematopoietic stem cell, a cell that 
can give rise to all the cells in your immune system. We have investigated the function of two 
transcription factor families namely the E-protein and FOXO families. To investigate them, we 
deleted those genes from the genome of all the cells within the immune system of mice and 
observed how the cells were affected. We found that several cell populations were affected, 
thus gaining understanding of how B-cells develop and what genes are necessary for 
developmental progression. 

In studies III and IV we studied how a drug called ibrutinib affects CLL patients. We took 
blood from patients before the treatment and at different time points after. We used these 
samples to examine protein levels in their blood and how these were altered by the treatment. 
Then, we inspected gene expression of CLL cells and normal B-cells from donors. Our 
objective was to better understand the mechanism through which ibrutinib affects patients, how 
it produces therapeutic results and how it causes side effects. We found that many genes and 
proteins were affected and that changes take place very early after treatment and in proteins 
that potentially could be involved in giving rise to serious side effects.  

In study V we studied how genetic changes affect MM cells. We used samples taken during 
clinical routine in order to obtain MM cells. Then, we analyzed these cells to identify genetic 
changes and how these affected gene expression. We found that almost every patient had MM 
cells with big regions of DNA that were in the wrong place and that some of these could have 
serious consequences on the development of the disease. 

All in all, in this thesis we have studied B-cell gene expression in health and disease. Aiming 
to gain a further understanding of different processes that will hopefully allow us to find more 
effective treatments for B-cell diseases and give patients a more accurate prognosis. 



 

  



 

 

ABSTRACT 
B-cells are the central players of humoral immunity. It is known that their development is 
orchestrated by a small group of transcription factors including the E-proteins and the FOXO 
proteins, yet this process is far from completely understood. Similarly, our understanding of 
the gene regulatory networks in transformed malignant B-lineage cells including chronic 
lymphocytic leukemia (CLL) and multiple myeloma (MM) tumor cells remains incomplete. 

As a result of the development of next generation sequencing (NGS) and bioinformatic tools, 
delving into these biological questions on a genome-wide level has become an attainable goal. 
It is now possible to perform whole genome sequencing, transcriptional profiling, and other 
assays at a lower price and higher depth than ever before. Here, we have used different NGS 
and bioinformatic techniques, in conjunction with molecular assays to gain a further 
understanding into the regulation of B-lineage cells in health and disease. 

In the first study we utilized conditional knockout mice to study the role of the E-proteins E2-
2 and HEB in the hematopoietic system. Characterizing the hematopoietic system using FACS, 
RNAseq, and ChIPseq, we found that the combined loss of E2-2 and HEB mainly affected the 
B-, T-, and pDC-lineages. We concluded that E2-2 and HEB are indispensable for humoral 
immunity while not playing a major role for the development of the other blood lineages.  

In study II we made use of conditional knockout FoxO1 and FoxO3 mice to study the impact 
of the combined loss of FOXO1 and FOXO3. We performed RNAseq, ATACseq, ChIPseq, 
and phenotypic characterization by FACS. Our results showed that FOXO1 and FOXO3 are 
essential for early B-cell development, where they are critical for enforcing the early B-cell 
gene regulatory program on a mainly pre-established chromatin landscape.  

In studies III and IV we investigated the very early and late effects of ibrutinib on CLL patients 
by performing RNAseq and analysis on plasma protein levels. Our results demonstrated that 
some of the changes caused by ibrutinib happened at the latest within nine hours of 
administration. These changes were not all orchestrated by the CLL cells, as not all plasma 
proteins identified were expressed by the tumor cells. We also found that some of the 
biomarkers increasing after treatment were associated with cardiovascular disease and 
potentially could be involved in causing atrial fibrillation in ibrutinib-treated patients. Overall, 
ibrutinib rapidly affects transcription and plasma protein levels and its effects have a long-term 
impact. 

In study V we analyzed FACS sorted MM cells using linked-read whole-genome sequencing 
(lrWGS). In comparison to FISH based genetics performed in clinical routine, we were able to 
find 94% of known translocations and 96% of CNVs. Furthermore, we also detected >150 
additional SVs and CNVs, some of which are known to be associated with prognosis. Overall, 
we demonstrated that good quality data can be obtained with this method and that both private 
and recurrent events can be identified.  



In conclusion, in these studies we have gained further understanding on the E-proteins, FOXO 
factors, the effect of ibrutinib in CLL patients, and how lrWGS can be used to genetically 
characterize patients with hematological malignancies.  
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1 LITERATURE REVIEW 
1.1 B-CELL DEVELOPMENT 

The B-cell lineage is the central component of the humoral immune response. Their main 
function is to secrete antibodies to block foreign antigens such as toxins or microbes, which 
can then be cleared by the immune system. 

In the same manner as all cells in the hematopoietic tree, B-cells arise from hematopoietic stem 
cells (HSC)1 (Fig. 1). The first step towards B-lymphocyte differentiation is the generation of 
lymphoid-primed multi-potential progenitors (LMPP) that express lymphoid related genes 
including Dntt and Rag1 while having lost the ability to self-renew as well as the potential to 
generate erythrocytes and megakaryocytes2,3. LMPPs in turn differentiate into common 
lymphoid progenitors (CLP), which express more IL-7R and less KIT on the surface than their 
predecessors4,5. In the CLPs, the B-lineage transcriptional program is activated in the LY6D+ 
subfraction6,7 (Fig. 1). Within this population, FOXO1 activates EBF1 to establish a FOXO1-
EBF1 feed-forward loop, EBF1 in turn activates Pax5 and establishes a second EBF1-PAX5 
feed-forward loop, which ultimately results B-lineage commitment8–12.  

Committed B-cells subsequently go through RAG1 and RAG2 mediated VDJ recombination, 
which leads to the generation of B-cell receptor (BCR) expressing B-cells13. Immature B-cells 
that do not have a strong affinity towards self-antigens will leave the bone marrow (BM) and 
become activated if they find an antigen that can bind to their BCR. Activated B-cells will 
move to the germinal center (GC) in the lymph nodes. There they refine their BCR to increase 
affinity towards the activating antigen. This can lead either to the generation of long-lived 
memory-B that will raise an immune response if the same antigen is encountered again or to 
plasma cells that will produce antibodies, thus contributing to the humoral immune response13. 

 

Figure 1. Hematopoietic tree. In red a depiction of the blockage caused by knocking out FoxO1, Ebf1, E2a or Pax5. 
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1.1.1 E-proteins 

E-proteins play a crucial role in the immune system, as they are involved in cell survival, 
function, proliferation, and differentiation. They are a subgroup of the larger basic helix-loop-
helix (bHLH) family with three members: E2A (Tcf3), HEB (Tcf12), and E2-2 (Tcf4), all of 
which share a common transcription factor binding site CANNTG called an E-box14–16. 

E2A plays an important role in B-cell and T-cell development but does not seem to be involved 
in myeloid cell fate17. The study of E2a-/- has revealed that E2a-/- HSCs are biased towards 
macrophage and granulocyte production, while LMPPs have decreased expression of lymphoid 
genes18.  

Regarding B-cell development in particular, E2A is part of a complex regulatory network 
involving FOXO1 and EBF1 17. Therefore, unsurprisingly, E2a-/- progenitor cells have a block 
at the LY6D- CLP stage (Fig. 1). Nevertheless, this can be overcome by forcing cells to express 
EBF1 19 or PAX5 20, indicating that E2A is required for the induction of EBF1 and PAX5 but 
that it is otherwise dispensable for B-lineage commitment 17. However, E2A does seem to be 
crucial for the survival of proB and preB cells, as its loss leads to apoptosis and growth arrest20.  

HEB also contributes to T-cell and B-cell development. HEB deletion impedes the formation 
of E2A-HEB heterodimers causing a partial block in T-cell development21. It also leads to a 
decrease in the differentiation from FLT3- LSK to LMPPs and from CLP LY6D- to CLP 
LY6D+ 22. The rest of the B-cell developmental stages remain largely unaffected. However, the 
ablation of HEB still leads to a reduction in the number of proB, preB, immature and mature 
B-cells in BM as a result of the decreased generation of LY6D+ CLPs. HEB-/- mice also have a 
decreased expression of FOXO1 as its induction requires both E2A and HEB23 and the 
combination of E2A+/−HEB−/− leads to a block at the LY6D- CLP stage22.  

E2-2 has been studied in far less detail than the other E-proteins. However, it is known that it 
is of great importance for plasmacytoid dendritic cell (pDC) development23 and that even if it 
is not essential for the B-cell differentiation, it does play a part, particularly if there is a lack of 
HEB or E2A22,24. 

1.1.2 Forkhead O (FoxO) 

The forkhead O (FoxO) transcription factor (TF) subfamily is formed by FoxO1, FoxO3, 
FoxO4, and FoxO6. They all have the forkhead DNA binding domain but different 
transactivating domains25,26. FoxO1, FoxO3, and FoxO4 have been reported to be expressed in 
the hematopoietic system. 

The function of FOXO1 in the hematopoietic system has been studied by means of FoxO1 
knockout (KO) mice. Within these mice, B-cell differentiation becomes arrested at CLP 
LY6D+ stage with very few cells progressing into the proB stage8 (Fig. 1). FOXO1 forms part 
of a network of  TFs with E2A and EBF1 that controls key genes in B-cell development such 
as Pax5, Rag1, and Rag226,27. Within this network, FoxO1 and EBF1 form a feed-forward loop 
leading to a very similar phenotype between the FoxO1-/- and Ebf1-/- mice 8.  



 

  3 

The effect of FoxO3-/- in the B-cell development is less pronounced than that of knocking out 
FoxO1. However, FoxO3-/- mice present a significant reduction of preB cells in BM and a 
reduction in the number of recirculating B-cells both in BM and peripheral blood (PB)28. On 
the other hand, FOXO4 deficient mice have no clear phenotype29. 

Overall, the FOXO family plays an important role in hematopoiesis and in B-cell 
differentiation in particular8,26,30.  

1.2 TRANSCRIPTIONAL REGULATION 

Even though all cells in the hematopoietic system of an individual share the same genome, their 
gene expression differs according to cell type and environment among other variables. Their 
phenotype is regulated by means of TFs, chromatin structure and epigenetic markers, 
frequently having an effect on proximal (promoters) and distal (enhancers) cis-regulatory 
elements 31.  

Promoters are genomic regions located close to the gene they are regulating. The section 
ranging ±40-50bp from the transcriptional start site is referred to as the proximal promoter 32. 
The core promoter extends a couple of hundred base pairs from the proximal one but there is 
no consensus on the exact distance. This is the section where RNA polymerase II will initiate 
RNA synthesis if the chromatin is in the right state and the required complexes of TFs and 
cofactors are assembled31. The positioning of the TFs will depend on the location of a DNA 
motif within the promoter, which the TFs can associate with, this motif, usually 6-12 bp long, 
is referred to as transcription factor binding site 32 (Fig. 2). 

