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Abstract 

Multiple myeloma is a tumor of terminally differentiated B cells, i.e., plasma cells (PCs), and 

arises in the bone marrow (BM). Initial genetic events are acquired during the germinal 

center (GC) reaction of B cells. In approx. 50 % of cases, translocations that juxtapose 

oncogenes to the immunoglobulin heavy-chain enhancers lead to their respective 

overexpression and initiate transformation. Next to cyclin D members and MMSET, 

overexpression of three MAF transcription factors is found, most commonly c-MAF due to 

the translocation t(14;16). 

Previous work by our group therefore aimed to overexpress Maf in mouse GC B cells to 

model myeloma initiation in Cγ1-cre; R26 MafstopF mice. Unexpectedly, B cell-specific 

overexpression of Maf led to a dramatic reduction and counter-selection of Maf-expressing 

GC B cells upon immunization with a thymus-dependent antigen, whereas IgM-expressing 

antigen-specific PC accumulated in the BM.  

To characterize the altered GC reaction upon Maf overexpression, the present work 

examined the proliferation, T cell support, and immunosurveillance of Maf-transgenic GC B 

cells by BrdU incorporation and flow cytometry of splenic cell populations, respectively. The 

timing-dependent impact of Maf overexpression on early, peak, late GC B cells and their 

progeny was investigated in Cγ1-creERT2; R26 MafstopF mice, which allowed for specific 

Maf transgene expression at distinct time points following immunization. The protein 

interactome of MAF was assessed by immunoprecipitation and mass spectrometric analysis 

of coprecipitated proteins in human t(14;16)+ multiple myeloma cell lines. 

The Cγ1creERT2; R26 MafstopF allele used here, allowed for the overexpression of Maf at 

different stages of terminal B cell differentiation and the study of the corresponding effects 

in mice. Delayed transgene expression in peak GC B cells mitigated the counter-selection 

of Maf-expressing GC B cells and was compatible with class switch recombination and 

differentiation into BMPCs. A reduction of Maf-expressing B cell populations was observed 

regardless of the timepoint of Maf overexpression. Impaired proliferation of GC B cells, 

limited T cell support, or immune surveillance were not causative factors. Proteomic 

analyses showed that oncogenic MAF interacts with a variety of transcription factors, in 

particular with members of the NFKB and RUNX families. For the future investigation of the 

cooperation between MAF and putative interactors, an in vitro screening system was 
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established based on retroviral overexpression of candidate interaction partners in Maf-

transgenic mouse B cells, using expression analysis of the MAF target gene Itgb7 as read-

out for transcriptional activity. Taken together, the results obtained in this work will contribute 

to the improvement of future mouse models for the t(14;16) translocation, with the goal of 

developing new therapies. 

Zusammenfassung 

Das Multiple Myelom ist ein Tumor maligner Plasmazellen und tritt im Knochenmark auf. 

Initiale genetische Ereignisse entstehen in B-Zellen während der Keimzentrumsreaktion. In 

ca. 50 % der Fälle führen Translokationen zur Überexpression spezifischer Onkogene durch 

die Anlagerung jeweiliger Loci an die Enhancerregion der schweren Immunglobulinkette. 

Neben Cyclin-D-Mitgliedern und MMSET findet sich die Überexpression dreier MAF-

Transkriptionsfaktoren, am häufigsten von c-MAF als Folge der Translokation t(14;16). 

Frühere Arbeiten unserer Gruppe beabsichtigen, Maf in Keimzentrums-B-Zellen der Maus 

zu überexprimieren, um die Myelom-Entstehung in Cγ1-cre; R26 MafstopF-Mäusen zu 

modellieren. Die B-Zell-spezifische Überexpression führte jedoch zu einer dramatischen 

Gegenselektion Maf-exprimierender Keimzentrums-B-Zellen nach Immunisierung, während 

IgM-exprimierende antigenspezifische Plasmazellen im Knochenmark akkumulierten. 

Um die veränderte Keimzentrumsreaktion bei Maf-Überexpression zu charakterisieren, 

wurden in der vorliegenden Arbeit Proliferation, T-Zell-Unterstützung und 

Immunüberwachung Maf-transgener Keimzentrums-B-Zellen durch BrdU-Inkorporation und 

Durchflusszytometrie entsprechender Zellpopulationen untersucht. Die Auswirkung der Maf-

Überexpression auf frühe, mittlere und späte Keimzentrums-B-Zellen und ihre 

Nachkommen wurden durch gezielte Transgenaktivierung in Cγ1-creERT2; R26 MafstopF-

Mäusen untersucht. Weiterhin wurde das Protein-Interaktom von MAF durch 

Immunpräzipitation und Massenspektrometrie in humanen t(14;16)+ Myelom-Zelllinien 

untersucht.  

Das hier verwendete Cγ1creERT2; R26 MafstopF-System ermöglichte die Überexpression 

von Maf in verschiedenen Stadien der terminalen B-Zell-Differenzierung der Maus und die 

Untersuchung entsprechender Auswirkungen. Eine verzögerte Maf-expression in 

Keimzentrums-B-Zellen verringerte die Gegenselektion Maf-exprimierender Keimzentrums-
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B-Zellen und war mit dem Klassenwechsel und der Differenzierung zu Knochenmark-

Plasmazellen vereinbar. Unabhängig vom Zeitpunkt der Maf-Überexpression wurde eine 

Verringerung Maf-exprimierender B-Zellpopulationen beobachtet. Eine beeinträchtigte 

Proliferation von Keimzentrums-B-Zellen, eingeschränkte T-Zell-Unterstützung oder 

Immunüberwachung waren nicht ursächlich. Proteomanalysen zeigten, dass MAF mit einer 

Vielzahl von Transkriptionsfaktoren interagiert, vor allem mit Mitgliedern der NFKB und 

RUNX Familie. Um die Kooperation zwischen MAF und potenziellen Interaktoren zu 

untersuchen, wurde ein Screening etabliert, das auf der retroviralen Überexpression von 

Kandidatengenen in Maf-transgenen Maus-B-Zellen basiert und die transkriptionelle 

Induktion des MAF-Zielgens Itgb7 als Parameter verwendet. 

Die in dieser Arbeit gewonnenen Erkenntnisse werden zur Verbesserung künftiger 

Mausmodelle für die Translokation t(14;16) beitragen, mit dem Ziel der Entwicklung neuer 

Therapien. 
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1. Introduction 

Antibodies constitute one of the most important effector molecules of the immune system1. 

During the germinal center (GC) reaction, B cells optimize the affinity and functionality of 

their antigen receptor2, leading to their terminal differentiation into plasma cells (PC)3 

specialized in the secretion of high amount of antibody. Multiple myeloma (MM) represents 

the malignant counterpart of PCs4. MM cells arise in and are reliant on the bone marrow 

(BM) and its microenvironment5. They disturb normal bone metabolism resulting in 

pathological fractures and excessively secrete monoclonal antibodies leading to damaging 

depositions in various organs. Monoclonal immunoglobulin light-chains in the urine of 

patients were initially described by Henry Bence Jones in 18516. They were found to form 

homologous electrophoretic bands by Leonhard Korngold and Rose Lipari in 19567 and are 

nowadays designated as kappa and lambda after their discoverers8. As can be seen from 

this, studying MM pathology is crucial for the understanding of B cell biology. However, to 

this day, MM pathology still poses challenges to investigators8. It remains a central burden 

to correlate different myeloma-initiating events (MIE) with the dysregulations that lead to 

malignancy. A possible approach to gain insight to this transformation process is the 

generation and analysis of suitable mouse models. One of the known MIEs is the 

overexpression of the transcription factor (TF) MAF associated with a high-risk disease 

course9. The present work therefore explores how MAF affects terminal B cell differentiation 

and malignant transformation. 

1.1 Clinical aspects of multiple myeloma 

Multiple myeloma is the second most common hematologic malignancy in western countries 

and is predominantly diagnosed in elderly people with a medium age of 7010. It is more often 

seen in people of African ancestry than in caucasians11. First-degree relatives of patients 

have a 2.1-fold higher risk of developing MM than the reference population12. 

In almost all cases, MM is preceded by a premalignant precursor phase, called MGUS 

(monoclonal gammopathy of undetermined significance)9. In this disease stage, 

premalignant PCs accumulate in the BM and extensively secrete monoclonal antibodies that 

form a sharp distinctive band in the γ-globulin fraction of a serum electrophoresis, called M-

spike13. In this disease stage no secondary end organ damage can be detected. MGUS, 
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found in approximately 3 % of people aged 45 to 75, rarely becomes clinically relevant, but 

can progress towards MM with a frequency of 1 % per year14. Fully malignant MM is then 

defined by serum immunoglobulin levels >30 g/l, >10 % PCs in the BM and detectable end 

organ damage15. Of these, the kidney damage can be prognostically relevant and comprises 

e.g., classical CAST nephropathy due to tubular deposits as well as degeneration of the 

glomerular filter by AL-amyloidosis or light-chain deposition disease. The impaired 

hematopoiesis leads to anemia, susceptibility to infections, and bleeding tendency. 

Hypercalcemia and pathological fractures are further classical symptoms of MM. The 

disease can eventually progress towards extramedullary tumors and plasma cell leukemia 

(PCL)16. 

MM is considered an incurable disease. Patients in a good general condition usually 

undergo high-dose chemotherapy with melphalan after induction therapy, followed by 

autologous stem cell transplantation13. Newer agents, such as proteasome inhibitors (e.g., 

Bortezomib BTZ) or lenalidomide are considered as maintenance therapy. If patients are not 

suitable for such an intensive therapy, a triple combination of melphalan, a glucocorticoid 

and a newer substance is used13. Supportive radiation can be given to extramedullary and 

medullary solitary tumors, e.g., osteolysis with fracture risk. Additionally, risk of fractures can 

be reduced with substances that modulate bone metabolism (e.g., Denosumab)17. 

1.2 Terminal B cell differentiation and malignant transformation towards multiple 

myeloma 

1.2.1 The germinal center reaction as origin of malignant transformation  

To counter a variety of antigens with only a limited genetic repertoire, B cell development is 

characterized by mechanisms that vary the immunoglobulin (Ig) locus. During somatic 

recombination at the pro-B cell stage in the BM, V (variable), D (diverse) and J (joining) 

segments of the Ig locus are linked together by excision of intervening DNA regions through 

the activity of RAG1, RAG2 and enzymes of the non-homologous end-joining machinery 

(NHEJ)18. This process requires the generation of DNA double strand breaks (DSB). 