Enhancers are short (100-1000bp) regions in the genome that act as distal cis-regulatory 
elements. Their distance to the gene that they regulate can vary, setting them apart from 
promoters 33. Furthermore, their effect on genes is cell type specific, meaning a gene could be 
regulated by different enhancers in different tissues, providing a wide variety of 
possibilities31,33. They also contain transcription factor binding sites and can interact with 
promoters when chromatin looping brings them together in the 3D space, even though they 
would be far away in linear sequence 31 (Fig. 2). 

As described above, transcription factors are proteins with a DNA-binding domain involved 
in regulating the expression of genes. Generally speaking, TFs have two structural domains. 
One is a sequence-specific domain, which will bind to the transcription factor binding site. The 
other one is the transcription activation or repression domain, which can interact with other 
cofactors. Together, these proteins make complexes that can increase or decrease gene 
transcription. They can act on RNA polymerase II, alter chromatin structure or bind to promoter 
or enhancer regions 34 (Fig. 2).  
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Transcription factors can be divided into three main categories: 

- General transcription factors (GTF): those that bind to the transcription factor binding 
site on the core promoter. RNA polymerase II would fall into this category 32. 

- Activators/repressors: generally, activators and repressors also bind to DNA. However, 
unlike GTFs, they do so upstream from the core promoter (i.e. POU or ETS factors). 
Activators and repressors can have synergistic effects on transcription making them of 
utmost importance for proper regulation 31,32. 

- Coactivators: usually do not bind to DNA. They modulate transcription by means of 
activators through protein-protein interactions 32.  

 
Figure 2. Transcriptional regulation. Top: inactive promoter with unoccupied transcription factor binding sites (TFBS). 
Middle: active promoter with a bound general transcription factor (GTF) and a bound activator. Bottom: promoter-
enhancer interaction by means of chromatin looping and coactivator transcription factor. 

1.2.1 Epigenetics 

Consensus remains to be reached in the scientific world for the definition of epigenetics. 
However, it is generally accepted that epigenetics is the study of the heritable modifications to 
the genome leading to phenotypic changes that do not entail changes in the DNA sequence of 
a cell 35, encompassing DNA methylation and histone modifications 36. 

DNA methylation occurs when the 5th carbon in cytosine (C) is methylated  (5mC) by DNA 
methyltransferases37.  When there is a region in the genome, usually 500-2000bp long, with a 
high proportion of Cs independently of their methylation status, and guanines (G) it is called 
CpG island 32. About 70-80% of all CpGs are methylated in most cell types 36, which can be 
detected by means of bisulfite sequencing 37. However, CpG islands that are close to active 
genes are normally unmethylated due to the repressive nature of DNA methylation 32,37. In 
other words, unmethylated CpG sites are correlated with open chromatin and gene expression, 
making methylation fall within the category of epigenetic regulation.  
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Groups of eight histones form structures called nucleosomes around which 147bp of DNA are 
wrapped. Out of the eight histones, four are referred to as the core histones: H3, H4, H2A and 
H2B 38. The core histones are formed by a globular domain and a tail, both of which can be 
modified post-transcriptionally, e.g. if the 27th lysine (K) of histone H3 is acetylated (Ac) then 
it is H3K27Ac 37.  

Histone modifications are correlated to different chromatin states (Fig. 3) and can be identified 
by chromatin immunoprecipitation followed by sequencing (ChIP-seq). For example, to locate 
occurrences of H3K27Ac, a known epigenetic modification enriched in active regions, one can 
perform ChIP-seq using H3K27Ac antibodies to find active regions within cells 39, as done in 
studies II and V. 

 

Figure 3. Chromatin states according to histone modifications on the analyzed cell lines. The score shows how frequently a 
histone modification (x-axis) was found within each of the fifteen chromatin states (y-axis), each of which represents a 
consistently marked biological enrichment within the cell lines used. Data from the study performed by Ernst et al. 40. 

1.3 HEMATOLOGICAL MALIGNANCIES 

In the previous sections we have seen how B-cells differentiate and how this process is 
transcriptionally regulated by TFs and epigenetics. Unfortunately, this can err causing genetic 
aberrations or changes in the microenvironment41 that lead to hematological malignancies 
associated with B-lymphocytes. In our work, we have focused on chronic lymphocytic 
leukemia (CLL) and multiple myeloma (MM). 
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1.3.1 Genetic Aberrations 

Genetic aberrations in the context of cancer can be defined as any difference present in the 
tumor genome when compared to the germline one42. They are a crucial part of malignancies 
and have thus been proposed as a hallmark for cancer, as they can imply genomic instability43. 
Genetic aberrations can be clonal or subclonal. Clonal genomic abnormalities usually take 
place early in the course of the disease, they are selected for and thus present in most cells. 
Subclonal ones seem to randomly branch out and are present in few cells, giving the tumor 
heterogeneity and the possibility to select for resistant clones upon therapy44. There are many 
types of genomic aberrations, here I will present some of them: 

1.3.1.1 Single nucleotide variants (SNVs) 

Single nucleotide variants (SNVs) occur when one DNA base pair is substituted by another. 
The SNVs can fall either in coding or in non-coding regions. Within the coding regions, they 
can be synonymous, non-synonymous or nonsense. They are synonymous when there is no 
change in the amino acid coded for, non-synonymous, when there is a change in the amino acid 
sequence and nonsense when they cause a premature stop codon and there is no amino acid 
synthesized at all45.  

1.3.1.2 Small insertions and deletions (indels) 

Small insertions and deletions (indels) are genetic gains or losses of less than 1kbp. When they 
fall within coding regions and do not occur in multiples of three they result in frame-shifts as 
a shift in the rest of the sequence will occur away from the open reading frame, often leading 
to protein truncation46. 

1.3.1.3 Structural variants (SVs) 

Structural variants (SVs) are genetic losses, gains or rearrangements of at least 1 kbp47. The 
main types of SVs are translocations, inversions, insertions and copy number variations 
(CNVs)48.  

Translocations are genetic rearrangements in which a segment of a chromosome attaches to a 
non-homologous chromosome. They can be reciprocal when the cross-over occurs twice and 
no genetic material is lost, as shown in Fig. 4 where segment chrAa joins chrBa and segment 
chrAb joins chrBb. Non-reciprocal translocations mean the cross-over occurs only once and 
genetic material can be lost49.  

Copy number variations (CNVs) are changes in the number of copies of part of a 
chromosome or a complete chromosome. If genetic material is lost, then it is a deletion while 
if it is gained it is called amplification50 (Fig. 4).  

Inversions are genomic rearrangements in which a segment of a chromosome breaks at both 
ends, rotates 180 degrees, and then rejoins the rest of the chromosome51 (Fig. 4). 
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Templated insertions are a more complex type of SV than previously explained. Templated 
insertions consist of one to several copies of a region that are inserted into another chromosome 
or chromosomal junction 52 (Fig. 4, more examples can be found in study V).  

 

Figure 4. Schematic drawing of SVs. 

1.3.2 Chronic Lymphocytic Leukemia 

1.3.2.1 Epidemiology 

CLL is the most common form of leukemia in the Western world53. It consists of the 
progressive accumulation of clonal CD5+ B-lymphocytes54. It is a disease of the elderly, with 
a median age at diagnosis of 72 years55 and with only about 15% of patients being diagnosed 
at age 55 or younger56. It has an incidence in EU and US of about 4-6 per 100,000 56 and is 
more common amongst males than females (1.9:1) and amongst Caucasians when compared 
to other races57. 

The prognosis of patients with CLL is highly variable and its overall survival (OS) ranges from 
two to twenty years58. Furthermore, some of the patients can remain asymptomatic and without 
treatment for a very long time, while others require treatment immediately53. 

1.3.2.2 Cell of origin 

CLL originates from mature B-cells and affected cells express the B-cell surface markers CD5, 
CD19, CD20, and CD2359. It is believed that there are two different cells of origin, each giving 
rise to one of the two main subgroups in CLL. The patient grouping is based on the percentage 
of nucleotides mutated within the immunoglobulin heavy chain variable region (IGHV). Those 
with ≥2% of nucleotides mutated are categorized as mutated IGHV (M-IGHV) and those with 
<2% as unmutated IGHV (U-IGHV)60,61. M-IGHV comes from cells that have passed through 
the germinal center (GC) while U-IGHV comes from pre-GC cells62. This concept is supported 
by the similarity in methylation profiles of M-IGHV to memory B-cells and of U-IGHV to 
naïve B-cells60. 
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1.3.2.3 Diagnosis and clinical manifestations 

Generally, CLL patients are diagnosed after routine blood tests, when they are completely 
asymptomatic. However, 5-10% of them present symptoms of weight loss, night sweat, 
persistent fever and/or extreme fatigue. When they are examined by a physician, they can 
present signs of disease such as lymphadenopathy, splenomegaly, hepatomegaly, and skin 
lesions56,63. 

To be diagnosed with CLL, a patient must have had ≥5x109/L B-lymphocytes for three months 
or more in peripheral blood (PB). When performing a blood smear, B-lymphocytes should look 
mature and small with some of them appearing smudged55,56. The cells should also present 
certain characteristics when analyzed with flow cytometry. They should be CD5, CD19, CD20, 
and CD23 positive, have low levels of either a kappa or lambda light chain (showing clonality), 
and have low surface membrane immunoglobulin (IgM and IgD)55.  

1.3.2.4 Staging systems 

The variability of the prognosis of CLL patients made it necessary to find suitable staging 
systems that could divide patients according to the severity of the disease. The Rai and Binet 
staging systems are two widely accepted systems that were developed in the 1970s and 1980s 
respectively, that are still in use today64. 

Table1. Staging criteria for CLL according to Rai staging system58. 

 Stage 0 Stage I Stage II Stage III Stage IV 

 Only 
lymphocytosis 

Lymphocytosis 
 AND 

lymphadenopathy 

Lymphocytosis 
AND 

splenomegaly 
AND/OR 

hepatomegaly 

Lymphocytosis 
AND 

hemoglobin <11 
g/dL 

Lymphocytosis 
AND 

platelet count 
<100x109/L 

Patient (%) 18% 23% 31% 17% 11% 
OS >150 months 101 months 71 months 19 months 19 months 

The Rai staging system was initially published in 197558 and the Binet staging system in 198165. 
The Rai staging system has five stages (from 0-4) that divide patients into low (0), intermediate 
(I-II) and high risk groups (III-IV), while the Binet system directly divides patients into three 
risk levels (groups A-C). In Table 1 and 2 the criteria and OS for Rai and Binet stages are 
described. It must be noted that survival has improved since these staging systems were first 
created and it is now higher than presented here66.   

Table2. Staging criteria for CLL according to Binet staging system65. * Enlarged areas refer to cervical, axillary, inguinal, 
spleen and/or liver. 

 Stage A Stage B Stage C 

 
Lymphocytosis 

AND 
<3 enlarged areas* 

Lymphocytosis 
AND 

≥3 enlarged areas* 

Lymphocytosis 
AND 

hemoglobin < 10g/dL 
AND/OR 

platelets < 100x109/L 
OS Same as age-matched controls 84 months 24 months 
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A later study performed by the international CLL consortium has found more prognostic 
markers that are relevant for CLL64,67. They analyzed data from 3472 treatment-naïve patients 
and identified five independent prognostic markers, giving rise to the CLL international 
prognostic index (CLL-IPI)67. Genetic abnormalities in TP53, being older than 65, being U-
IGHV, serum beta2-microglobulin (Sβ2M) >3.5 (mg/L), and having Rai stage >0 or Binet B or 
C were all considered risk factors for CLL patients. The highest risk was associated with TP53 
status, followed by mutational IGHV state and Sβ2M levels64,67. 

1.3.2.5 Genetic abnormalities 

About 80% of CLL patients have at least one recurrent chromosomal aberration found by 
fluorescent in situ hybridization (FISH)68. The incidence of the high-risk mutations is greater 
in the U-IGHV than M-IGHV69 and in refractory patients than those at an early stage of the 
disease. This is especially so for variants affecting the tumor suppressor TP53, which are the 
highest-risk variants67 (Table 3). However, a study showed that having ≥5 chromosomal 
aberrations was a stronger marker for bad prognosis than TP53 mutation or deletion70.  

Table 3. Summary of genetic profile and IGHV status at different disease stage. Adapted from Zenz et al.69, any additions have 
been referenced accordingly. Abbreviations: amplification (amp), deletion (del), mutation (mut). 

IGHV status 
or genetic 
aberration 

Gene Unselected 
(%) 

Early-stage 
CLL (%) 

At first-line 
treatment 

(%) 

Refractory 
(%) Prognosis 

M-IGHV - 44 59 31 24 Favorable67 
U-IGHV - 56 41 69 76 Adverse67 

Del 13q14 MIR‑15a, 
MIR‑16 71 36 40 34 22 Favorable68 

Amp 12q13 - 16 13 11 12 Unclear68,71 

Del 11q23 ATM72 18 10 21 25 Adverse, better with 
new therapies72 

Del 17p13 TP53 7 4 3 31 Adverse67 
Mut TP53 TP53 8-10 ND 8-12 37 Adverse67 

CLL has a somatic mutation rate of 0.6/Mb in coding regions73. If we separate the patients by 
the mutational status of IGHV, the total number of mutations is higher in U-IGHV patients 
(12.8 ± 0.7) than in M-IGHV (10.6 ± 0.7)74. The most recurrent mutations associated with 
adverse prognosis are SF3B1 (present in 21% CLL), ATM (present in 15% CLL), and TP53 
(present in 7% CLL)75,76 (Table 4). 

Table 4. Most common recurrent somatic mutations in CLL, their potential drivers, frequency and prognostic value. 

 Mutation: (Potential) driver genes involved 
Frequency 

in CLL 
patients 

Prognostic value 

Somatic 
mutations 

SF3B1: mRNA processing pathway53 21%75 Adverse75,76 
ATM: DNA repair pathway53 15%75 Adverse75,76 
TP53: DNA repair pathway53 7%75 Adverse75,76 
POT1: telomere protection53 7%75 Neutral75 

NOTCH1: Notch signaling pathway53 6%75 Neutral75/Adverse76 
XPO1: mRNA processing pathway53 4%75 Neutral75 

BIRC3 4%75 Neutral75/Adverse76 
RPS15 4%75 Adverse75 

BRAF : B cell-related signaling and transcription53 4%75 Neutral75 
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1.3.2.6 Clonal evolution 

Clonal evolution is the Darwinian process by which cells with genetic variation that has given 
them an advantage over the rest of the clones proliferate77. When treatment-naïve CLL patients 
are analyzed, different clones are often found to be in equilibrium and they can remain stable 
for a substantial period78,79. Usually, the exponential growth of a clone is related to greater 
genomic complexity, driver mutations, and aggressive disease, as in patients with U-IGHV or 
mutations in TP53 or ATM. Slower growth is usually associated with a more benign disease 
course, for example, that of patients with M-IGHV or subclones containing del13q79. 

Resistance to therapy or relapse will happen when a subclone resistant to the administered 
drugs takes over. This can be seen by looking at Table 3, where it is shown that adverse 
aberrations are more common on refractory CLL than at first-line treatment. 

1.3.2.7 Microenvironment 

When CLL cells are extracted from a patient they do not survive long unless essential proteins 
(such as cytokines) or supportive cells are added, reflecting the importance of the 
microenvironment in CLL80. In the lymph nodes of CLL patients, pseudofollicles are formed. 
These are structures similar to B-cell follicles that are used by CLL cells to interact with other 
cells, both by direct contact and through cytokine and chemokine release, to proliferate and 
avoid apoptosis81.  

CLL cells also manipulate other cells. For example, when they come into contact with T-cells, 
there is a reduction of the T-cell’s function. When CLL cells encounter a CD4+ T-cell, they 
start to express CD38, which is associated with adverse prognosis82. Furthermore, CLL 
supportive monocytes develop into nurse-like cells (NLC) that promote CLL cell survival. 
These NLC cells activate the BCR and NF-κB signaling pathways on CLL cells leading to the 
production of inflammatory cytokines and chemokine as well as aiding in cell-death evasion. 
NLCs also secrete CXC chemokines, APRIL and TNF family members causing CLL-cell 
proliferation and preventing apoptosis83–85. 

1.3.2.8 Treatment 

There is no front-line treatment regime for CLL patients. In patients with Binet A-B or Rai 0-
II a watch-and-wait approach is taken, but patients with active disease should undergo therapy. 
There are different options for first-line treatment55. In patients within Binet C or Rai III-IV 
treatment is chosen depending on their TP53 status, their physical fitness and their IGHV state, 
as shown in Table 5.  
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Table 5. CLL patient treatment according to TP53 mutational status, IGHV status and physical condition55,86. 

Stage Del17p or 
TP53 mut IGHV Physical 

condition Therapy 

Binet A-B or 
Rai 0-II Irrelevant Irrelevant Irrelevant None 

Binet C or 
Rai III-IV 

Yes Irrelevant Irrelevant 

Ibrutinib 
Ibrutinib + rituximab or obinutuzumab 

Acalabrutinib 
Venetoclax + obinutuzumab 

Venetoclax 

No 

M-IGHV 

Good 

Ibrutinib 
Ibrutinib + rituximab or obinutuzumab 

Acalabrutinib 
Acalabrutinib + obinutuzumab 
Venetoclax + obinutuzumab 

FCR (younger adults) 
BR (above 65 years) 

Impaired 

Ibrutinib 
Acalabrutinib 

Acalabrutinib + obinutuzumab 
Venetoclax + obinutuzumab 

BR 
Chlorambucil + obinutuzumab 

U-IGHV Irrelevant 

Ibrutinib 
Ibrutinib + rituximab or Obinutuzumab (younger adults) 

Acalabrutinib 
Acalabrutinib + Obinutuzumab 
Venetoclax + Obinutuzumab 

The main therapies consist of: 

- Venetoclax: a BCL2 inhibitor that prevents BCL2 dependent tumor growth without 
harming platelets55. 

- Obinutuzumab and rituximab: anti-CD20 monoclonal antibodies55. 
- Chlorambucil: an alkylating agent that has both low cost and toxicity55. 
- Idelalisib: a drug that inhibits the phosphatidylinositol 3-kinases leading to apoptosis 

of CLL cells while sparing normal T-cells and NK-cells55. 
- FCR (fludarabine, cyclophosphamide and rituximab): a combination of fludarabine (a 

cytostatic agent and purine analog), cyclophosphamide (a chemotherapy agent), and 
rituximab55. 

- BR (bendamustine and rituximab): a cytostatic agent combined with rituximab55. 
- Ibrutinib (which will be discussed further in studies III and IV): an irreversible Bruton’s 

tyrosine kinase (BTK) inhibitor. BTK is an essential element downstream of the BCR 
pathway and when ibrutinib binds its residue C481 it leads to kinase inactivation and 
CLL cell apoptosis. It can be used as first-line treatment or after relapse and its main 
side effects include neutropenia, atrial fibrillation (AF), viral infections, diarrhea, 
bleeding, nausea, vomiting and fatigue55,56. 

- Acalabrutinib: an irreversible BTK inhibitor that appears to be more selective than 
ibrutinib55. 
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1.3.3 Multiple Myeloma  

1.3.3.1 Epidemiology  

MM is a monoclonal gammopathy characterized by the accumulation of malignant plasma cells 
in the bone marrow. It is a disease affecting mostly the older population, with a median age at 
diagnosis of 7087 and only 2.7% of patients being diagnosed at a younger age than 4588. The 
risk of having MM is much higher among certain genetic backgrounds, being twice as common 
in African-Americans compared to Caucasians88. This difference is due to the higher rates of 
the premalignant condition monoclonal gammopathy of undetermined significance (MGUS) 
amongst the African-American population89. 

MM has an age-standardized incidence rate (ASIR) of 2.1 globally and is slightly more 
common in males (ASIR = 2.4) than females (ASIR=1.8)90. The incidence seems to have 
increased over time in some territories but has now stabilized, likely due to improvements in 
access to healthcare and awareness of MM91.  

The prognosis of MM patients has steadily improved in the last decades from a five-year overall 
survival of 26.5% in 1975 to 55.9% in 2018 in the USA88. However, it still caused over 98,000 
deaths globally during 2016 and it remains incurable90. 

1.3.3.2 Diagnosis and clinical manifestations 

There are two precursor steps to MM that are also monoclonal gammopathies, MGUS 
and smoldering multiple myeloma (SMM)92. Patients with MGUS have a 1% probability of 
progressing to MM each year89. Those with SMM have 10% per year during the first five years, 
3% per year the following 5 years and 1% per year after that89. Patients with either of these 
precursor diseases already have an increased number of clonal plasma cells. They often 
produce detectable levels of monoclonal antibodies (M-proteins) or a small part of the M-
protein called the free light chain (FLC). The levels of these proteins in serum or urine can be 
used to identify the condition and a possible progression, as higher values drive clinical 
symptoms and signs92. 

To distinguish between the different monoclonal gammopathies, clonal bone marrow plasma 
cell (BMPC) percentage is assessed, and patients are checked to see if they fulfill the CRAB-
SLiM criteria as shown in Table 6. CRAB refers to pathological features indicating end-organ 
damage like hypercalcemia, renal failure, anemia, and bone lesions89,92,93. SLiM refers to 
having over sixty% of clonal BMPC, a serum free light chain ratio ≥100 when the FLC level 
is ≥100mg/L, and more than one bone focal lesion detected by MRI94. 

Table 6. Diagnostic criteria for MGUS, SMM and MM. 

Feature MGUS SMM MM 
Serum monoclonal 

protein levels < 3g/dl 
 

≥ 3g/dl 
 

AND/OR 
 

10-60% 
 

- 

Clonal BMPC 
infiltration <10% 

≥10% or a biopsy-proven 
plasmacytoma 

 
CRAB or SLiM None None One or more 
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1.3.3.3 Staging systems 

There are two main international staging systems used in MM. The oldest one is the 
international staging system (ISS), where seventeen institutions worked together to assemble 
and analyze potential prognostic factors from 10,750 newly diagnosed patients. Out of the 
gathered factors assessed, Sβ2M and serum albumin were the best predictors for prognosis95. 
Patients were divided into three stages (see Table 7).  

Table 7. Staging criteria for MM according to ISS95. 