Followed by the respective rearrangement of the light-chains at the pre-B cell stage, the 

antigen receptors of developing B cells are controlled for self-tolerance, which can be 

improved by receptor editing19.  
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Mature, naïve B cells are recruited to B cell zones of secondary lymphoid organs20 where 

they receive necessary survival signals like BAFF21,22. Until activation by antigen, naïve B 

cells stay in a senescence-like state21, but are epigenetically and transcriptionally primed for 

rapid activation23–25. Encounter with a T cell-dependent (TD) antigenA activates the NFκB 

and IRF4 pathways26. Costimulatory signals provided by T follicular helper cells (Tfh) lead 

to the final activation of the B cell, which is characterized by high expression of MYC, 

CCND2, and components of the oxidative phosphorylation pathway27, leading to global 

chromatin remodeling25, a state of high transcriptional activity23,24, and class switch 

recombination (CSR)28. AID, UNG and APE1 specifically insert DSBs at switch-regions, 

which are repaired by enzymes of the NHEJ machinery thereby replacing the constant-

region of the B cell receptor (BCR)28. Afterwards, activated B cells either directly differentiate 

into short-lived plasmablasts (PB), referred to as extrafollicular PBs29,30, or upregulate 

BCL631 and FOXO127 and consequently form the dark zone (DZ) of the newly initiated 

germinal center (GC). Highly proliferative DZ B cells undergo somatic hypermutation (SHM). 

In this process, AID deaminates cytosine residues of the hypervariable regions of the Ig loci 

leading to point mutations, intended to enhance BCR affinity18. In terms of a selection 

process, multiple rounds of SHM alternate with the verification of BCR affinity by Tfh cells in 

the light zone (LZ). While the exact mechanism of GC exit remains elusive, LZ B cells can 

either differentiate into memory B cells or into PCs2,3. The output of pre-memory B cells 

occurs early27,32. LZ B cells differentiating towards PB receive costimulatory signals such as 

CD40L and IL21 activating the NFκB, IRF4 and STAT3 pathways and downregulate BCL6 

and PAX533. Among others, the activation program is re-silenced by repressive epigenetic 

marks mediated by EZH234,35. After migration to the medullary chords, in the presence of 

CXCL12, APRIL, and IL636, PBs differentiate further while only a subset can leave 

secondary lymphoid organs and home to the BM, requiring activation of S1PR137 and 

integrin α4β7
38, respectively. The PC transcriptional program is initially mediated by IRF4, 

PRDM1 and XBP1s2, while the final maturation is characterized by expression of the 

transcription factors KLF238, ZBTB2039, IKZF140 and IKZF341 as well as the markers CD2842, 

VLA443 and CD93 (AA4.1)44. In close contact to BM stromal cells45 and hematopoietic cells 

 
A In contrast to TD antigens, T cell-independent antigens (TI) can directly activate B cells by binding to pattern-
recognition receptors (PRR) like toll-like receptors (TLR) (type-I TI) or to the BCR (type-II) without the need of 
T cell support218. 



16 

like eosinophils46, PCs form niches in which the preconditions for longevity are only provided 

for selected PCs by IL6 and APRIL, activating antiapoptotic MCL147–49. 

In conclusion, the activation of B cells and differentiation into PCs is determined by a 

temporary highly proliferative and transcriptionally active state as well as processes that can 

form DSBs rendering GC B cells prone for malignant transformation18,50. Incorrectly repaired 

DSBs induced by RAG1/2 or AID-activity frequently lead to translocations9 and can 

constitute oncogenic drivers, often seen in the pathology of lymphomas and MM9,18,50. 

1.2.2 The cell of origin of multiple myeloma 

MM represents the malignant counterpart of terminally differentiated B cells4, but the 

malignant transformation is initiated earlier during B cell development51. Multiple lines of 

evidence argue for a (post-) GC B cell as the cell of origin (COO). The VH loci of MM cells 

are somatically hypermutated arguing for a preceded AID-activity52,53. The predominant 

absence of the VH4.21 variant in MM cells, which is associated with autoreactivity9, is 

another indicator that a counter selecting GC reaction has taken place54. Many patients 

harbor translocations that most likely occur due to aberrant SHM and CSR during a GC 

reaction55. Other findings suggest that disease initiation can happen even earlier during B 

cell differentiation. Some aberrations, especially the translocation t(11;14) can result from 

dysfunctional VDJ-recombination in pro-B cells55. Furthermore, genetically modified mice 

expressing Mafb (a typical MIE) in lineage negative stem cells or Maf in naïve B cells develop 

features of human MM with age56,57.  

It is assumed that a primary genetic hit confers a proliferative advantage to a (post-) GC B 

cell giving rise to an initial clone51. This clone preserves the ability to terminally differentiate 

into PCs51, including trafficking to the BM and interaction with the local microenvironment5, 

and accumulates further genetic abnormalities58. Rising titers of secreted monoclonal 

antibodies can be detected as M-spike and define the stadium of MGUS59. Premalignant 

MGUS cells show a high mutational burden, reminiscent of fully malignant hematologic 

malignancies like chronic lymphocytic leukemia or acute myeloid leukemia16,60–62, consisting 

of a median number of 13 non-synonymous single nucleotide variants (SNVs) per exome16. 

The present clonal cells show slight variations within their VH loci, indicative of ongoing AID-

activity63,64. The time window between the first genetic hit and diagnosis (defined as MM or 
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smoldering myeloma, a high risk MGUS) is between 8 and 66 years65. Malignant processes 

from the initiation of disease to the MGUS stage including translocations affecting MAF 

transcription factors are referred to as early pathogenesis or pre-MGUS59. Further genetic 

events are required for development towards fully malignant MM.  

1.2.3 The early pathogenesis of multiple myeloma 

In the current model of tumorigenesis, genetic aberrations are distinguished according to 

their temporal occurrence and their effect on transformation. Classically, primary genetic 

events are thought to immortalize the COO to give rise to the premalignant clone and MGUS, 

whereas secondary events are necessary for the transformation into fully malignant MM66. 

Additional groups of mutations have been added to this model, offering a higher resolution 

of the process. Among them, congenital risk variants and acquired mutations in the time 

window between classic primary and secondary events4 belong to the early pathogenesis. 

1.2.3.1 Risk variants 

There are inherited genetic variants associated with the risk of developing PC dyscrasias. 

Many of the approximately two dozen known SNVs67 directly increase the risk of developing 

MGUS, suggesting an effect on the early pathogenesis of MM68. Proteins affected by such 

SNVs act in four main molecular biologic fields, including chromatin remodeling, 

physiological PC differentiation, genome instability and MYC/IRF4 activity69. The 

transcription factor (TF) IRF4 has a central role for MM biology and is indispensable for MM 

cell survival70. It directly regulates transcription of MYC70 and KLF2, the candidate gene of 

risk locus 19p13.11. KLF2 controls homing of MM cells by upregulation of ITGB738,71.  

1.2.3.2 Primary events 

Primary genetic aberrations most likely acquired during the GC reaction occur in a large 

fraction of the tumor, indicating a clonal character and origination from a common 

progenitor66,72,73. There are different primary events, which occur nearly mutually exclusive 

among patients74,75. Therefore, distinct subgroups of MM patients can be genetically 

distinguished76,77 that demonstrate different clinical courses including prognosis78–80.  
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The largest subgroup, comprising approximately 50 % of patients, is characterized by a 

variety of trisomies resulting in a hyperdiploid karyotype. Duplication of the chromosomes 9, 

15, 18, 19 and 21 show the highest clonality, indicative of early events81 and probably have 

a dosage effect on gene expression82. As recently reported the trisomies occur 

sequentially81,83 rather than being the result of a single dysfunctional mitosis as believed 

initially4,9. 

The genetic architecture of non-hyperploid MM is characterized by recurrent translocations 

that juxtapose oncogenes to the immunoglobulin locus resulting in overexpression of 

respective genes by the strong Eμ or 3' enhancer73,80,84,85. Sequencing of breakpoints 

suggested aberrant CSR, SHM or receptor revision as main causes of translocations55. 

Three groups of oncogenes are affected in MM which subdivide the non-hyperdiploid MM 

into the CCND, t(4;14) and MF subgroup76. Cyclin D1 is directly upregulated by the t(11;14) 

translocation as seen in 15-20 % of patients86,87. Also, translocations affecting CCND2 or 

CCND3 are found, albeit less often4. The central mechanism of action of the D-type cyclins, 

whose expression is normally strictly depended on external growth stimuli, is the activation 

of CDK4/6 that phosphorylates targets like RB1 to promote entry to the synthesis phase of 

the cell cycle to prepare for mitosis88. Overexpression might sensitize cells to growth signals, 

or even uncouple cell cycle regulation. Further functions of CCND1 in MM concern 

regulation of adhesion, migration, and redox metabolism89. The t(4;14) rearrangement, 

detectable in 15 % of patients, leads to upregulation of the histone methyltransferase 

MMSET and the tyrosine kinase FGFR34,86. Expression of the splice variants MMSET-II and 

RE-IIBP90 is associated with a global increase of the histone-mark H3K36me2, which is 

likely the predominant mechanism of action, regulating the expression of several genes such 

as CCND291–93. Overexpression of FGFR3 is lost over time in a quarter of patients, 

suggesting MMSET as the central oncogene of t(4;14)94,95.  

The MF subgroup comprises translocations affecting the large MAF transcriptions factors 

MAFA, MAFB or MAF96. Their similar biochemistry including DNA-binding specificity and 

protein interaction suggests a common pathogenetic mechanism initiated by regulation of 

respective target genes. A detailed description of this subgroup will be given further below. 



19 

1.2.3.3 MGUS 

Mutations detectable in the MGUS clone, but at a lower clonality compared to primary events 

are potential early, but not initiating events. In MGUS patients numerical and structural 

aberrations can be detected at frequencies of approximately 55 and 45 % respectively97,98. 

Deletions of the short arm as well as of the entire chromosome 13 occur very early75,97–99, 

likely resulting in decreased expression of the tumor suppressor RB1 and deregulation of 

G1/S transition4,9,75. Gain of the long arm of chromosome 1 (+1q) is found in approximately 

25 % of MGUS patients97,98 and can lead to overexpression of ILF2, a regulator of splicing 

and mRNA stability in MM100. The deletion of the short arm of chromosome 1 leads to an 

early loss of several tumor suppressor genes97,98. Point mutations detectable at the MGUS 

state often affect the genes HIST1H1E and EGR1 with especially high clonality58. Further 

mutations can be found in the genes FAM46C58, DIS3, LTB as well as members of the 

MAPK/ERK-pathway like KRAS and NRAS16,98,101, both within the coding regions and in 

regulating gene segments102,103. 

Studying the order of occurrence of genetic events is a challenge in MM research. As 

described above, it is mainly based on clonality of mutations in MGUS and MM 

probes16,81,104,105. Whole genome sequencing (WGS) of MGUS and MM samples and 

elegant computational approaches have helped to gain a higher resolution of the 

process65,106–108. Comparison of mutational patterns between duplicated chromosomes has 

shown that abnormally high non-canonical AID-activity is a typical early mutational pattern 

in MM pathogenesis65. During the early transformation, it is the main driver of kataegis 

outside of Ig loci whereas in later stages it is mainly induced by APOBEC-activity65,109 This 

is consistent with the finding that the MGUS clone is heterogenous regarding VH mutations. 

In known target regions of SHM outside of Ig loci, MM cells harbor a 1,000-fold higher 

mutation frequency than anticipated for post GC B cells60. It is unknown, in which setting 

this high AID-activity, which is normally absent in post GC B cells, takes place. Current 

explanations include a model of a prolonged GC reaction or multiple rounds of reentry to the 

GC via the route of a memory B cell state109. This could be caused by chronic antigen 

stimulation110–114 as antibodies secreted by MM cells are partly specific for chronically 

presented antigens like epitopes of herpes viruses110. 
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1.2.3.4 MGUS to MM progression 

The progression of MGUS towards MM is characterized by an increasing tumor mass115 in 

addition to branching of subclones by accumulation of heterogenous mutations. The 

intraclonal heterogeneity regarding the VH locus gets lost over time63–65,116–118. The median 

number of non-synonymous SNVs increases from 13 to 28, 31 and 59 in the development 

from MGUS to high risk-SMM, MM and PCL respectively16, reflecting a high mutation burden 

with broad heterogeneity102,104. Progression-promoting events towards fully malignant MM 

are hardly found at the MGUS stage and show a subclonal distribution4. These include loss 

of p53, overexpression of MYC as well as deregulated NFκB signaling4,75. 

1.3 MAF transcription factors in the pathogenesis of multiple myeloma 

1.3.1 Oncogenic function of MAF in MM 

Overexpression of MAFA, MAFB and MAF as result of reciprocal translocations constitute 

initiating events in MM, the most common being t(14;16) deregulating MAF96,119 in about 

5 % of patients86. The translocation t(14;16) is associated with a poor prognosis and 

development of extramedullary disease as well as PCL9,120–122. These tumors are only 

slightly sensitive to proteasome inhibitors such as BTZ123. Analogously, melphalan 

sensitivity is reduced in MAF bearing MM cells123.  

Large MAF transcriptions factors belong to the superfamily of AP1 basic-leucine zippers124 

and form homodimers to bind CRE- (cAMP-responsive element) and TRE- (12-O-

tetradecanoyl phorbol 13-acetate-responsive element) consensus sequences, flanked by 

the palindromic triplet TGC125. This MAF recognition element (MARE)96 shows variations 

that include degeneration of CRE or TRE sites126 as well as 5'AT-rich half site MAREs127. 

The aminoterminal regions of large MAF proteins consist of a transactivation domain 

enabling transcription96,128. In contrast, small MAF proteins lacking the transactivation 

domain act as repressors by competing for DNA-binding sites125. MAF transcription factors 

do not exclusively form homodimers but can also form heterodimers with members of the 

AP1 superfamily96 like FOS and JUN in vitro126,129. Furthermore, MAF interacts with the 

transcription factors PAX6, HOXD12130, MYB131, ETS1132, NFATC3133 and SNF2H134. MAF 



21 

proteins activate transcription via binding to coactivators like P/CAF135, P300, CBP136, or 

TBP137. 

Physiological functions of MAF are represented in both early tissue specification and 

terminal differentiation, which are best characterized in crystalline gene regulation in the 

lens134 and terminal CD4+ T cell differentiation138, respectively. Interestingly, no 

physiological function of MAF is known in B cell biology, although MAF is transiently 

expressed in splenic PBs accompanied by accessibility of MARE sites139. In contrast, the 

small MAF member MAFK is a known critical dimerization partner of BACH2, a suppressor 

of BLIMP1140,141. Apart from the original discovery of its homologue v-maf as an oncogene 

of the transforming avian retrovirus142,143, little is known about the transforming ability of 

MAF. However, overexpression in T cells has been found to induce lymphoma in mice144. 

Regarding MM, MAF overexpression is expected to constitute a MIE in t(14;16) patients, but 

is also expressed in other subgroups, especially the MMSET group, as a result of various 

mechanisms123. Such mechanisms include direct upregulation by FOS downstream of 

MEK1 and ERK1/2145, XBP1 activity146 as well as TACI signaling147. Furthermore, the long 

non-coding RNA ANGPTL1-3, upregulated by +1q, competes with miR-30a-3p to increase 

MAF expression148. 

The t(14;16) translocation is mostly a result of erroneous processes during the GC reaction 

as most breaks at chromosome 14 appear in the switch-regions of IGHG1 and IGHG3 and 

thus can be assigned to aberrant CSR55. Furthermore, evidence for homologous 

recombination that can mediate IGHM to IGHD isotype switching149 as well as for SHM 

outside of JH6 can be found55,73. The Ig light-chain translocations t(2;16) and t(16;22) 

affecting MAF exist in patients and human MM cell lines (HMCL) like RPMI-8226 and XG-

655,73. The translocation t(14;20) affecting MAFB expression may also be a result of errors 

in DJ recombination in pro-B cells or receptor revision in GC B cells55. Nearly all breakpoints 

on chromosome 16 are localized in the last intron of WWOX, centromeric to MAF55. This 

region contains the so-termed fragile site FRA16D and is prone to DSBs150,151. Thus, despite 

upregulating MAF, translocations may also heterozygously disrupt WWOX, a known tumor 

suppressor in MM pathology152,153. Of note, the chromosome breakpoint in the HMCL RPMI-

8226 lays telomeric to MAF73.  
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The key mechanism of action of MAF proteins in MM seems to be the deregulation of 

different target genes. Expression of CCND2 is directly regulated by MAF154. Likewise, the 

promoters of ITGB7 and ARK5 contain MARE sequences that can be bound by MAF155,156. 

Both proteins have a role in tumor-stroma interaction. ITGB7 can form heterodimers to 

constitute integrin α4β7, which binds MADCAM1 and VCAM1157 or αEβ7 to bind E-cadherin158. 

In that way, upregulation of ITGB7 by MAF likely enhances adhesion to BM stroma and 

homing to the BM as well as migration towards SDF1α gradients159. In addition, integrin 

mediated adhesion of MM cells upregulates alternative NFκB and FAC signaling and 

promotes VEGF, IL6 and CCL4 production154,159. ARK5 on the other hand mediates tumor 

invasion in MM156. Further direct targets of MAF and MAFB constitute SLC25A2, NOTCH2 

and ARID2A160. Expression of the chemokine receptors CCR1 and CXCR3 as well as the 

chemokine CXCL12 is upregulated in the MF subgroup without a proven direct 

mechanism76,154. The same holds true for TLR4, conferring resistance to BTZ76,161. 

DEPTOR, encoded by DEPDC6, is overexpressed in the MF subgroup, and inhibits 

mTORC1 thus activating PI3K/AKT signaling162. It furthermore functions as a TF, regulating 

genes involved in endoplasmic reticulum regulation like CKAP4, ERLIN2 and KEAP1163. 

APOBEC3A is significantly upregulated among patients of the MF, subgroup which is 

reflected in an accented APOBEC mutational signature inside and outside of kataegis 

regions76,86. The high number of APOBEC mutations is accompanied by a shift from 

APOBEC3B to APOBEC3A activity, a mechanism that can also be found in solid cancers65. 

While in the other MM subgroups the ratio of signatures of APOBEC3A to APOBEC3B is 

about 1, it is raised to 2.5 in the MF subgroup65. Importantly, APOBEC is the dominating 

signature in the MF subgroup from disease initiation onwards65. In stark contrast to the other 

subgroups, no prolonged AID-activity has been found in the MF subgroup suggesting a 

different early pathogenesis109. Overall, the MF subgroup shows the highest mutation rate 

of MM subgroups86.  

In addition to an APOBEC mutational signature, the translocation t(14;16) is generally 

associated with mutations of the DIS3 and TRAF2 genes153. Of note, while BRAF is altered 

by a V600 mutation in other subgroups, mutations of D594 predominate the MF subgroup. 

The t(14;16) is furthermore associated with the structural aberrations +1q and deletion of 

13q98,153. 
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The transcriptional activity of MAF is tightly regulated by posttranslational modifications in 

MM. MAFA, MAFB and MAF can be phosphorylated by GSK3B upon phosphorylation of 

MAFs S65 by a putative initiator kinase, like ERK or MAPK14135,164–166. Phosphorylation of 

MAF proteins in MM increases their transcriptional activity, but also marks them for 

ubiquitination and degradation123,165,167. Increased activity of MAFA is associated with 

enhanced binding to P/CAF in the model system of COS7 and INS1 cells135. Expression of 

DEPDC6, but not CCND2 and ITGB7, is dependent on phosphorylation of MAFB or MAF by 

GSK3B165. Degradation of MAF predominantly occurs via the proteasomal pathway168. The 

ubiquitination of MAF is committed by the activity of HERC4, UBE2O169,170, TMPAI and 

NEDD4171. In contrast, USP5172, USP7173 and OTUB1174,175 can deubiquitinate and stabilize 

MAF. Furthermore, MAF proteins underlie a regulation by SUMOylation176. 

1.3.2 Non-GC B cell specific transgenic mouse models to study MAF transcription factors 

as myeloma-initiating oncogenes 

To date, three transgenic approaches were used to study the function of MAF for the 

development of MM in mice. Morito and colleagues inserted the coding sequence of Maf 

along with the VH promoter, Eμ enhancer, and 3'Eκ enhancer into the mouse genome and 

achieved transgene expression in B cells57. Based on the analysis of different B cell 

populations, such as follicular and marginal zone B cells, B cell biology was not restricted, 

however BMPCs increased in number. After a median age of 80 weeks, about one third of 

the transgenic mice developed tumors in the spleen in which two cell types were present, 

showing a B220+CD138+CD21+CD23+IgM+IgD- and a B220lowCD138+ phenotype, 

respectively. The tumor cells expressed the MAF target genes Ccnd2 and Itgb7. 

Concomitantly, serum M-spikes and deposition of Ig in the tubule and mesangium occurred, 

resembling CAST nephropathy. Thus, these transplantable tumors reflected some features 

of a plasmacytoma, but failed to induce bone lesions and to resemble the GC origin of MM 

cells.  

The expression of Mafb under control of the Sca1 (Ly6a) promoter in hematopoietic stem 

cells, as performed by Vicente-Duenas and colleagues, resulted in impaired B cell 

development in the BM from 52 weeks of age onwards, whereas 

B220lowCD138+FSChighSSChigh PCs accumulated56. These oligoclonal cells infiltrated the 

lung, liver, kidney and spleens of mice and secreted high amounts of Ig leading to 
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paraprotein depositions resembling AL-amyloidosis. Transgenic mice showed osteolytic 

lesions and skeletal destruction. As a downside of the model, the tumor cells did neither 

express Mafb nor known target genes. The authors suggested an epigenetic remodeling of 

stem cells as a mechanism of the transformation56.  

1.3.3 Previous work from our group: A novel GC B cell specific transgenic mouse model to 

study MAF as a myeloma-initiating oncogene 

Previous work from our group performed by Wiebke Winkler (under the supervision of Martin 

Janz and Klaus Rajewsky) intended to develop subgroup-specific transgenic mouse models 

for MM177. In this context, a mouse strain was created by Wiebke Winkler (assisted by Hagen 

Wende and Tomoharu Yasuda) that allowed for the conditional overexpression of Maf in 

mouse GC B cells and their progeny and the characterization of the terminal differentiation 

of Maf-expressing B cells178.  

In general, such cell-specific expression can be achieved by targeting the sequence of the 

site-specific DNA recombinase Cre to lineage specific genes, like Mb1179 (Cd79a), Cd19180 

or Cγ1181 (Ighg1) in the case of B cells. Cre recombinase can excise or invert DNA fragments 

depending on the orientation of flanking recombination-sequences termed loxP sites182,183. 