 ISS I ISS II ISS III 
Sβ2M (mg/L) < 3.5 All combinations that 

are neither I nor III 
≥ 5.5 

Serum albumin (g/dL) ≥ 3.5 - 
Overall survival (months) 62 44 29 

Later on, after collecting data from 4445 patients in eleven international trials, the international 
myeloma group decided to include other relevant prognostic markers in a revised staging 
system. These factors were chromosomal abnormalities (which will be discussed in-depth in 
the next section) checked by FISH and levels of serum lactate dehydrogenase (LDH). The 
inclusion of these criteria to the ISS gave rise to the Revised ISS (R-ISS)96 (see Table 8).   

Table 8. Staging criteria for MM according to R-ISS96. 

 R-ISS I R-ISS II R-ISS III 
ISS stage ISS=1 All combinations that 

are neither I nor III 
 

ISS=3 
Del(17p), t(4;14) and t(14;16) None One or more 

AND/OR 
Above normal LDH level Normal 

Progression free survival 
(months) 66 42 29 

Overall survival (months) Not reached 83 43 

1.3.3.4 Genomic abnormalities 

Patients with MM are usually divided into two groups, hyperdiploid (HRD) defined as having 
between 48 and 74 chromosomes, and non-hyperdiploid (non-HRD) having 47 chromosomes 
or fewer. Hyperdiploid patients present trisomies of odd-numbered chromosomes while non-
HRD usually have translocations involving the IGH. There are very few patients (<10%) with 
both translocations and trisomies 77,97. 

IGH translocations are present in about 40% of MM patients. They are considered initiating 
events, in which an error during VDJ recombination leads to an oncogene becoming juxtaposed 
to the strong IGH enhancer. The genes that most commonly end up overexpressed due to these 
translocations are CCND1 (11q13), CCND3 (6p21), cMAF (16q23), MAFB (20q11), and 
FGFR3/NSD2 (4p16)77,97,98(Table 9). 

The most common IGH translocation is t(11;14), present in 15-20% of MM patients and 
leading to overexpression of CCND177,97,99,100. It used to be considered of neutral prognostic 
value, but later studies suggest that it has an intermediate risk101. 

The translocation t(4;14) is found in 9-13% of patients and used to be considered high-risk 
100,102,103. However, studies have shown that the negative effect of t(4;14) can be overcome by 
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treating patients with bortezomib, making t(4;14) an intermediate risk variant102. t(6;14) is 
present in 1% of patients and has also been associated with intermediate risk100,104.  

The translocations t(14;16) and t(14;20) are found in 3-5% and 1% of patients respectively and 
are both considered high-risk variants100,103,105. Regarding t(14;16), there are studies with 
conflicting results, some considering it neutral106 and others high-risk. A recent study with 223 
t(14;16) patients showed that these patients have a PFS of 2.1 years and an OS of 4.1 years, 
confirming it as high-risk variant107,108. 

Table 9. Common SVs in MM. 

SV Gene Frequency Prognostic Reference 

t(11;14) CCND1 15-20% intermediate 99–101 

t(4;14) FGFR3 and 
NSD2/MMSET/WHSC1 9-13% intermediate 100,102,103 

t(6;14) CCND3 1% intermediate 100,104 

t(14;16) cMAF 3-5% Adverse 99,100,103,108 

t(14;20) MAFB 1% Adverse 100,105 
MYC translocation MYC 20-23% Adverse 98,100 

Trisomy 3 Unknown 36% Good 109,110 
Trisomy 5 Unknown 39% Good 109,110 
Trisomy 21 Unknown 21% Adverse 109,110 

Amp1q (≥4 copies) Unknown 18% Adverse 111 
del1p32 Unknown 7% Adverse 112,113 
Del13q Unknown 50% Adverse or good 99,103 
Del17p TP53 10-14% Adverse 99,103 

MYC translocations are found in 20-23% of newly diagnosed MM patients. They often 
involve the juxtaposition of a strong enhancer to the MYC locus leading to its overexpression. 
These translocations are associated with a high tumor burden, disease progression and shorter 
OS98,100,114. This is especially so for patients with an IGL-MYC translocation, who do not 
benefit from immunomodulatory drugs and are thus particularly associated with adverse 
prognosis98 (Table 9).    

MM patients carry many CNVs. At diagnosis only 13% of MM patients have 46 chromosomes, 
35% <46 chromosomes and 52% carry >46 chromosomes110.  HRD patients present trisomies 
on the odd-numbered chromosomes 3, 5, 7, 9, 11, 15, 19, and/or 2177,97. These patients have 
better outcomes than patients with hypodiploidy115, who usually lose chromosomes 13, 14, 16 
and/or 2297. However, only trisomies on chromosomes 3 and 5 have been individually 
associated with improved OS while trisomy 21 is associated with a shorter OS (Table 9). 

Not only whole chromosome gains and losses are associated with prognosis. The gain of four 
copies or more of chromosomal arm 1q, present in about 18% of patients, is a marker of bad 
prognosis111,116. The deletion of the 1p arm, which ranges from being present in 7% to 23% of 
the patients depending on the exact region, is also indicative of bad prognosis for patients 
undergoing a transplantation112,113.  

Deletion of 13q is present in about 50% of MM patients. Therefore, it has been extensively 
investigated but as it usually appears together with t(4;14) it is difficult to assess its prognostic 
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value and it has traditionally been associated with high-risk MM77,97. Furthermore, in a study 
performed in 2017, it was shown that whether the deletion occurs only on the q-arm or the 
whole chromosome also influences outcome, with the partial deletion leading to longer OS and 
the deletion of the whole chromosome to a shorter one. This same study attributed longer 
survival of patients with deletion 13q independently of other abnormalities 103. 

Del17p is present in 10-14% of newly diagnosed patients and its prevalence increases up to 
80% in later stages of the disease77,97. This area is where the tumor suppressor TP53 lies and 
deletions and/or mutations present in >50% of cells are associated with poor prognosis117. 
Furthermore, the presence of a double-hit in this area, either the deletion/mutation of both 
alleles or the mutation of one of them and the deletion of the other, is considered an ultra-high 
risk event118,119. 

MM has a somatic rate of mutation within coding regions of 1.6/Mb73 having a total of about 
35 non-synonymous SNVs74. There are several recurrently mutated genes that are associated 
with bad prognosis in MM, such as TP53 present in about 8% of MM patients and ATM in 
about 4% 75,120.  

1.3.3.5 Clonal evolution 

Studies have shown that translocations affecting the IGH locus, del13q, and trisomies of some 
chromosomes are present already in MGUS. These genetic abnormalities divide patients into 
HRD and non-HRD and are considered primary events. As patients progress into SMM and 
eventually to MM they start to develop secondary hits present as subclones, such as multiple 
mutations in key genes as well as translocations on the MYC locus and del(17p)77 (Fig. 5). 

 

Figure 5. Primary and secondary events in MGUS, SMM and MM. Adapted from 77. 
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MM patients present an average of five subclones, although, this could be an underestimation 
due to the sensitivity of the techniques used in the study assessing it. The presence of several 
subclones has therapeutical implications as the use of targeted treatment would only be 
effective if the target is entirely clonal, otherwise it would affect only some of the subclonal 
populations and leave the rest to proliferate, leading to relapse 77,120.  

1.3.3.6 Treatment 

In MM, the choice of treatment depends on the patient’s eligibility for autologous 
hematopoietic cell transplantation (HCT) and the resources available77,121. Amongst the most 
common drugs and drug combinations are: 

- Bortezomib: a proteosome-inhibitor (PI) that blocks protein breakdown to increase 
protein accumulation and cause cell death 

- Lenalidomide: an immunomodulatory drug (IMiD)  
- Rd (lenalidomide and low-dose dexamethasone): a steroid combined with lenalidomide 
- DRd (daratumumab, lenalidomide, low-dose dexamethasone): an anti-CD38 

monoclonal antibody combined with daratumumab, lenalidomide 
- DVRd (daratumumab, bortezomib, lenalidomide, and low-dose dexamethasone) 
- VRd (bortezomib, lenalidomide, low-dose dexamethasone) 

Eligible patients are treated with four cycles of VRd (DVRd is also an option if they are high-
risk) in order to reduce the tumor burden and reduce clinical manifestations. At this point some 
patients will receive HCT and subsequent maintenance therapy, PIs if high-risk or lenalidomide 
if standard-risk. Those that delay HCT until relapse will receive 8 to 12 cycles of VRd followed 
by lenalidomide maintenance. Ineligible high-risk patients will receive 8 to 12 cycles of VRd 
followed by bortezomib maintenance. The treatment of the standard-risk patient will depend 
on their frailty. Non-frail patients will also receive 8 to 12 cycles of VRd but the maintenance 
will be lenalidomide or DRd. Frail ones will receive 9 cycles of Rd with lenalidomide 
maintenance121. 
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2 RESEARCH AIMS 
The overall aim of this thesis was using NGS, bioinformatics and molecular techniques to 
improve the understanding of gene regulation in normal and malignant B-lineage cells. 

Study I: to assess the concerted action of the E-proteins E2-2 and HEB and their role in early 
lymphoid specification. 

Study II: to gain further understanding on the role of the FOXO transcription factors in 
hematopoiesis and B-cell differentiation in particular. 

Study III: to investigate the early effects of ibrutinib in CLL patients. 

Study IV: to study the long-term effects of ibrutinib on CLL cells, the immune system, and 
plasma proteins. 

Study V: to assess if lrWGS could be used for providing comprehensive genetic 
characterization of MM patients as an extension of diagnostic flow cytometry. 
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3 MATERIALS AND METHODS 

3.1 COHORTS 

3.1.1 Mouse 

In studies I and II mice strains were maintained on a C57BL/6 background. In order to generate 
mice with hematopoiesis specific inactivation, the Vav-iCre122 system was used in conjunction 
with the floxed alleles of E2a123, E2-2124, Heb125, FoxO1126, and FoxO3127. Mice that were Vav-
iCre negative but carrying the floxed alleles were used as controls and will be referred to as 
wild-type (WT). 

3.1.2 Human 

All hematology patients included in the studies were cared for at the Hematology center at 
Karolinska University Hospital. In addition, the patients with X-linked agammaglobulinemia 
(XLA) – a disease caused by a germline mutation in the BTK gene leading to a lack of B-cells 
– who were included in studies III-IV, were treated at the Immunodeficiency unit at Karolinska 
University Hospital. Samples from unidentified blood donors were used as controls.  

3.2 ETHICAL CONSIDERATIONS 

3.2.1 Mouse studies 

Mouse studies I and II were done with the appropriate animal permits, which were written 
bearing into account the principles of replacement, reduction, and refinement, or the 3Rs. We 
were not able to replace mice with cell lines or in silico experiments because of the sheer 
complexity of the hematopoietic system. However, we did plan our experiments to reduce the 
amount of cells needed and thus the number of animals sacrificed. We also kept their suffering 
to a minimum by keeping the immunodeficient mice within clean individually ventilated cages, 
which essentially relieved the effect of their phenotype. 

3.2.2 Human studies 

Studies III, IV, and V were conducted under approved ethical permits and all patients provided 
informed consent. The four moral values of Principlism entailing avoiding harm, doing good, 
doing justice and respecting the patient’s autonomy were respected. 

BM samples from MM patients were taken as part of the clinical routine 
diagnostics/prognostics. PB samples from CLL patients were mainly collected in conjunction 
with routine controls. Some PB and LN were taken for experimental purposes but did not put 
the patient at harm nor in great discomfort. Patient identity was coded, and only authorized 
personnel had access to the key. The sequencing data obtained was considered sensitive data 
and kept in Bianca, a server for sensitive data provided by the Uppsala Multidisciplinary Center 
for Advanced Computational Science, to avoid any possible harm caused by data leakage. 
Furthermore, all the samples taken were used to investigate the disease that the patients suffered 



 

 20 

from, and patients could withdraw or ask for their samples to be destructed without any effect 
on their treatment. 

3.3 MOLECULAR AND CELLULAR ASSAYS 

3.3.1 FISH 

Fluorescence in-situ hybridization (FISH) is a technique performed on nuclei at interphase or 
chromosomes at metaphase that can be used to identify SVs. This is done by adding probes 
made from nucleotides coupled to a fluorescent molecule that hybridizes to their 
complementary DNA sequence. Using a microscope or an imaging system this makes it 
possible to identify the labeled DNA regions and through that translocations or CNVs 128. 

3.3.2 Proximity Extension Assay (PEA) Technology 

The NGS technologies give us the opportunity to study DNA and RNA, but they do not tell us 
the protein levels present in patients. This is what the Proximity Extension Assay (PEA) 
technology does, as it measures targeted protein levels in biological samples such as plasma. 
The assay is based on antibodies with oligonucleotide-labels (or DNA-tags) that bind to the 
target protein. Pairs of these DNA-tags will hybridize if they are matched and in proximity (in 
other words, bound to the same protein molecule). A DNA polymerase is used to extend 
matched DNA-tags, which are then amplified via a polymerase chain reaction (PCR) and 
quantified using qPCR129. This technique allows for using as little as one microliter of sample 
to quantify around a hundred target proteins per panel. 

3.3.3 Fluorescence-Activated Cell Sorting (FACS)  

Fluorescence-activated cell sorting (FACS) is a flow cytometry-based method for sorting 
defined cell populations often based on fluorescent labelled antibodies bound to cells. To FACS 
sort cells, they are first labelled with fluorescent antibodies, then the cells are passed one by 
one through a laser beam and the scattered light emitted by the fluorescent antibodies is 
detected. Given that each antibody will emit light at a particular frequency, the specific cells of 
interest can be sorted according to their characteristics, providing much purer samples than by 
conventional enrichment techniques. As the cells need to be in solution, it is a particularly 
useful technique to obtain pure samples in hematology, where tissues do not need to be 
dissociated to acquire a liquid sample. 

FACS was used in all our studies to characterize immune cell subsets and to sort cells for NGS 
based characterization. We chose sorting rather than enrichment for NGS because the purer 
samples obtained will result in less background noise when performing differential analysis 
and hence in fewer false positives and negatives. As all our samples were PB, LN, spleen or 
BM, we did not have to dissociate them before sorting them. 
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3.4 NEXT GENERATION SEQUENCING (NGS)  

The draft of the first human genome was published in 2001. Sanger sequencing was used to 
complete the colossal task set out by the Human Genome Project 130. It took an additional 5 
years to develop next generation sequencing (NGS) 131. NGS provided a tool to obtain genomic 
information faster and cheaper than ever before leading to the development of new techniques 
to answer biological questions 132.  

In all studies at least one type of NGS was used to understand gene regulation in normal and 
malignant B-lineage cells. We used FACS sorted cells in order to have clean samples with low 
contamination of other cell populations, as explained above. When sequencing samples from 
WTs and KOs, we made sure to have several samples from each of the groups in each pool to 
be able to detect and correct for batch effects. The way the sample libraries were prepared and 
sequenced is explained in the method section of each paper or manuscript. Here, I will give a 
concise overview of the methods, bioinformatics analysis and quality checks for RNAseq, 
ATACseq, and ChIPseq. I will continue with a detailed review on lrWGS analysis as there is 
less documentation available for this than for the rest of the sequencing techniques here 
presented. 

3.4.1 RNAseq, ATACseq, and ChIPseq 

3.4.1.1 RNAseq 

RNAseq is a method used for transcriptome characterization. Prior to RNAseq, hybridization-
based microarrays were used to quantify targeted mRNA molecules. The arrival of parallel 
cDNA sequencing or RNAseq revolutionized the field, as it allowed for a much wider 
analysis133. RNAseq allows for the sequencing of the coding and non-coding transcriptome 
including the antisense events, which can be detected by means of strand-specific RNAseq 
133,134. The data obtained is then mapped to the reference transcriptome but some bioinformatic 
tools like STAR also offer the possibility of assembling the transcriptome de novo135. De novo 
assembly is time consuming and computationally intensive, but it can be used to discover new 
splice-variants as well as non-coding cDNA that are not in the reference.  

3.4.1.2 Chromatin immunoprecipitation followed by sequencing (ChIPseq) 

ChIPseq is a technique used to analyze where histone modifications or protein-DNA 
interactions occur. This technique was developed as a high-throughput substitute of ChIP-chip. 
It increased on the resolution of its predecessor and provided a genome-wide view. ChIPseq 
consists of cross-linking cells to link DNA to proteins, sonicating cells, immuno precipitating 
with an antibody specific for the protein or marker of interest, preparing a library and 
sequencing 136. The reads are then mapped and thus, the exact binding position in the genome 
can be found. Therefore, having a good quality antibody is crucial to obtain good results. All 
in all, this technique is of great importance for the study of epigenetics and transcription factor 
function.  
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3.4.1.3 Assay for Transposase-Accessible Chromatin coupled to sequencing (ATACseq) 

Assay for Transposase-Accessible Chromatin coupled to sequencing (ATACseq) is a method 
for genome-wide mapping of open chromatin. It relies on Tn5 transposase, which cuts the 
accessible regions and inserts adaptors so that these regions can then be amplified and 
sequenced137. The characterization of open chromatin is of great importance because for a gene 
to be transcribed, a transcription factor must bind to a regulatory element associated with it and 
closed chromatin restricts binding. Therefore, ATACseq can play a key role in developing our 
understanding of gene regulation. 

3.4.1.4 RNAseq, ATACseq, and ChIPseq analysis 

The initial part of the analysis of RNAseq, ATACseq, and ChIPseq data was done through in-
house pipelines. These pipelines included the steps shown in Fig. 6, as well as quality checks 
and pooling of biological samples. The initial quality control (QC) was done with FastQC 
(v0.11.5) on studies I-III and MultiQC (v1.9) for study V. The QC continued downstream by 
log10 quantile normalizing counts to make sure that the read distribution was similar, which 
we confirmed by plotting boxplots. 

 

Figure 6. Simplified pipeline used to analyze RNAseq, ATACseq, and ChIPseq. HOMER138 refers to the program used in the 
marked steps. 
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3.4.2 Linked-read WGS 

Traditional short-read whole genome sequencing (WGS) has been used for years to analyze 
the entire genome. It can readily detect single nucleotide polymorphisms (SNPs) and SNVs but 
has a few drawbacks. Finding translocations can be challenging and phasing, the process of 
assigning the variants to a haplotype, even more so 132. These problems are partially solved by 
linked-read whole genome sequencing (lrWGS) techniques. 

lrWGS techniques barcode high molecular weight (HMW) DNA after breaking it into smaller 
pieces. In this manner, all smaller pieces coming from the same HMW DNA molecule will 
have the same barcode, which will differ from the other HMW DNA molecules. Therefore, 
after performing regular short-read sequencing, the longer HMW DNA molecules can be 
reconstructed in silico. Thus, by means of the SNPs found in the patient, the artificial long-
reads can be phased more easily than when performing short-read WGS, resulting in longer 
phase blocks and easier SV identification. (Fig. 7).  

Figure 7. lrWGS simplifies translocation finding. Using traditional WGS, only reads spanning the breakpoints of a translocation 
would support its presence, but with lrWGS (bottom) all barcodes overlapping the area would help to find a translocation. On 
the lrWGS diagram the color of supporting reads represent its barcode and the lines depict read-cloud span). 

lrWGS is a relatively young technology that has not been used for as long as RNAseq, ChIPseq 
or ATACseq. A challenge with using new technologies is that the analysis tools have not 
matured or had comprehensive documentation made available to provide explanations for the 
output. Therefore, we developed a strategy to find SVs and CNVs where we merged existing 
software with in-house scripts. The initial step for the 10XlrWGS was running data through 
Long Ranger (v2.2.2)139. This software maps the reads to GRCh38 and outputs metrics, bam 
files with phased and barcoded reads as well as files with found genomic aberrations. 
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3.4.2.1 Interchromosomal SV detection 

To find interchromosomal SVs we used two tools: Long Ranger and GROC-SVs (v0.2.5)140. 
We ran GROC-SVs using tumor bam files obtained from Long Ranger as input. The GROC-
SVs software looks at the amount of common barcodes between different regions of the 
genome to identify SVs. As explained previously, common barcodes occur when two regions 
are present within the same HMW DNA molecule and thus are barcoded in the same way. 
Therefore, we would expect many common barcodes between regions that are close to each 
other in the genome, either because they are originally nearby and on the same chromosome or 
alternatively because they are part of an SV that aberrantly positioned them together. This can 
be illustrated by Loupe (10X Genomics Loupe Browser 2.1.2), which produces heatmaps 
where one genomic region is represented on each axis and the color depicts the number of 
common barcodes between both regions, where the darker the color, the more common 
barcodes. Fig. 8 contains examples of such heatmaps: A shows shared barcodes within a 
chromosomal region; B shows a non-reciprocal translocation occurring between chr7 and 
chr11; and C two distant regions with no shared barcodes. As expected, in A there is a high 
number of common barcodes on all the positions against themselves and, as we move away 
from the diagonal (which is a symmetry line), the amount of them decreases. While in B we 
see a non-reciprocal translocation with a darker triangular area where the junction takes place. 
In C there are only very low numbers of common barcodes that can be attributed to background. 

 

Figure 8. Heatmaps produced by Loupe, two tracks are present on the axis: one representing coverage (green) and one coding 
regions (blue). 

After having obtained a list of SVs from each software, we filtered away those within black-
listed regions and visually confirmed the rest of them by looking at heatmaps generated by 
Loupe. Certain events were considered artifacts: when the same pattern was found across 
multiple germline and tumor samples; when the pattern involved a small area with very high 
coverage; or lacked the expected distinct patterns. Usually, the events considered to be artifacts 
fulfilled all three criteria. 

Once we had determined that the SVs were not artifacts, we attempted to determine the 
structure of the derivative chromosomes. Here, I will give a brief overview of how this was 
accomplished by examining the patterns in Loupe heatmaps. The simplest SVs found were 
non-reciprocal (Fig. 9, left and middle column) and reciprocal translocations (Fig. 9 right 
column), entailing one or two “triangles” respectively (marked in Fig. 9). Each triangle 
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represents the high number of common barcodes detected at the junctions between 
chromosomes. The orientation of the triangles depends on whether the beginning/end of one 
chromosome joined the beginning/end of the other one. All possible orientations of non-
reciprocal and reciprocal translocations with a schematic representation of each derivative 
chromosome are shown in Fig. 9. 