To overexpress genes in a lineage- and stage-specific manner, the gene of interest can be 

integrated into a ubiquitously transcribed locus (such as the Rosa26 locus in mice) under 

control of a loxP-flanked STOP cassette. In that way, the STOP cassette gets removed only 

in cells that express Cre, which in turn results in transgene expression184,185. To achieve 

also temporal control of transgene activation, Cre can be fused to the mutated estrogen 

receptor ligand-binding domain ERT2, which prevents the recombinase to enter the nucleus. 

Recombination then only occurs upon application of tamoxifen allowing for nuclear entry186. 

Wiebke Winkler targeted the cDNA of Maf linked via an IRES sequence to a BFP reporter 

under control of a CAG promoter (chicken β-actin promoter with CMV-IE enhancer) as well 

as a loxP-flanked STOP cassette into the Rosa26 locus, referred to as the R26CAG-Maf-

ires-BFPstopF allele, short R26 MafstopF178. These mice were crossed to Cγ1-cre mice, in 

which Cre expression is initiated upon activation of germline transcription from the Ighg1 

locus in activated B cells and early GC B cells181. In Cγ1-cre mice, Cre expression reaches 
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a maximum of 75-85 % BFP reporter-labelled GC B cells 14 days after immunization with 

NP15-CGG/alum181.  

To compare the biology of oncogene-transgenic cells to a reference and to control cre 

activity in mouse models generated in our lab, generally, transgenic control mice are used 

expressing only reporter proteins in a cre/loxP-controlled manner. In the Cγ1-cre; 

R26 hCD2stopF mouse, a signaling-deficient truncated version of the human T cell surface 

antigen CD2 is expressed in GC B cells which is assessable by flow cytometry187. As shown 

by previous work, this protein does not interfere with cellular signaling including terminal B 

cell differentiation and can be used as an appropriate control in transgenic mouse 

experiments187,188. In the Cγ1-cre; R26CAG-BFP-ires-huCD2stopF mouse, BFP and hCD2 

are expressed (via linkage of an IRES sequence) which allows for direct assessment of BFP 

in addition to hCD2 by flow cytometry189. In this work, reporter positive cells in the latter mice 

were detected only via their BFP expression. This allele will hence be referred to as 

R26 BFPstopF in the following. 

Wiebke Winkler first analyzed B cells from the newly created Cγ1-cre; R26 MafstopF mice 

in vitro. When stimulated with αCD40 and IL4 or LPS and IL4, isolated B cells differentiated 

towards B220intCD138high PCs and switched to IgG1 after 96 h (Fig. 1A). In contrast, in vivo 

experiments showed that numbers of splenic Maf-expressing GC B cell were dramatically 

reduced 14 days after immunization with NP15-CGG/alum (Fig. 1B). The impaired GC 

reaction was accompanied by reduced numbers of splenic PB/PCs. Splenic antibody-

secreting cells (ASC) produced mainly IgM and not IgG on day 14 after immunization. Flow 

cytometric analysis of BM CD138+TACI+ cells found normal numbers of total PCs, whereas 

Maf-expressing PCs were reduced (Fig. 1B). Surprisingly, ELISPOT analysis demonstrated 

a temporary accumulation of antigen-specific IgM-secreting cells in the BM of Cγ1-cre; 

R26 MafstopF mice (Fig. 1C) that was already detectable at day 4 after NP15-CGG 

immunization. Over time, however, Maf-expressing GC B and PCs fully disappeared in vivo, 

which could neither be rescued by concomitant Myc overexpression nor NFκB activation. 

Thus, this mouse model stands in contrast to the presumed initial steps of human 

myelomagenesis. However, the temporary accumulation of antigen-specific IgM-secreting 

cells in the BM of immunized Cγ1-cre; R26 MafstopF mice is an interesting observation that 

reflects an important feature of human MM cells. Wiebke Winkler suggested two putative 

mechanisms for this phenomenon of a reduced GC reaction, but early PC accumulation. 
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First, the specific overexpression of Maf in activated B cells could prohibit the GC entry or 

lead to rapid cell death while (extrafollicular) PBs tolerate Maf expression and differentiate 

into PCs178. Alternatively, the observed PCs accumulating in the BM could be the progeny 

of prematurely differentiated Maf-expressing GC B cells178.  

1.4 Aim of this thesis 

Overexpression of MAF as a consequence of the translocation t(14;16) is regarded as a 

primary genetic event96 in approx. 5 % of multiple myeloma (MM) patients86. MAF 

transcriptional activity is likely to be the initial step in the transformation of GC B cells, the 

cell of origin of this type of MM55. Recent work from our laboratory performed by Wiebke 

Winkler (under the supervision of Martin Janz and Klaus Rajewsky) aimed to develop 

genotype-specific MM mouse models by overexpressing translocation-associated initiating 

oncogenes in germinal center (GC) B cells177. Unexpectedly, experiments performed by 

Wiebke Winkler in Cγ1-cre; R26 MafstopF mice revealed that conditional Maf 

Figure 1: Effect of Maf overexpression in activated B cells on the B cell response (modified from 178). 

A) Naïve B cells were isolated from spleens of Cγ1-cre; R26 MafstopF (Maf) and Cγ1-cre; R26 BFPstopF 

(BFP) control mice by CD43 depletion. Subsequently, cells were cultured in vitro in the presence of either 

αCD40 (1 μg/ml) + IL4 (25 ng/ml) or LPS (20 μg/ml) + IL4 (25 ng/ml). To assess CSR to IgG1, surface IgG1 

expression was measured within transgene-expressing (BFP positive) cells by flow cytometry. B) Cγ1-cre; R26 

MafstopF (Maf) and BFP control mice were immunized once with NP15-CGG, and the B cell response was 

analyzed at day 14 after immunization by flow cytometry. Absolute numbers of reporter positive 

CD19+B220+FAShiCD38lo GC B cells, splenic CD138+TACI+ PC and CD138+TACI+ BMPC were back calculated 

from FACS results. C) Maf and control mice were immunized as described before and the NP-specific PC 

response was analyzed at day 14. Numbers of NP-specific IgM+ or IgG1+ ASCs per 0.8 x 106 BM cells 

measured by NP-specific ELISPOT are shown. NP28-BSA served as capturing antigen. Mann-Whitney test. 

Figure and figure legend are taken and modified with permission of the author from (Winkler, 2018)178. 
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overexpression in GC B cells and their progeny resulted in a substantial reduction of Maf-

expressing GC B cells and splenic plasma cells (PC) upon immunization. However, 

simultaneously, Maf-expressing antigen-specific IgM+ PCs temporary accumulated in the 

bone marrow (BM)178.  

The goal of this thesis is to further characterize the effect of Maf expression on the GC 

reaction and PC differentiation to better understand the observations made in Cγ1-cre; 

R26 MafstopF mice. Among others, the restrained GC reaction could be the result of 

reduced proliferation of GC B cells178. Therefore, the proliferative potential of Maf-expressing 

GC B cells in Cγ1-cre; R26 MafstopF mice upon immunization is investigated first by an in 

vivo BrdU incorporation experiment. Of note, in Cγ1-cre; R26 MafstopF mice, Maf-

expressing IgM+ PCs emerge early in the bone marrow178. To elucidate their origin 

(prematurely differentiated GC B cells or extrafollicular plasma blasts, PBs), specific 

overexpression of Maf in extrafollicular PBs, GC B cells and differentiating follicular PBs is 

performed. Therefore, the existing mouse model is modified by using the recently developed 

Cγ1-creERT2 allele190. This cre strain enables the selective activation of a given transgene, 

here Maf, in distinct B cell populations by tamoxifen application during the early, mid, and 

late GC reaction and the subsequent analysis of their progeny over time. Besides reduced 

proliferation and effects on differentiation of Maf-expressing B cells, expression of a 

transgene could potentially influence B cell:T cell interactions. Both, T cell support and 

immune surveillance by T cells are thus assessed in Cγ1-creERT2; R26 MafstopF mice by 

flow cytometry.  

The activity of MAF as a transcription factor requires the interaction with multiple proteins. 

To gain an unbiased view of such interaction and uncover possible shortcomings of the 

mouse model, immunoprecipitation of MAF in human MM cell lines is performed and binding 

proteins analyzed by mass spectrometry. To find the most important interacting candidates 

and transfer the results to the mouse model, a screening method is developed based on 

retroviral transduction of candidate interactors into mouse B cells. 
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2. Materials and methods 

2.1 Materials 

2.1.1 Bacteria strains 

Table 1: Bacteria strains 

Name  Genetic background  Supplier  

E. coli XL1-blue  recA1 endA1 gyrA96 thi-1 hsdR17 supE44 
relA1 lac   

Invitrogen  

2.1.2 Cell lines 

Table 2: Cell lines 

Name  Genetic background / remarks  Reference  

ANBL6  t(14;16)+  119 

MM1.S  t(14;16)+ IgA lambda MM  119  

PlatE  293T cells expressing packaging plasmids 
pEnv, pGag-pol  

191 

RPMI8226  t(16;22)+ IgG lambda MM  192 

2.1.3 Mouse strains 

Table 3: Mouse strains 

Name  Full name Genetic background  Reference  

Cγ1-cre   129, backcrossed to 
C57BL/6  

181 

Cγ1-creERT2  as above 190 

R26 BFPstopF  R26CAG-BFP-ires-
huCD2stopF 

C57BL/6  189 

R26 hCD2stopF  C57BL/6 187 

R26 MafstopF R26CAG-Maf-ires-
BFPstopF 

C57BL/6  178 

2.1.4 Chemicals 

Table 4: Chemicals 

Name  Supplier, Catalogue Number 

Acrylamide 40 %  Roth, #A515.1  

Agarose  Biozym, #840004  
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Alum (KAl(SO4)2)  Sigma, #31242  

Ammonium bicarbonate Sigma, #09830 

Ammonium chloride (NH4Cl)  Sigma, # 9434  

Ammonium persulfate (APS)  Roth, #9592.2  

Ammonium sulfate Sigma, # A4418 

Ampicillin  Roth, #K029.2  

Bacto Tryptone  BD, #211705  

Boric acid  Roth, #5935.2  

Bovine Serum Albumin (BSA)  Sigma, #3803  

Bromodeoxyuridine (BrdU)  BD; #550891  

Bromophenol blue (BPB)  Sigma, #B0126  

Calcium chloride (CaCl2)  Fluka, #21079  

CHAPS Roth, #1479.2 

Chloroacetamide Sigma, #22790 

Chloroquine  Sigma, #C6628  

Cresol Red sodium salt  Sigma, #114480  

Deoxycholate Sigma, #D-6750 

Dithiothreitol Thermo Scientific, # 20290 

DTT  Roth, #6908.2  

EDTA  Roth, #8040.2  

Ethanol  Roth, #9065.1  

Glutaraldehyde Sigma, SLBS4196 

Glycerol  PlusOne, #17-1325-01  

Glycine  Roth, #3908.3  

HCl  Roth, #9277  

Isopropanol  Roth, #6752.1  

Magnesium chloride (MgCl2)  Sigma, #M-3634  

Magnesium sulfate (MgSO4)  Sigma, #M-1880  

Methanol  Th. Geyer, #1437.2511  

Nonidet P40  Roche, #11754599001  

Polybrene  EMD Millipore, #TR-1003  

Ponceau S  Roth, #5938.1  

Potassium chloride (KCl)  Roth, #6781.1  

Potassium dihydrogen phosphate  Roth, #3904.1  

Propidium iodide  Sigma, #P-4170  

Protein Assay BCA Dye Thermo Scientific, #23221 #23224 

Protein Assay Dye Reagent  Bio-Rad, #500-0006  

RetroNectin  Takara, #T100B  

SDS  Roth, #CN30.3  

Sodium acetate  Sigma, #P-1147  

Sodium azide  Roth, #K305.1  

Sodium chloride (NaCl)  Roth, #3957.2  

Sodium citrate  Roth, #4088.2  

Sodium deoxycholate  Sigma, #D6750  

Sodium fluoride (NaF)  Roth, #2618  

Sodium hydroxide (NaOH)  Roth, #8655  

Sodium orthovanadate (Na3VO4)  Sigma, #S6508  
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Sucrose Roth  

Sunflower oil Sigma, #8001-21-6 

Tamoxifen Sigma, #T5648-5G 

TEMED  Roth, #UN-2372  

Trifluoroacetic Acid Sigma, #1.08178 

Tris  Roth, #5429.2  

TritonX  Roth, #3051  

Tween20  Roth, #9127.1  

Xylene cyanol blue  Sigma, #X4126  

Yeast extract  BD, #288620  

2.1.5 Reagents 

Table 5: Reagents 

Reagent  Supplier, Catalogue number 

CD43 MicroBeads  Miltenyi, #130-049-801  

Complete, Mini, Protease Inhibitor  Roche, #05 892 791 001  

GeneRuler 1 kb DNA ladder  Fermentas, #SM0313  

GeneRuler 100 bp Plus DNA ladder  Fermentas, #SM0321  

NIP-BSA-APC  in-house preparation  

NP15-CGG  Biosearch, #N-5055B-5-BS  

PageRuler Plus Prestained Protein Ladder  ThermoFisher Scientific, #26619  

Pierce ECL Western Blotting Substrate  Thermo Fisher Scientific, #32106  

RNasin Plus  Promega, #N261B  

Streptavidin-AP conjugate   Roche; #11-089161-001  

TruStain FcX (a-mouse CD16/32) Antibody  BioLegend, #101320  

Zombie Aqua BioLegend, #423102  

2.1.6 Oligonucleotides  

Oligonucleotides were purchased from Biotez. 

Table 6: RT-PCR primer 

Name Sequence Reference 
Hprt-qPCR-F-4 GTTGGGCTTACCTCACTGCT  
Hprt-qPCR-R-4 TCATCGCTAATCACGACGCT    
Itgb7-qPCR-F3 AGTGAGGACTCCAGCAATGTG  
Itgb7-qPCR-R3 TGGGAGTGGAGAGTGCTCAA  
Actb-qPCR-F CCTTCTTGGGTATGGAATCCTGT 193 

Actb-qPCR-R CACTGTGTTGGCATAGAGGTCTTTAC 193 

Hmbs-qPCR-F ATGAGGGTGATTCGAGTGGG  193 

Hmbs-qPCR-R TTGTCTCCCGTGGTGGACATA 193 

Tbp-qPCR-F CCTTGTACCCTTCACCAATGAC  193 

Tbp-qPCR-R ACAGCCAAGATTCACGGTAGA 193 
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Maf-qPCR-F ACTTCGACGACCGCTTCTC 178 

Maf-qPCR-
Rendo2 

TCTCCTGCTTGAGGTGGTCT 178 

Table 7: Genotyping primer 

Genotype Name Sequence Ref. Program 
R26 Maf GT-Maf-for ACTTCGACGACCGCTTCTC 178 GREY  

GT-WW-IRES-
rev 

CCAAAAGACGGCAATATGGT 178 
 

Cy1-
creERT2 

Cg1cre 
IgG1Kpn1 

TGTTGGGACAAACGAGCAATC 190 ORANGE 
D  

ERT2_fwd ACTTTGATCCACCTGATGGC 190 
 

 
Cg1_3UTR_r GTCATGACAATGCCAAGGTCGCTA

G 

190 
 

 
Cg1cre 
IgG1Kpn1 

TGTTGGGACAAACGAGCAATC 190 ORANGE 
D 

Cy1-cre Cg1cre Cre13 GGTGGCTGGACCAATGTAAATA 178 
 

 
Cg1cre 
IgG1Rev 

GTCATGGCAATGCCAAGGTCGCTA
G 

178 
 

R26 BFP LC-BFP-for CACATGAAGCAGCACGACTT 178 GREY  
LC-BFP-rev ACTGGGTGCTCAGGTAGTGG 178 

 

R26 hCD2 HuCD2_F4 GAT GGG AAA CAT CTA AAA CT  178 ORANGE 
H  

HuCD2_REV GAG GGG TTG AAG CTG GAA TTT 
GTT G 

178 
 

R26 WT GT-WW-26-
3HA-for 

TGCTGCATAAAACCCCAGAT 178 GREY 

 
GT-WW-26-
5HA-rev 

AAGGGAGCTGCAGTGGAGTA 178 
 

2.1.7 Plasmids 

Table 8: Plasmids 

Name Source 

MSCV-IRES-GFP (MIG)  Achim Leutz laboratory  

MSCV-Maf-IRES-GFP 178 

pEnv  Achim Leutz laboratory  

pGagpol  Achim Leutz laboratory  

2.1.8 Antibodies 

2.1.8.1 Flow Cytometry Antibodies 

  



32 

Table 9: Flow Cytometry Antibodies 

Antigen  Fluorescent dye  Supplier, Cat. No.  

AA4.1 (CD93)  PE-Cy7  BioLegend, #136506  

B220  BV 785  BioLegend, #103245  

B220  PE  BioLegend, #103208  

BrdU  APC  BD, #51-23619L  

CD138  PE  BioLegend, #142504  

CD138  Biotin  BD, #553713  

CD138  BV 421  BioLegend, #142508  

CD19  BV 605  BioLegend, #115540  

CD19  BV 650  BioLegend, #115541  

CD27  PerCP-Cy5.5 BioLegend, #124214 

CD38  Alexa 700  eBioscience, #56-0381-82  

CD3e  Biotin  BioLegend, #100303  

CD44 BV 785 BioLegend, #103041 

CD62L  PE BioLegend, #161204 

FAS (CD95)  PE-Cy7  BD, #557653  

GFP  Alexa Fluor 488  ThermoFisher Scientific, #A-21311  

hCD2  FITC  BioLegend, #309206  

I-A/I-E (mMHC-II)  Biotin  eBioscience, #13-5321-82  

I-A/I-E (mMHC-II) FITC eBioscience, #11-5321-82 

IgD  PerCP-Cy5.5  BioLegend, #405710  

IgG1  PE  BD, #550083  

IgM  Biotin  SouthernBiotech, #1020-08  

IgM  APC  eBioscience, #17-5790-82  

IgM FITC eBioscience, #11-5790-81 

PD1 BV 605 BioLegend, #135219 

Streptavidin  BV 605  BioLegend, #405229  

Streptavidin  BV 650  BioLegend, #405231  

Streptavidin  PE-Cy7  BioLegend, #405206  

TACI (CD267)  Alexa Fluor 647  BD, #558453  

TCRB  APC BioLegend, #109211 

2.1.8.2 Western blot and Immunoprecipitation Antibodies  

Table 10: Western blot and Immunoprecipitation Antibodies 

Name  Supplier, Cat. No.  

Anti-Guinea pig IgG (H+L), HRP conjugate  ThermoFisher Scientific, #A18769  

Anti-Lamin A/C Cell Signaling, #2032 

Anti-MAF Abcam, BLR045F 

Anti-MAF (N-TEAM)  C. Birchmeier-Kohler laboratory 

Anti-mouse IgG (H+L), HRP conjugate  Promega, #W402B  

Anti-PARP1 Cell Signaling, #9542 

Anti-rabbit IgG (H+L), HRP conjugate  Promega, #W401B  

Anti-ß-Actin, clone AC-74  Sigma, #A5316  

Rabbit IgG Isotype control AB R&D System AB 
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2.1.9 Kits 

Table 11: Kits 

Name  Supplier, Cat. No.  

APC BrdU Flow Kit BD; #552598  

NucleoBond Xtra Midi / Maxi  Macherey-Nagel, #740414  

Power SYBR Green PCR Master Mix  applied biosystems, #4368708  

RNAse-free DNAse Set  Qiagen, #79254  

Rneasy Micro Kit Qiagen, #74004 

ZymoClean Gel DNA Recovery Kit  Zymo Research, #D4007  

2.1.10 Enzymes and enzyme buffers 

Table 12: Enzymes 

Name  Supplier, Cat. No.  

Benzonase Merck, #71205-3 

DreamTaq DNA Polymerase ThermoFisher Scientific, #EP0701 

EcoRI (FastDigest) ThermoFisher Scientific, #FD0274 

Endopeptidase LysC Wako, Osaka, Japan  

HpaI (FastDigest)  ThermoFisher Scientific, #ER1032 

Phusion High-Fidelity DNA Polymerase  ThermoFisher Scientific, #F530L  

Proteinase K Roth, #7528.4 

SuperScript II Reverse Transcriptase  Invitrogen, #18064014  

Table 13: Enzyme buffers 

Name  Supplier, Cat. No.  

DreamTaq buffer ThermoFisher Scientific, #B65 

FastDigestion Buffer ThermoFisher Scientific, #B72 

Phusion buffer  ThermoFisher Scientific, #F518L 

2.1.11 Cell culture media and supplements 

Table 14: Cell culture media and supplements 

Name  Supplier, Cat. No.  