 

Figure 9. Heatmaps with different orientation of reciprocal and non-reciprocal translocation with schematic drawings of 
derivative chromosomes. Two tracks are present on the axis: one representing coverage (green) and one coding regions (blue). 

The structures of the derivative chromosomes resulting from translocations are simple to 
resolve but unraveling the structure of more complex events presented a challenge due to these 
kind of events not having been described in literature previously. We searched for the most 
likely derivative chromosomes by examining the patterns in the heatmaps, the coverage within 
the involved regions (to consider any CNV), and the presence of a centromere in derivative 
chromosomes (allowing for the derivative chromosome to properly be passed on during cell 
division). The process entailed pattern examination and multiple schematic drawings until 
compatible solutions were found.  

Here, I will present some cases of more intricate SVs, likely derivative chromosome structures, 
and the rationale behind them. I will begin with the simplest ones and then progressively 
increase their complexity. 

The SV in Fig. 10A is very similar to the regular reciprocal translocations presented in Fig. 9. 
However, there is a gap between triangles i and ii, indicating no overlapping read-clouds within 
that area. We then examined the coverage, which is depicted by the green track on the x-axis 
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and noticed that it is close to zero in that area. Hence, we concluded that we have a reciprocal 
translocation where a region between the translocation breakpoints has been lost. 

In Fig. 10B, the SV shown is a slightly more complex reciprocal translocation. Like in Fig. 
10A, there are two triangles indicating two events, but here the triangles overlap. This can be 
explained by inspecting the coverage, which increases in both the b- and β-region. This shows 
that both regions are duplicated. The dark square denoted by the intersection of the triangles 
indicates a high number of common barcodes in b- and β-regions, manifesting the contact 
between the parts of the genome that takes place in both derivative chromosomes.  So, triangle 
i represents the common read-clouds between α-β and b-a and triangle ii depicts the common 
read-clouds between β-γ and b-c. Thus, the event in Fig. 10B represents a reciprocal 
translocation with duplications of the flanking regions. 

Fig. 10C also illustrates a reciprocal translocation with duplications of the flanking regions. 
The only difference between C and D is the orientation of the event. In C, triangle i represents 
the common read-clouds between α-β and b-c and triangle ii depicts the common read-clouds 
between β-γ and a-b. Therefore, the change in the orientation of the event coupled to the 
duplication of regions b and β leads to the distance between the triangles. 

In Fig. 10D the triangle indicates a non-reciprocal translocation where the read-cloud overlap 
is truncated as the “flare” only gradually declines in signal vertically (unlike in Fig. 10A-C). 
This shape shows that the only regions in proximity are the b- and β-regions and that that region 
a is not involved in the SV (explaining the abrupt end of the “flare” at the beginning of the b-
region).  

 

Figure 10. Heatmaps with different types of SVs with schematic drawings of derivative chromosomes, two tracks are present 
on the axis: one representing coverage (green) and one coding regions (blue). 
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Fig. 10E is similar to the previous example. However, instead of having one truncated triangle 
with a “flair” stretching vertically, there are two of them. These truncated triangles are 
separated by the β-region on the y-axis, the dip in coverage on the β-region indicates this is due 
to a deletion of this region on the derivative chromosome. Once again, the increase of the 
coverage around region b denotes its duplication and, as it is in contact with both the α- and β-
regions, we can conclude that this pattern shows the existence of a templated insertion with (as 
noted above) a small deletion on the chromosome where the insertion takes place. 

On this occasion, Fig. 10F builds on the instances seen in Fig. 10E and Fig. 10B. The heatmap 
shows the existence of a templated insertion of the β-region on the chromosome illustrated on 
the x-axis. However, in this case, there is also an overlap of the triangles (like in Fig. 10B) that 
are truncated (abruptly end, like in Fig. 10D) which implies that the b-region is duplicated. 
Therefore, what we see in Fig. 10F is a focal amplification with a templated insertion.   

As evident from these examples, rather complicated SVs can be resolved when one knows what 
one is looking for. This was utilized in study V to resolve even more complex variants. The 
process of resolving this kind of SV could be greatly simplified by further developing Loupe 
or creating stand-alone tools for visualizing haplotype specific barcode overlaps in conjunction 
with haplotype specific coverages. 

3.4.2.2 CNV detection 

To find CNVs we utilized three tools: BarCrawler (https://github.com/J35P312/BarCrawler), 
FindSV (https://github.com/J35P312/FindSV), and Long Ranger. We used the output of Long 
Ranger as input for BarCrawler in order to obtain the total and haplotype-specific coverage in 
10kbp bins. This data was then used in our in-house script to calculate ploidy from the 
coverage.  

Our in-house script used an elementary method to calculate a patient-specific conversion 
coefficient that converts coverage data into ploidy. Hence, we had to compute an 
approximation for the coverage of diploid chromosomes, halve it (to obtain it per chromosome) 
and divide coverage by this coefficient to obtain ploidy. We began by making 500kbp bins and 
smoothing the data. Then we calculated standard deviation (σ) and median (σ!/#) of several 
quantities: 

- Standard deviation of the coverage per chromosome, σ(t) 
- Median of the standard deviation of the coverage per chromosome, σ!/#(σ(t)) 
- Median of total coverage, σ!/#(𝑡) 
- Median of unphased coverage, σ!/#(𝑢) 
- Median of haplotype both haplotype specific coverages, σ!/#(ℎ!) and σ!/#(ℎ#) 

Then, we considered that a chromosome was diploid if: 

$!/#(&!)	
$!/#())*	$!/#(+)

> 	0.47 , $!/#(&#)	
$!/#())*	$!/#(+)

> 	0.47 and σ(t) < 1.5	σ!/#(σ(t)).  
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The initial two conditions ensure that the chromosomes are phased and that the coverage does 
not differ very much between homologous chromosomes. The last one excludes chromosomes 
with large CNVs, which would lead to large standard deviations on coverage. To obtain the 
conversion coefficient, the median coverage of the diploid chromosomes was divided by two. 
Finally, to calculate each patient’s ploidy, the coverage was divided by the patient-specific 
conversion coefficient. The ploidy of each patient in 500kb bins was subsequently plotted. This 
process could be simplified by obtaining a direct quantification of the number of chromosomes 
by digital PCR and calculating the patient-specific conversion coefficient by dividing the 
coverage in said area by the number of chromosomes quantified or alternatively by correcting 
the ploidy based on FISH results. 

Plotting the coverage of patients allowed to easily visually detect large CNVs. In Fig. 11, we 
can see the ploidy plot of two patients. At the top, P13172_107 presents a normal diploid 
genome, where the total ploidy (light blue) is always very close to the median of the germlines 
(dark red). At the bottom, P13756_106 presents a genome with several CNVs, where for 
example, chr5 is amplified and the initial part of chr8 is deleted.   

 

Figure 11. Ploidy plots of two patients after dividing coverage by the patient-specific conversion coefficient. 

CNVs were called by Long Ranger and FindSV. Those > 30kbp and within the areas assessed 
by FISH in study V were further investigated, with the exclusion of the IGH locus due to its 
complexity141. We confirmed the results of the callers by visualizing the plots of the coverage. 
We not only plotted the whole genome as in Fig. 11, but also zoomed in and plotted the region-
specific coverage at a resolution of 10kb bins (study V Fig. 2D and SFig. 2A).  
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4 RESULTS & DISCUSSION  

4.1 STUDY I – E-PROTEINS 

In this study, a Vav-iCre system was used to generate mice with conditional floxed E2-2, Heb, 
E2a, and a combination of E2-2 and Heb. After sacrificing the mice, FACS was used to analyze 
changes in cellular composition in the hematopoietic system and to obtain cells for RNAseq. 
ChIPseq was performed on expanded proB cells. A phylogenetic analysis of the E-protein 
family amino acid and cDNA sequences was also performed. 

In the KO mice, the B-cell developmental pathway was greatly affected. E2-2ffVaviCre had a 
43% reduction in the total number of B-cells, with the most affected developmental transition 
being that from LY6D-CLPs to LY6D+CLPs. All other developmental transitions within the B-
cell developmental pathway were essentially unaffected. This suggests that the partial blockage 
in LY6D-CLPs to LY6D+CLPs was responsible for the reduced number of B-cells in E2-
2ffVaviCre mice. The additional knocking out of Heb had a synergic effect on B-cell 
development resulting in a >99% reduction in mature B-cells and a >98% reduction in 
Ly6D+CLPs. In other words, the E2-2ffHebffVaviCre mice displayed an almost complete block 
at the Ly6D-CLP similar to that observed in the E2a KO.  

Thymic and pDC development was also perturbed in both E2-2ffVaviCre and E2-2ffHebffVaviCre 
mice while erythro-myeloid lineage was not significantly affected. The decrease in pDCs was 
86% and 98% on E2-2ffVaviCre and E2-2ffHebffVaviCre respectively. This was as expected, 
showing that E2-2 plays a major role in pDC development but also that HEB has a previously 
underappreciated role in this developmental pathway23. Regarding T-cell development, early 
T-cell precursors (ETPs) were reduced in both genotypes, even if there was no block, showing 
that E2A is enough to sustain T-cell development. At later stages in T-cell development, only 
E2-2ffHebffVaviCre showed a considerable defects reminiscent of the phenotype observed in the 
single Heb KO, including increased γδ T-cells and reduced CD4- T-cells.  

The phylogenetic analysis showed that E2-2 and Heb were more closely related to each other 
than to E2a in jawed vertebrates. Their close evolutionary relationship could potentially explain 
the synergic effect of deleting both E2-2 and Heb since they are likely to have similar functions 
and hence one can compensate, up to a certain point, for the removal of the other. As E2-2 and 
HEB are required for lymphoid development but not for erythro-myeloid one, we can conclude 
that they are crucial for the humoral immune system but are dispensable for the ancestral 
lineages, where E2A remains the crucial agent amongst E-proteins. 

As the block in B-cell development takes place at LY6D-CLPs, the transcriptional profile of 
LY6D-CLPs WT was compared to E2-2ffVaviCre, E2affVaviCre, and E2-2ffHebffVaviCre by means 
of RNAseq. On the PCA all LY6D-CLPs formed a distinct cluster separating them from other 
populations, showing that cell identity was kept even if there were expression changes. There 
were a total of 150 genes with significantly modified expression, many of which were related 
to the B-cell lineage. E2-2ffVaviCre had very limited changes, often concordant but more modest 



 

 30 

than those in E2-2ffHebffVaviCre. The differential changes seen in E2-2ffHebffVaviCre were similar 
to those of E2affVaviCre, suggesting that even if the E-proteins have variable effects on gene 
expression, they do reinforce the same pathways.  