DMEM, high glucose  Gibco, #11960-085  

DMSO  Sigma, #D2438  

Fetal calf serum  Biochrom, #S0115, Lot: 1247B  

GlutaMAX, 100 x  Gibco, #35050-061  

HEPES 100 x  Gibco, #15630-122  

LEAF Purified anti-mouse CD40 Antibody  BioLegend, #102908  

L-Glutamine, 100 x  Gibco, #25030-081  

MEM Non-essential Amino Acids 100 x  Gibco, #11140-035  
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PBS, pH 7.2  Gibco, #20012-019  

Penicillin-Streptomycin 100 x  Gibco, #15140-122  

Recombinant human IL6 R&D System, #206-IL-010/CF 

Recombinant mouse IL4  R&D Systems, #404-ML-050  

RPMI  Gibco, #31870-025  

Sodium pyruvate 100 x  Gibco, #11360-039  

ß-ME (2-mercaptoethanol)  Sigma, #M6250  

Trypsin/EDTA, 10 x  Gibco, #15400-054  

2.1.12 Composition of cell culture media 

Table 15: Composition of cell culture media 

Name  Ingredients  

B cell medium 
(BCM) 

DMEM supplemented with 10 % FCS, 1 x NEAA, 1 mM sodium 
pyruvate, 2 mM L-glutamine, 1 mM HEPES, 1 x Penicillin-
Streptomycin, 50 µM ß-Mercaptoethanol  

HMCL medium 
(standard medium) 

RPMI-1640 supplemented with 10 % FCS and 1 x Penicillin-
Streptomycin 

HMCL medium ß-
ME (NCI H929) 

Standard medium containing 50 µM ß-ME 

HMCL medium IL6 
(ANBL6 and INA6) 

Standard medium containing 20 % FCS and 2 ng/ml human IL6  

2.1.13 Buffers 

Table 16: Buffers 

Name  Ingredients  

Tail lysis buffer 0.1 M Tris-HCl pH 8.0, 0.2 M NaCl, 5 mM EDTA, 0.4 % SDS 

TBE  0.1 M Tris, 0.1 M boric acid, 2.5 mM EDTA 

TBS-T 20 mM Tris (pH 7.5), 0.135 M NaCl, 0.01 % Triton-X 

TENS 5 ml 1 M Tris-HCl pH 8.0, 12.5 ml 20 % SDS, 5 ml 10 N NaOH, H20 
to 500 ml 

2.1.14 Composition of bacterial media 

Table 17: Composition of bacterial media 

Name  Ingredients  

LB medium  10 g/l Bacto Tryptone, 5 g/l yeast extract, 10 g/l NaCl  

SOB medium  20 g/l Bacto Tryptone, 5 g/l yeast extract, 10 mM NaCl, 2.5 mM KCl; 
pH adjusted to 7.0; then addition of 10 mM MgCl2, 10 mM MgSO4 

SOC medium  SOB supplemented with 20 mM glucose  
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2.1.15 Buffers B cell culture and staining.  

Table 18: Buffers B cell culture and staining 

Name  Ingredients  

2 x HEBS  50 mM HEPES, 280 mM NaCl, 1.5 mM Na2HPO4 

FACS buffer  PBS (pH 7.2) supplemented with 3 % FCS and 1 mM EDTA  

Gey A  35 g/l NH4Cl, 1.85 g/l KCl, 1.5 g/l Na2HPO4  x 12 H2O, 0.12 g/l 
KH2PO4, 5 g/l glucose, 50 mg/l phenol red  

Gey B  4.2 g/l MgCl2 x 6 H2O, 1.4 g/l MgSO4 x 7 H2O, 3.4 g/l CaCl2  

Gey C  22.5 g/l NaHCO3  

Gey Solution mix  3.5 ml ddH2O, 1 ml Gey A, 0.25 ml Gey B, 0.25 ml Gey C  

MACS buffer  PBS (pH 7.2) supplemented with 0.5 % BSA and 2 mM EDTA  

PBS, pH 7.2  Gibco, #20012-019  

2.1.16 Protein extraction buffers  

Table 19: Protein extraction buffers 

Name  Ingredients  

PBS, pH 7.2  Gibco, #20012-019  

PBS, pH 7.4   Gibco, #10010-023 

High salt lysis 
buffer (HSL)  

20 mM HEPES (pH 7.4), 350 mM NaCl, 1 mM MgCl2, 0.5 mM 
EDTA, 0.1 mM EGTA, 0,2 % NP40, 1 mM DTT, supplemented with 
protease inhibitors (PI): 1x tablet complete Mini EDTA-free 
Protease Inhibitor Cocktail (PI, #04693159001; Roche) per 10 ml, 
1 mM NaF, 1 mM Na3VO4 

PBS based NP40 
buffer (PNP40) 

1 mM MgCl2, 1 mM EDTA, 1 % NP40, PI diluted in PBS (137 mM 
NaCl) 

CHAPS buffer 20mM HEPES (pH 7.4), 150mM NaCl, 10% Glycerol, 1mM EDTA, 
0,5% CHAPS, PI 

Modified RIPA 
buffer (RIPA) 

NaHPO4 (pH 8,0), 150mM NaCl, 0,2% SDS, 1% Deoxycholat, 1% 
NP40, 1mM DTT, PI,  

Cytoskeleton 
buffer [100 mM 
NaCl] (CSK100) 

10 mM TrisHCl (pH 7.4), 100 mM NaCl, 300 mM Sucrose, 3 mM 
MgCl2, 1 mM EGTA, PI 

Cytoskeleton 
buffer [50 mM 
NaCl] (CSK50) 

10 mM TrisHCl (pH 7.4), 50 mM NaCl, 300 mM Sucrose, 3 mM 
MgCl2, 1 mM EGTA, PI 

Perinuclear 
fraction buffer 
(PNF) 

10 mM TrisHCl (pH 7.4), 300 mM Sucrose, 3 mM MgCl2, 1 mM 
EGTA, 250 mM Ammoniumsulfate 

Nuclear fractioning 
buffer A 

10 mM HEPES (pH 8), 1.5 mM MgCl2, 10 mM KCl, PI 
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Nuclear fractioning 
buffer B 

25 mM HEPES (pH8), 450 mM NaCl, 0.1 mM EDTA, 0.1 mM 
EGTA, 1.5mM MgCl2, PI 

2.1.17 Western blot buffers and gels 

Table 20: Western blot buffers and gels 

Name  Ingredients  

1 x Running buffer  50 mM Tris, 0.5 M glycine, 0.2 % SDS  

10 % resolving gel  10 % Rotiphorese Gel 40 (29:1), 0.375 M TRIS (pH 8.8),  
0.1 % SDS, 0.1 % APS, 0.05 % TEMED  

4 x Laemmli  200 mM TRIS (pH 6.8), 40 % glycerol, 16 % SDS, 20 % ß-ME, 
0.02 % BPB  

5 % stacking gel 5 % Rotiphorese Gel 40 (29:1), 0.125 M TRIS (pH 6.8), 0.1 % SDS, 
0.1 % APS, 0.05 % TEMED 

Blot buffer  20 % MetOH, 0.036 % SDS, 48 mM Tris, 39 mM glycine  

NuPAGE 
Antioxidant 

ThermoFisher Scientific, #NP0005 

NuPAGE 4-12 % 
Bis-Tris Protein 
Gels 

ThermoFisher Scientific, #NP0322BOX 

NuPAGE MOPS 
SDS Buffer Kit  

ThermoFisher Scientific, #NP0050 

NuPAGE Sample 
Reducing Agent  

ThermoFisher Scientific, #NP0009 

NuPAGE Transfer 
Buffer (20 x) 

ThermoFisher Scientific, #NP00061 

Pierce LDS Buffer, 
Non-Reducing 
(4 x) 

ThermoFisher Scientific, #84788 

Ponceau  0.1 % Ponceau in 5 % acetic acid  

TBS-T  20 mM Tris (pH 7.5), 0.135 M NaCl, 0.01 % Triton-X  

2.1.18 Mass spectrometry buffers 

Table 21: Mass spectrometry buffers 

Name  Ingredients  
Buffer A 3 % acetonitrile and 0.1 % formic acid 
Buffer B 80 % acetonitrile and 0.1 % formic acid 
Urea buffer 6 M urea, 2M thiourea, 10 mM HEPES, pH 8.0 

 

  



37 

2.1.19 Laboratory equipment 

Table 22: Laboratory equipment 

Name  Supplier  

Bacterial hood Safe 2020  Thermo Scientific  

Bacterial Incubation Shaker Novotron 50  InforsHT  

Bacterial Incubator Multitron 2  InforsHT  

Bio Doc Analyze System T5  Biometra  

Bioruptor Diagenode 

Blue Marine 200   
(Agarose gel electrophoresis chamber)  

Serva Electrophoresis  

Centrifuge Avanti J-26 XP  Beckman  

Centrifuge Heraeus Multifuge X3 FR  Thermo Scientific  

Centrifuge Heraeus Pico17 Centrifuge  Thermo Scientific  

CURIX 60 X-ray film processor   AGFA  

DS-11 FX+ spectrophotometer/fluorometer  Biozym (DeNovix)  

DU 640 spectrophotometer  Beckman  

Duomax 1030 or Unimax 1010  Heidolph Instruments  

FACS Aria II  BD  

FACS CantoII  BD  

FACS LSRFortessa  BD  

FiveEasy pH bench meter  Mettler Toledo  

Gel Tank and Blot-Modulset ThermoScientific, #NW2000 

High Performance Liquid Chromatography 
(HPLC) system 

ThermoScientific 

Horizontal laminar flow hood (eco air)  ENVAIR  

Hybridization Incubator Chamber 7601  GFL  

Laminary flow hood (cell culture)  BDK  

MIC magnetic induction cycler bms biosystems 

Multigel G44   
(SDS-PAGE electrophoresis chamber)  

Biometra  

PCR Cycler C1000 Thermal Cycler  Bio-Rad  

Speedvac Eppendorf 

Standard Power Pack 725  Biometra  

StepOnePlus  ThermoFisher (applied biosystems)  

Thermo Q Exactive Plus instrument  ThermoScientific 

Thermomixer compact  eppendorf  

Trans-Blot SD Semi-Dry Transfer Cell  Bio-Rad  

UV Stratalinker 2400 (UV Crosslinker)  Stratagene  

xMark spectrophotometer  Bio-Rad  

 

  



38 

2.1.20 Miscellaneous 

Table 23: Miscellaneous 

Name  Supplier  

50 mm cell strainer  BD Biosciences; #340632  

96 well half-area microplates   greiner bio-one; #675061  

Amersham Protran nitrocellulose membrane  Sigma; #GE10600002  

CL-Xposure film   Thermo Fisher Scientific; #34089  

Disposable cuvettes PMMA  BRAND, #7591-15  

Dynal MPC-S magnet ThermoFisher Scientific, #12321D 

Frosted Microscope slides (Menzel glass slides)  ThermoScientific, 
#AAAA000001##02F  

Greiner CELLSTAR 96 well U-bottom plate  Sigma; #M9436  

Hybond XL membrane  GE Healthcare, #RPN303S  

LS columns  Miltenyi Biotec; #130-042-401  

ProbeQuant G-50 Micro Columns  GE Healthcare, #28-9034-08  

Reversed-phase column (20 cm fritless silica 
microcolumns with inner diameter 75 µm, packed 
with ReproSil-Pur C18-AQ 1.9 µm resin 

Dr. Maisch GmbH 

2.1.21 Software 

Table 24: Applications and packages 

Name  Supplier, Reference 

Adobe Illustrator  Adobe  

Blast 194 

FlowJo 10 Treestar  

ggpubr Alboukadel Kassambara 

ggVenn 195 

MaxQuant software package 
(v1.6.3.4) 

MaxQuant 

Perseus software (v1.6.2.1). Perseus 

reshape2 196 

RStudio RStudio Team (2020). RStudio: Integrated 
Development for R. RStudio, PBC, Boston, MA 

SnapGene Viewer  GSL Biotech LLC  

STRING 197 

Tidyverse 198 

UpsetR 199 
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2.2 Methods 

2.2.1 Mouse analysis 

Transgenic mice expressing Maf, hCD2 or BFP from the Rosa26 locus (R26 MafstopF, 

R26 hCD2stopF or R26 BFPstopF) were crossed to Cγ1-cre or Cγ1creERT2 mice to 

overexpress respective transgenes after immunization with NP15-CGG (and tamoxifen 

application) in B cells. After different time points, described below, mice were sacrificed, and 

the immune response analyzed by flow cytometry. 