We also wanted to assess where the different E-proteins bound under normal circumstances, 
so we generated ChIPseq data from WT proB cells. We found that the number of peaks varied 
greatly amongst the E2-2, HEB, and E2A ChIPseq samples with 139, 2167, and 16510 high-
quality peaks found respectively. Likely the differences in peaks found can be attributed to the 
expression levels of the different E-proteins (study I, Fig. S2) but we cannot exclude that this 
at least in part is due to the antibody quality. However, the peaks found were relevant, as the 
bHLH motif was enriched amongst them and found close to B-lineage genes. Furthermore, we 
noticed that most peaks called on E2-2 ChIPseq were also called by HEB and E2A and those 
in HEB were also called in E2A. Peaks in HEB were not necessarily called in E2-2, but this 
was to be expected given the very limited number of good quality peaks found on E2-2 
ChIPseq. Taken together, this suggests that the E-proteins have highly overlapping functions 
in B-cell development. 

4.2 STUDY II – FOXO FAMILY 

In this study, a Vav-iCre system was used to generate mice with conditional floxed FoxO1, 
FoxO3 and combined FoxO1 and FoxO3(dKO) deletion. Flow cytometry was used to 
characterize immune cell populations in bone marrow, spleen, and thymus. RNAseq, 
ATACseq, and ChIPseq were performed on sorted cells. 

To study the effect of knocking out FOXO3, we assessed changes in organ size and cellularity. 
The FoxO3ffVaviCre had no major changes in organ cellularity nor spleen size. They only 
displayed a small reduction in the number of total B-cells in BM and a trend towards reduction 
in the spleen. When we examined the BM cellularity in detail, we realized that it was caused 
by a significant reduction of proB KIT- cells and immature B-cells. On the other hand, proB 
KIT+ and mature B-cells were unaffected. In the spleen, the transitional B-cells were the 
affected ones, while the mature subset also remained unchanged. This suggests that FOXO3 is 
dispensable for the generation and maintenance of mature B-cells but its loss affects immature 
and transitional B-cell populations. 

FoxO1ffVaviCre mice had a more severe phenotype, with a decrease in the total number of cells 
both in BM and spleen, which also resulted in a smaller spleen size than in WTs. Furthermore, 
ablation of FOXO1 resulted in a complete block at proB cell stage. To assess if the proB cells 
maintained a B-cell identity, we used principal component analysis (PCA) of RNAseq data that 
included the many WT population and the proB BM and spleen samples from the FoxO1 KO. 
The populations organized in developmental order and the single KO cells clustered with proB 
WT, confirming their identity. However, they displayed a dysregulation of genes coding for 
BCR related molecules and did not express normal levels of Rag1 and Rag2. This indicates 
that FoxO1ffVaviCre proB cells should fail to perform VDJ rearrangement, which is corroborated 
by lack of BCR expression.  
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Given the developmental block at proB, we were surprised to find residual splenic 
FoxO1ffVaviCre cells. Nonetheless, these cells did not present the cell-surface markers usually 
found on follicular or marginal zone B-cells nor their expected transcriptional profile, as they 
clustered with preB and proB cells in the PCA. This suggests that it is an immature B-cell 
population that has reached the periphery. 

FoxO1ffFoxO3ffVaviCre had by far the most severe phenotype with a complete block at the CLP 
LY6D+ stage and splenomegaly associated with an increase in the erythro-myeloid populations. 
To understand what caused this block, we compared the transcriptional profiles from the dKO 
to other genotypes. We began by performing a PCA, and once again PC1 was associated with 
developmental order and the dKO clustered with their WT counterparts, suggesting that cell 
identity was kept. However, when only progenitors were plotted, PC1 was still associated with 
developmental order but PC2 was associated with genotype, with the dKO clustering 
separately.  

To assess what changes in gene expression had occurred to separate dKO from WT in PCA, 
we performed a differential analysis between CLP LY6D- WT and dKO and CLP LY6D+ WT 
and dKO, identifying a total of 319 differentially expressed genes (DEG). The heatmap 
displaying the DEG in the WT, FoxO1ffVaviCre, FoxO3ffVaviCre, and FoxO1ffFoxO3ffVaviCre 
further indicated that FoxO1ffVaviCre were more affected than FoxO3ffVaviCre and that the dKO 
had the most influence on gene expression. This suggests that there is a synergic effect when 
both FOXO proteins are lost. 

When the DEG were examined in detail, we noticed that most of the genes were downregulated, 
indicating that FOXO acts as a positive regulator. We also realized that a substantial number 
of these genes were involved in B-cell development. Amongst these were Ebf1 and Pax5, the 
expression of which was dramatically decreased. The expression of Ebf1 was close to ablated, 
suggesting that the loss of FOXO3 further disrupt the described FOXO-EBF1 positive feed-
forward loop at the CLP stage. 

To further understand the impact of the loss of FOXO, we assessed the chromatin landscape 
by performing ATACseq. We compared the peaks obtained in WT to those of the dKO in CLP 
LY6D- and CLP LY6D+, which resulted in a total of 1204 differentially accessible regions 
(DAR). We performed a motif enrichment analysis on DAR reduced in the CLP LY6D+ to 
assess what transcription factors were responsible for DAR. EBF, ETS, RUNT, E-box (E-
protein) were the main ones found. Factors from both EBF and ETS families were differentially 
downregulated and generated clear cut-profiles, supporting their connection to the DAR. Given 
the feed-forward loop established by FoxO1 and Ebf1, we explored the chromatin accessibility 
landscape surrounding these loci. Surprisingly, we found that there were essentially no 
changes. This indicates that neither the FOXOs nor EBF (as Ebf1 is close to deleted in the 
dKO) are critical for establishing chromatin accessibility in these loci. 

To understand whether DAR had happened due to lack of pioneer transcription factor opening 
the chromatin or if they took place in an already pre-established landscape activated directly or 



 

 32 

indirectly by FOXO, we assessed if DAR were caused by gained/lost peaks or due to 
increased/reduced signals. We found that most were increased/reduced, suggesting that neither 
the FOXO factors nor EBF to a greater extent serve as pioneer factors in this context. Moreover, 
when we assessed the fold change of peaks in CLP LY6D+ that contained FOXO or EBF1 
binding sites, we found that most of these were already accessible at the LMPPs stage prior to 
EBF1 expression. This indicated that the FOXO TFs and EBF1 act mainly on a pre-established 
chromatin landscape at the CLP stage. 

All in all, we found that FOXO1 can compensate for the loss of FOXO3, suggesting 
functionally redundant roles. However, FOXO3 cannot do so for FOXO1, as deletion of 
FOXO1 results in the loss of mature B-lineage. Furthermore, the knockout of both factors has 
a synergic effect and blocks B-cell differentiation at the CLP LY6D+ stage. We have also 
shown that both the FOXO TFs seem to act on a mainly pre-established chromatin landscape 
to directly or indirectly activate the B-cell program. 

4.3 STUDIES III & IV – CLL & IBRUTINIB  

4.3.1 Study III 

In study III we studied the early effects of ibrutinib on different compartments. We took PB 
and LN samples from patients before ibrutinib treatment and at different times after the start of 
treatment (9 hours, 2 days, 4 days, 8 days, 15 days, and 29 days). We performed RNAseq, PEA 
assays on inflammatory biomarkers and flow cytometry-based characterization of cells.  

In the first study, we saw that plasma levels of 23 proteins were altered after ibrutinib treatment. 
Many changes occurred as early as 9h after treatment. Out of these early changes, most 
involved the decrease in pro-inflammatory markers, which could be the reason why patients 
report feeling better shortly after ibrutinib treatment.  

We then compared the plasma levels of these proteins to the mRNA expression in LN and PB 
CLL cells. We found that most of the changes at protein level were not accompanied by 
changes at mRNA level in CLL cells. Furthermore, only about half of them were expressed by 
CLL, healthy naïve or healthy memory B-cells, indicating that part of these early changes in 
plasma protein markers originate from other cell types that either express BTK or some other 
ibrutinib-responsive kinase. These changes alter the microenvironment by reducing pro-
inflammatory markers and can thus be considered part of the treatment effect.  

When analyzing mRNA levels, we compared pre-treatment samples to days 2 and 29 in LN 
and PB. We found that 357 genes were significantly altered, many of them already at day 2. 
Most of the genes altered at day 2 in LN were maintained at day 29 but this was not the case 
for those changed in PB, as many of them returned to pre-treatment expression levels. The 
lasting effect of mRNA changes in LN compared to the shorter ones in PB and the fact that 
both compartments showed very similar transcriptional profiles at day 2 indicates CLL cell 
mobilization from LN to PB. This is supported by the significant increase from day 2 to 15 of 
the absolute lymphocyte count (ALC) and the number of CLL cells in PB. These mobilized 
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cells experienced a drastic change in their microenvironment, which could be responsible for 
the decrease in proliferation seen by day 2, and then return to a more PB-like transcriptional 
profile at day 29. This indicates that ibrutinib has a greater effect on LN, which is to be expected 
given that the BCR signaling is more active in this compartment than in PB. 

4.3.2 Study IV  

Study IV is a continuation of study III, where we explored what occurred with protein plasma 
levels after ibrutinib treatment over a longer period of time. PB samples were gathered from 
patients before treatment until up to 5 years after treatment. The samples were characterized 
via flow cytometry and PEA assays detecting Inflammation, Immune Response, and Oncology 
markers. Donors and XLA patients were used as controls for PEA and cell count assays. 

The plasma level of a total of 265 molecules was analyzed, resulting in 86 of them being 
differentially altered at one or more points after treatment. In order to discover which cells 
produced the biomarkers, RNAseq from other studies (including that of study III) was used. 
We arbitrarily created two categories for the differentially changed molecules, CLL-associated 
and CLL non-associated. CLL-associated were those significantly changed when comparing 
pre-treatment samples to donor ones and thus directly affected by the disease, while we 
considered CLL non-associated those that were not changed nor displaying trends when 
comparing pre-treatment to donor samples. 

There were a total of 58 CLL-associated biomarkers significantly changed. Almost all of these 
were elevated in CLL patients before treatment when compared to donors and decreased as a 
result of ibrutinib treatment. However, there were five biomarkers that were initially lower in 
CLL patients and increased after treatment. Four of them were not produced by healthy B-cells 
nor by CLL cells and their levels were not altered in XLA patients indicating that their change 
is likely not a direct effect of the drug. It is possible that the levels of these biomarkers were 
repressed in the tumor microenvironment and their expression increased as a result of 
treatment. 

The CLL non-associated group had a total of 24 biomarkers. All except two showed very 
similar levels when comparing XLAs and donors. Given that XLA patients lack BTK activity, 
it suggests that these biomarkers are probably unrelated to BTK activity. Furthermore, as 
changes in these biomarkers imply a change in protein levels that were not significantly altered 
on CLL patients before treatment, this suggests that they could be off-target effects. Amongst 
the CLL non-associated biomarkers most of them (17) decreased, while 7 increased. 

Out of all the changed biomarkers, in both groups, only 12 were increased. We noticed that out 
of these, four (AREG, EGF, PLXNA4, and TNFSF13) were associated with cardiovascular 
diseases or AF (atrial fibrillation) (a known side-effect of ibrutinib) and produced in cardiac 
tissue. Furthermore, these markers were CLL non-associated and were not expressed by B-
cells nor CLL cells. Therefore, we hypothesized that they may play a role in AF together with 
an additional two biomarkers (EN-RAGE and SCF) that showed trends rather than significant 
changes but fulfilled all other criteria.  
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4.4 STUDY V – MM & LRWGS 

Bone marrow samples from 38 MM patients were used to sort MM cells to perform lrWGS, 
RNAseq, and ChIPseq. In this proof-of-principle study, we showed that lrWGS can potentially 
be performed as an extension of diagnosis flow cytometry without prior high molecular weight 
(HMW) DNA purification. The lrWGS analysis allowed us to find most CNVs and SVs 
detected by FISH as well as assessing their effect on gene expression and acetylation. 

10X Chromium Genome lrWGS was performed on 200-240 FACS sorted cells without prior 
DNA purification, bypassing the difficulty of HMW DNA preparation by instead denaturing 
cells with sodium hydroxide. Omitting the purification step eliminates the cumbersome 
procedure that had been hampering this technique and allows for the use of less input material 
while producing long DNA molecules. The median molecule length was of 216Kbp resulting 
in long phase blocks, with a median N50 of 14.8Mbp and a median longest phase block of 
60.2Mbp, in line with or better than previously published data139,142,143. 

In this study, as in all sequencing studies, we assessed changes in chromosome number by 
analyzing coverage. In our case, an in-house pipeline calculated ploidy correctly on 35/37 
patients (95%). Within these 35 patients, 396 FISH assays were performed without counting 
those within the IGH locus. There was a total of 149 CNVs found, of which we detected 143 
(95%) by calling CNVs on lrWGS (using Long Ranger and FindSV) and then visually 
confirming them by examining ploidy plots. We detected 7/8 patients with the deleterious 
deletion of chr17p, one of them with only 24% of cells affected. The eighth patient had barely 
14% of cells affected and went undetected at 30x coverage, we therefore predict that a higher 
depth would have been required to call it. Additionally, we identified two patients with indels 
causing frame-shifts within the TP53 locus, one clonal and one subclonal. Further, eight 
patients displayed loss of the 1p region and nine patients that a gain of chr21. All of these 
adverse-prognosis events would have gone unnoticed by the current routine genetics. 

Regarding the two patients in which our approach to calculate ploidy did not work, they both 
had close to genome duplication and several subclonal populations. They were not only 
problematic for our approach but for all other tested approaches as well. We tried several other 
tools (CNVkit, FindSV, ASCAT, Long Ranger, and the Battenberg approach) but none of them 
managed to infer ploidy correctly. This shows that one must take caution when only WGS is 
performed to find CNVs, as the ploidy of complex genomes is difficult to solve and can lead 
to false positive or negative results. Essentially, this is the case because it is not possible to 
discern the difference between a normal genome and a completely duplicated one by coverage 
analysis alone. Given that some of the CNVs assessed are of clinical significance and 
misclassifying a patient could influence their prognosis, it would be recommended to perform 
a method allowing for the absolute quantification of chromosome numbers such as FISH or a 
digital PCR (on a known number of cells) to assure that ploidy assessments are correct in all 
cases. The later could feasibly be run on the kind of samples sorted to perform the lrWGS 
analysis.  
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Interchromosomal SVs are also common events in MM patients. We used two tools (Long 
Ranger and GROC-SVs) to call them and confirmed them visually by looking at heatmaps 
plotted by Loupe (displaying the amount of common barcodes between regions). We had FISH 
data regarding three frequent translocations in MM: t(4;14), t(11;14), and t(14;16). We detected 
16/17 translocations found by FISH and did not have any false positives. The one not found 
was a subclonal t(11;14), which was present in only 28% of the cells. Thus, the areas in question 
had too few common barcodes to be called. However, we were able to detect these barcodes 
by manual inspection, indicating that higher coverage would be required to call this event. The 
found translocations were easy to distinguish by visual inspection as the common read-clouds 
between regions caused triangular “flair” patterns in the heatmaps outputted by Loupe (as 
discussed in the methods section). By examining such patterns we found that 11/16 detected 
translocations were reciprocal and that 4/9 of the t(11;14) had intricate patterns involving 
several events within IGH and/or CCND1 locus. Furthermore, we found that t(11;14) resulted 
in the strong IGH 3’ enhancers regions (3´RR) being juxtaposed to the CCND1 locus leading 
to its overexpression.  

Other common recurrent SVs in MM are those involving the MYC locus. They are associated 
with an increase of MYC expression and poor outcome, particularly those also involving the 
IGL locus98. Amongst our patients, we found that 9/37 patients had SVs involving the MYC 
locus and 2/9 were MYC-IGL SVs. Furthermore, by looking at the patterns on the heatmaps 
generated by Loupe, we inferred that 5/9 of the SVs were templated insertions. We concluded 
that the lrWGS allowed for the resolution of a wide variety of MYC SVs with relative ease, 
which would likely not have been possible with conventional WGS. 

To find additional potential high-risk variants we searched for SVs affecting recurrent 
translocation partners of the IGH locus98. Two candidates were found: P13172_101 had a 
t(6;17) in involving the MAP3K14 locus and P13172_104 presented a t(1;8) involving MAFA 
locus. P13172_101 had a subclonal templated insertion of an active enhancer from chr6 on the 
MAP3K14 locus of chr17, leading to MAP3K14 overexpression. Given that MAP3K14 is an 
NF-KB activator, this could result potentially in constant NF-KB activation. P13172_104 
presented a clonal translocation that juxtaposed MAFA to a strong active enhancer in chr1 
leading to a MAFA expression 10 times higher than that of other patients. Furthermore, when 
the regulatory landscape of this patient was compared to the rest of the samples, hierarchical 
clustering placed it within the samples belonging to the t(14;16) subgroup. This subgroup 
overexpresses MAF, a transcription factor belonging to the same family as MAFA, indicating 
that the deregulation of either MAF or MAFA leads to a similar regulatory landscape making 
the t(1;8) in P13172_104 a potential high-risk translocation. 

In this study, we showed that lrWGS enabled the identification of almost all the SVs found by 
FISH within our MM cohort. Furthermore, it would be relatively simple to implement in the 
clinical setting as the material required to run lrWGS could be obtained by essentially running 
diagnostics flow cytometry samples on a FACS sorter. The detection of SVs could be done 
without the germline sample and without the cumbersome task of targeting every event. In this 
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study, we showed that we were able to find many recurrent and private SVs that are relevant 
to prognosis and that have gone unnoticed by current clinical routine genetics (i.e. del1p, 
dup21, mutations on TP53, MYC-IGL SVs etc). All in all, lrWGS could be utilized to rapidly 
make initial visual assessments of recurrent genetic events which could then be extended to a 
more holistic analysis if the time and resources were available. This would allow for a better 
characterization of the patient in order to take steps towards providing personalized medicine.
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5 CONCLUSIONS 
In this thesis, I have discussed how gene regulation affects B-cell development in health and 
disease using NGS techniques combined with FACS to test our hypotheses. These are the main 
conclusions drawn from each of our studies:  

Study I: E2-2 and Heb ablation cause a synergic effect on the immune system showing that 
they reinforce the same networks and can partially compensate for the lack of one another. In 
E2-2ffHebffVaviCre mice, there was an almost complete block at the LY6D-CLPs level with 
perturbed thymopoiesis and an important depletion of pDCs. However, HSCs, erythro-myeloid 
progenitors, and innate immune system cells seemed unaffected by the lack of these E-proteins. 
Showing that, E2-2 and Heb are critical for the lineages constituting humoral immunity but 
largely dispensable for other hematopoietic lineages. 

Study II: FOXO1 can compensate for the deletion of FOXO3 resulting in the generation and 
maintenance of the B-cell subset, yet it is not so vice versa. This indicates partially redundant 
roles between both FOXO factors. The deletion of both factors has a synergic effect, leading 
to a complete block at the CLP LY6D+ stage. This block does not seem to be caused by failure 
to open the chromatin by FOXO1 nor EBF1 (expression of which is dramatically reduced in 
FoxO1ffVaviCre and FoxO1ffFoxO3ffVaviCre) as chromatin appears to be already accessible at 
earlier stages. This suggests that the FOXO factors probably activate directly or indirectly 
activate an already pre-established chromatin landscape. 

Studies III and IV: Ibrutinib treatment leads to rapid changes in plasma protein and mRNA 
levels. From very early time points there are differences in plasma protein levels, most of which 
decrease after treatment and many of them are not derived from CLL cells nor B-cells. At 
mRNA level the changes were related to CLL biology and B-cell receptor signaling. When 
assessing later time points, we found that most of the plasma markers changed were also 
decreased. Amongst the few that increased, we found several potential candidates that may be 
involved in side effects such as AF. Overall, there is a general decrease in inflammatory 
response both in early and late time points after ibrutinib treatment. 

Study V: lrWGS provides a feasible route for genome-wide characterization of patients with 
hematological malignancies. It allows for the detection of recurrent and private genomic 
aberrations aiding in the resolution of complex SV and offering results that can often be 
interpreted by visual inspection. Thus, the incorporation of this method to the clinic could result 
in an initial general characterization of the patient followed by a more comprehensive one to 
improve prognosis and patient stratification to advance towards personalized medicine. 
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6 FUTURE RESEARCH 
In the studies presented here we have assessed many hypotheses, but we are still far from 
completely understanding the physiology and pathophysiology of B-lineage cells.  

In study I we assess the effect of deleting within the hematopoietic system two out of the three 
expressed factors in the E-protein family and in study II we did the same for the FOXO family. 
I believe it would be very interesting to delete the third one too. This has never been done 
before on the E-protein side, but it has on the FOXO one. This was performed in 2007 by 
Tothova et al. on MxCre mice, however, they had cells escaping the excision and found small 
subsets of mature B-cells in the spleen and the BM144. We had a more effective deletion within 
the Vav-icre positive mice and did not find mature populations within the FoxO1ffVaviCre nor 
the FoxO1ffFoxO3ffVaviCre mice. Therefore, I think that generating triple KO for the E-proteins 
and FOXO proteins would allow us to further evaluate the block in B-cell differentiation in 
particular, and gain deeper insight into the role of these factors in hematopoiesis in general.  

In relation to the ibrutinib study, I would start by assessing the protein levels of biomarkers 
associated with heart disease in a large cohort. Then, I would compare them before and after 
treatment as well as compare their levels in patients that develop atrial fibrillation to those that 
do not. Thus, we would hopefully gain further insight into why some patients develop this 
complication and confirm our findings in study IV. 

On study V, as 10X announced the discontinuation of the 10X Chromium Genome assay, I 
would try the same approach with similar sequencing technologies. Transposase enzyme linked 
long-read sequencing (TELLseq)145 (which was already shallowly explored in study V), droplet 
barcode sequencing (DBS)146, or single-tube long fragment read (stLFR)147 could be good 
candidates to do so. In such an event, I would also establish a direct quantification of the 
chromosome number by digital PCR to simplify calculating ploidy. All in all, this could lead 
to bench-marking a sequencing-based approach to CNV and translocation identification in 
myeloma as well as in other hematological malignancies.  
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