2.2.1.1 Genotyping PCR 

To verify successful breeding, genotypes of mice were determined by performing PCR of 

genomic DNA isolated from ear punches. Therefore, biopsies were digested overnight at 

56 °C in tail lysis buffer supplemented with 0.16 mg/ml proteinase K. For the PCRs, different 

programs were used depending on the target sequence. 

Table 25: Genotyping PCR mixture 

ddH2O  14.5 µl  

10 x DreamTaq buffer  2 µl  

Cresol red PCR loading dye  2 µl  

10 mM dNTPs  0.4 µl  

10 µM primer mix  1.5 µl 

ear lysate 1.5 µl 
DreamTaq DNA Polymerase  0.1 µl  

Table 26: Genotyping PCR programs 

Program GREY  Orange H  ORANGE-D       
1 94 °C  5 min  94 °C  5 min  94 °C  3 min  
2 94 °C  30 s  94 °C  30 s  94 °C  30 s  
3 60 °C  30 s  55 °C  45 s  65 °C  1 min  
4 72 °C  30 s  72 °C  1 min  72 °C  1 min  
5 back to 2  32 x  back to 2  34 x  back to 2  35 x  
6 72 °C  5 min  72 °C  5 min  72 °C  2 min  
7 10 °C  keep  10 °C  keep  10 °C  keep  
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2.2.1.2 NP15-CGG immunization analysis 

To induce a valid immune response, Cγ-1cre; MafstopF and Cγ1-creERT2; MafstopF as 

well as respective control mice were immunized with NP coupled chicken gamma globulin 

(NP15-CGG) precipitated in alum as adjuvant. Therefore, NP15-CGG was dissolved in a 

concentration of 1 mg/ml in sterile PBS, filtered (0.45 µm) and stored at -20 °C in aliquots of 

500 or 600 μl. Shortly before injection, the same amount of 10 % alum (1 g KAl(SO4)2 

dissolved into 10 ml of PBS) was added to the prepared aliquots and mixed by vortexing. 

To precipitate the NP15-CGG in alum, pH values were adjusted to 6.5-7.0 by addition of 

approximately 25 μl NaOH (c=10 mol/l). The precipitates were spinned down at 5’000 x g 

for 15 s, washed thrice in 1 ml PBS and finally resuspended in PBS at a concentration of 

0.5 µg/ml NP15-CGG. Every mouse received 200 µl by intraperitoneal injection using a 1 ml 

syringe with a 26 G needle. 

2.2.1.3 Tamoxifen preparation and injection 

At three consecutive days after immunization, mice were treated with tamoxifen. The 

timepoints were named early (d3-5), mid (d10-12) or late (d31-33), respectively. Technically, 

1 g of Tamoxifen was dissolved in 500 µl of 100 % ethanol and 24.5 ml of sunflower oil was 

added. Tamoxifen was dissolved by four rounds of ultrasound application (Bioruptor 

Diagenode); each round included: 5 cycles of each 20/50 sec on/off at 21-25 °C. Aliquots of 

500 µl were stored at -20 °C. Mice received 100 µl (4 mg) tamoxifen, heated to 37 °C via 

oral gavage.  

2.2.1.4 NP-specific GC and plasma cell analysis by FACS 

At distinct timepoints after immunization (specified in the Results part), spleens, femurs, and 

tibiae were isolated from sacrificed mice. Spleens and bones were smashed using Menzel 

glasses or a porcelain mortar, respectively, and filtered through a 50 µm filcon cap to receive 

single cell suspensions. Cells were spinned down at 300 x g and 4 °C for 5 min and 

resuspended in 5 ml Gey solution to lyse red blood cells. After 3 min on ice, the lysis was 

stopped by addition of 5 ml BCM. After centrifugation, cells were resuspended in 10 ml BCM, 

counted, and distributed on 96 well plates for further staining (5 x 106 cells/well). The cells 

were spinned down again and resuspended in 50 µl TruStain fcX (BioLegend, diluted 1:100 

in MACS buffer) in the dark at 4 °C. After 10 min, 150 µl MACS buffer was added and cells 
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were pelleted at 800 x g for 2 min. For staining of surface markers, cells were resuspended 

in antibody-containing staining cocktail for 20 min in the dark at 4 °C. Staining was stopped 

by addition of 150 μl MACS buffer and centrifugation. After a washing step in 200 μl MACS 

buffer, the cells were subjected to the next staining step, respectively. Finally, cells were 

resuspended in 400 μl FACS buffer supplemented with 1 µg/ml propidium iodide and 

analyzed by flow cytometry. 

Table 27: Staining cocktails for surface markers 

cocktail  GC B cell staining  PC staining  T cell staining 

1 PE-IgG1  -   

2 Bio-IgM  Bio-MHC-II   

3 FITC-IgM or FITC-
hCD2, PECy7-Fas, 
NIP-BSA-APC, 
PerCPCy5.5-IgD, 
AlexaFluor700-CD38, 
BV605-SA, BV650-
CD19, BV785-B220  

FITC-sIgk/sIgl or FITC-
hCD2 or FITC-MHC-II, 
PE-CD138, PECy7-
CD93, AlexaFluor647-
Taci, PerCPCy5.5-
CD43 or PerCPCy5.5-
CD27, BV605-SA, 
BV650-CD19, BV785-
B220  

FITC-hCD2, PE-
CD62L, PeCy7-C3e, 
APC-TCRb, 
AlexaFlour700-CD19, 
BV421-BFP, BV605-
PD1, BV650-CD8, 
BV711-CD4, BV785-
CD44 

2.2.1.5 BrdU injection 

To analyze the proliferation of GC B cells, immunized mice were injected with 200 µl of a 

10 mg/ml BrdU solution at day 13 after NP15-CGG application. 

2.2.1.6 BrdU intracellular staining 

Red blood cell-free single cell suspensions of spleens and bones were prepared as 

described above and plated on 96 well plates (5 x 106 cells per well). Cells were washed 

twice witch 180 µl PBS, then resuspended in 50 µl of Zombie Aqua (diluted 1:400 in PBS) 

and incubated in the dark at 4 °C for 10 min. After addition of 150 µl MACS buffer and 

pelleting by centrifugation (800 x g, 2min, 4 °C), surface markers were stained as before. 

For intracellular staining of incorporated BrdU, the APC BrdU Flow Kit (BD) was used 

following the manufacturer’s instructions. Briefly, after another washing step (MACS buffer), 

cells were resuspended in 100 µl Cytofix/Cytoperm buffer (BD) for 15 min at 20 °C in the 

dark. Pelleted cells were then washed in 150 µl Perm/Wash buffer (BD) (diluted 1:10 with 

H2O). For the permeabilization, cells were resuspended in 100 µl Cytoperm 
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Permeabilization buffer Plus (BD) for 10 min at 4 °C in the dark. Following another washing 

step in 150 µl of diluted Perm/Wash buffer (BD), cells were incubated for 5 min with 100 µl 

Cytofix/Cytoperm buffer (BD) at 20 °C. After washing, DNA was digested by resuspension 

of cells in a DNase solution (300 µg/ml) for 1 h at 37 °C. Cells were again washed in 150 µl 

of diluted Perm/Wash buffer (BD) and finally incubated with the APC conjugated anti-BrdU 

antibody diluted 1:50 in 1 x BD Cytofix/Cytoperm buffer (BD) for 20 min at 20 °C in the dark. 

For FACS analysis cells were resuspended in propidium iodide-free FACS buffer. 

Table 28: Staining cocktail surface markers before BrdU intracellular staining 

cocktail  GC B cell staining before BrdU intracellular staining  

1 PE-Fas, PerCPCy5.5-IgD, BV421-hCD2, BV605-CD19, BV785-B220 

2.2.2 Work with DNA 

To establish an in vitro screen of possible MAF interactors in B cells and overexpress MAF 

in mouse fibroblasts NIH3T3 as positive controls for Western blotting, the MSCV-Maf-IRES-

GFP vector was used178. In that vector, based on the murine stem cell virus, Wiebke Winkler 

previously inserted the cDNA of Maf using the HpaI and EcoRI sites178. Thus, it is linked to 

the cDNA of GFP via an IRES site178. The empty (Mock) vector only containing GFP is 

termed MIG. Respective vectors were amplified by cloning and regularly controlled for 

correctness by restriction enzyme digestion and Sanger sequencing of the insert.  

2.2.2.1 Retransformation 

50 µL aliquots of chemically competent E. coli XL1-Blue cells were freshly thawed and 

incubated with 2 μl of the respective vectors on ice, followed by heat shock at 42 °C for 45 s 

followed incubation. Bacteria were then resuspended in 450 μl SOC medium and rotated for 

2 h at 37 °C. A tenth of the bacteria were finally plated on ampicillin-comprising agar plates 

(100 µg/ml). Plates were incubated overnight at 37 °C. 

2.2.2.2 Bacteria cultures 

Selected colonies were picked and cultured in 4 ml (small scale), or 200 ml (large scale) LB 

medium supplemented with ampicillin (100 µg/ml) overnight. 



43 

2.2.2.3 Isolation of plasmid DNA 

For small scale plasmid DNA isolation (mini prep) an inhouse protocol was applied. 

Overnight cultures were pelleted in microcentrifuge tubes (3 min, 1’000 x g). Pellets were 

resuspended in 300 µl of TENS buffer and mixed sharply prior to be chilled on ice for 10 min. 

After addition of 150 µl of 3.0 M Sodium Acetate (pH 5.2) tubes were mixed again and 

centrifuged at 17’000 x g for 6 min. Supernatants were transferred to new tubes prefilled 

with 900 μl EtOH at -20°C. After centrifugation (2 min, 17’000 x g) supernatants were 

discarded. Pellets were washed in 700 μl ice cold EtOH and finally dried. Dry DNA pellets 

were resuspended in 99 µl nuclease free water and 1 µl RNase A. Large scale plasmid DNA 

preparation (maxi prep) was performed using the NucleoBond Xtra Midi / Maxi Kit 

(Macherey-Nagel) according to the manufacturer’s protocol. 

2.2.2.4 Restriction enzyme digestion 

To roughly check the integrity of the vector before sequencing, plasmids were incubated by 

respective enzymes at 37 °C for 1 h according to the manufacturer’s recommendations. 

2.2.2.5 Gel electrophoresis 

10 x Cresol red was added to restriction enzyme digestion products before separation on 1-

2 % agarose gels at 80-120 V for approximately 1 h. TBE was used as running buffer. 

Determination of fragment sizes was enabled by using 100 bp plus or the 1 kb DNA ladder 

as a reference scale. Gels initially stained with ethidium bromide (0.5 µg/ml). 

2.2.2.6 DNA extraction 

Gel slices containing digestion products from ethidium bromide-stained gels were cut with a 

scalpel under UV light. DNA from gel slices was extracted using ZymoClean Gel DNA 

Recovery Kit (Zymo Research) following the manufacturer’s protocol. 

2.2.2.7 Sequencing of plasmids 

Sanger sequencing was applied to sequence plasmid DNA (100-200 ng/ml) and PCR 

fragments (10-20 ng/m). Sequencing was performed by LGC Genomics company. 
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2.2.3 Cell culture 

Human Multiple Myeloma cell lines were used to study the interactome of MAF in vitro. 

Selected AP1 factors where transduced to Maf-transgenic murine B cells in in vitro to 

investigate possible heterodimerization. Single candidate transcription factors were co-

expressed together with Maf in murine B cells by retroviral transduction to read out 

expression of known MAF MM target genes. 

2.2.3.1 Culture of human MM cell lines 

Human Multiple Myeloma cell lines (HMCL) were cultured at 37 °C with 5 % CO2 in RPMI-

1640 medium containing 10 % FCS and antibiotics as described in the Material part. For 

ANBL6, 2 ng/ml human IL6 and additional 10 % FCS were added to the media.  

2.2.3.2 Mouse B cell and fibroblast culture 

2.2.3.2.1 Culture of mouse NIH3T3 cells 

Mouse embryonic fibroblast NIH3T3 cells were cultured at 37 °C with 5 % CO2 in DMEM 

supplemented with 10 % FCS and antibiotics as described in the Material part.  

2.2.3.2.2 Isolation and culturing of mouse splenic B cells 

To isolate B cells, murine spleens were prepared as before. Following the red blood cell 

lysis, cells were resuspended in 1920 μl BCM. 80 μl αCD43 loaded magnetic microbeads 

were added and incubated for 20 min on ice with constant shaking. Incubation was stopped 

by addition of 5 ml BCM and centrifugation at 300 x g (5 min, 4 °C). LS columns were 

prepared on a magnetic stand by preloading with 3 ml BCM which was discarded 

subsequently. The splenocytes resuspended in 2 ml BCM were negative selected for CD43 

expression on the columns by collecting the flow through to a new 15 ml tube. After 

separation, columns were rinsed with 3 ml BCM which was also collected. B cells were 

spinned down (300 x g, 5 min, 4 °C), resuspended in 10 ml BCM, counted, and distributed 

in cell culture bottles in a density of 2 x 106 cells per ml. αCD40 (1 µg/ml) and IL4 (25 ng/ml) 

were added to activate B cells and initiate cre-expression.  
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2.2.3.2.3 Retroviral overexpression 

Aiming to co-express different AP1 transcription factors with Maf, B cells from Cγ1-

cre; R26MafstopF and control mice were retrovirally transduced with MSCV-IRES-GFP 

(MIG) constructs coding for presumed dimerization partners.  

2.2.3.2.4 Production of retroviral supernatants 

To produce reproductive viruses, the cDNA encoding MSCV constructs were transfected to 

PlatE fibroblasts together with packaging plasmids. Therefore, 3.5 x 106 PlatE cells were 

prepared on a 10 cm plate the day before transfection. After night, respective MSCV 

plasmids and packaging plasmids (10 µg pGagpol, 2 µg pEnv) were mixed with ddH2O to a 

volume of 450 µl. 50 µl of 2.5 M CaCl2 was added. The solution was vortexed and incubated 

for 5 min at 20 °C. 15 ml tubes were prefilled with 500 μl 2 x HEBS. The DNA mixture was 

added dropwise to the buffer while constantly vortexing. After 20 min of incubation at room 

temperature, the mixture was added slowly to the PlatE cells whose medium was previously 

changed to 9 ml of PlatE medium supplemented with 25 µM chloroquine. The fibroblasts 

were kept for 6-8 h with the DNA. Afterwards, the medium was renewed to 10 ml of BCM. 

After 48 h the supernatant was collected, filtered through a 0.45 µm filter and stored at -

80 °C. To verify successful transfection, the PlatE cells were analyzed by flow cytometry for 

reporter protein expression.  

2.2.3.2.5 Transduction 

To retrovirally transduce mouse B cells, 6 well plates were coated with RetroNectin 

(25 µg/ml in PBS) and incubated at 4 °C overnight. After removal of RetroNectin, plates were 

blocked with 2 % sterile filtered BSA (in PBS) for 1 h and washed once with PBS. 

Subsequently, 0.6 ml of the supernatant were coated on the wells and incubated for 1 h at 

37 °C. 4 x 106 cultured murine B cells were added to each well in 1.5 ml new BCM containing 

2 x polybrene (8 µg/ml) Additionally 1.5 ml of virus supernatant was added before 6 well 

plates were centrifuged at 32 °C on 800 x g for 1.5 h. The B cell medium was replaced 24 h 

later along with restimulation of B cells by αCD40 and IL4. For transduction of mouse 

NIH3T3 cells, 3 ml of viral supernatants were directly added to the coherent cells seeded in 

a density of 150’000 cells per well on a 6 well plate the day before. Following an analogous 

procedure, the median was changed 1 d after transduction and cells were harvested at d 2. 
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2.2.3.2.6 FACS of cultured murine B cells 

At day 3 after transduction, double transgene-expressing B cells were sorted by gating for 

reporter protein expression BFP, GFP and/or hCD2, respectively. For BFP and GFP sorting, 

B cells were collected, centrifuged, and resuspended either directly in FACS Buffer to a 

density of 8 x 106 cells per ml. For hCD2 sorting, B cells were resuspended in the same 

concentration in TruStain fcX solution (BioLegend, diluted 1:100 in PBS) and incubated in 

the dark at 4 °C for 10 min. After addition of 5 ml MACS buffer, cells were again spinned 

down and resuspended in anti-hCD2 for 20 min. Cells where washed and resuspended in 

FACS buffer to be subjected to flow cytometry. Respective cells were directly sorted into 

15 ml falcons containing 5 ml BCM, spinned down (300 x g; 4 °C; 5 min), resuspended in 

1 ml PBS and transferred to 1.5 ml tubes. Cells were again centrifuged, the PBS removed, 

and the pellets frozen at -80 °C. 

2.2.4 RNA analysis 

2.2.4.1 RNA preparation 

Total RNA from mouse B cells was isolated applying the RNeasy Micro Kit (Qiagen). The 

manufacturer’s protocol was used. Optional DNAseI digestion was included into the 

procedure. Finally, RNA was eluted in 12-18 μl RNase-free H2O. 

2.2.4.2 cDNA synthesis 

Whole RNA was translated to cDNA before PCR. Therefore, the mixture was prepared and 

heated for 10 min at 70 °C to enable annealing of the random primers. To gain –RT controls, 

5 µL of the mixture were transferred to new 1.5 ml tubes before addition of the SuperScript II 

Reverse Transcriptase and frozen at -20 °C.  

Table 29: Reverse transcription mixture 

RNA (1 µg)  ad 13.3 µl  
5 x First-strand buffer  5 µl  
0.1 M DTT  2.5 µl 
50 ng/ml random primers  2.5 µl  
10 mM dNTPs  1.2 µl  
RNasin Plus 0.5 µl  
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Table 30: Reverse transcription program 

1 70 °C  10 min  
2 Ice  10 s  
3 room temperature  10 min  
4 42 °C  50 min  

5 95 °C  5 min  

2.2.4.3 Semiquantitative RT-PCR 

To test the specificity of used QPCR primers, semiquantitative conventional PCR was 

performed on gained cDNA. PCR products were separated on an agarose gel and isolated 

to be sequenced as described before. The Phusion High-Fidelity DNA polymerase was 

used. Respective primer sequences be found in the Material section. 

Table 31: Semiquantitative RT-PCR mixture 

5 x Phusion buffer  5 µl  
10 mM dNTPs  1 µl  
10 µM forward primer  1 µl  
10 µM reverse primer  1 µl  
25 ng cDNA  1 µl  
Phusion High-Fidelity  0.5 µl  
DMSO  1 µl  
ddH2O  14.5 µl 

Table 32: Semiquantitative RT-PCR program 

1 95 °C  3 s 
2 95 °C  30 s 
3 55-65 °C  30 s  
4 72 °C  1 min  
5 back to 2 35 cycles  
6 72 °C  5 min  
7 10 °C  keep  

2.2.4.4 Quantitative PCR 

For quantitative PCR after Reverse Transcription (RT), the Power SYBR Green PCR Master 

Mix (applied biosystems) was used. Samples were diluted 1:20 with H2O. Primer sequences 

for detection of target genes can be found in the material section.  

Table 33: qPCR mixture 

Diluted cDNA 4.5 µl 
2 x Power SYBR mix   5 µl  
10 µM primer mix 0.5 µl  
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Table 34: qPCR program 

1 95 °C  10 min 
2 95 °C  15 s 
3 60 °C  1 min 

The reaction was performed on a magnetic induction cycler MIC (bms biosystems). For 

baseline estimation and amplification efficiency 𝐸 calculation the in-built LingRegPCR 

algorithm was used200,201. Amplification cycles until significant signal over baseline are 

termed 𝐶𝑞. Measurements were performed in triplicates and median values were used for 

further calculation. Expression levels 𝐿 of genes of interest 𝑥 were compared among 

samples each calculated relative to the geometric mean expression of Hprt, Tbp, Hmbs and 

as published202: 

 
𝐿 =  

𝐸𝑥
𝐶𝑞(𝑥,𝑏)−𝐶𝑞(𝑥,𝑎)

𝑔𝑒𝑜𝑀𝐸𝐴𝑁1−𝑖(𝐸𝑟𝑒𝑓,1−𝑖
𝐶𝑞(𝑟𝑒𝑓,1−𝑖,𝑏)−𝐶𝑞(𝑟𝑒𝑓,1−𝑖,1)

)
 (1) 

2.2.5 Protein analysis 

The interaction of MAF with different transcription factors and nuclear proteins was analyzed 

by coimmunoprecipitation and subsequent mass spectrometry of MAF binders from HMCL 

lysates. 

2.2.5.1 Cell lysis 

Different lysis buffers were used to extract proteins from distinct cellular compartments and 

conserve protein interactions in specific conditions. 

2.2.5.1.1 Whole cell lysis 

For whole cell extracts approximately 1 x 106 freshly collected or frozen cells were gently 

resuspended in 40 μl lysis buffer and chilled on ice for 15 min. Compositions of the 

respective buffers can be found in the Material section. Lysis in modified RIPA buffer 

required resuspension through a 26 G syringe to completely resolve cells whereas lysis in 

CHAPS buffer needed shaking for 1 h at 4°C. Lysis was stopped by centrifuging insoluble 

debris at 4 °C at 17’000 x g for 10 min. Supernatants were transferred to clean tubes. 
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2.2.5.1.2 Nuclear cytoplasmatic fractioning 

The method based on the protocol published by Schreiber and collegues203. Lysis of the 

cells in the hypotonic buffer A leads to disruption of the cytoplasmic membrane. The 

remaining nuclear parts of cells can then be dissolved in high salt containing buffer B to 

release chromatin associated proteins. Freshly collected cells were washed once in ice cold 

PBS, resuspended in 3 volumes of buffer A and vortexed frequently for 10 min while keeping 

the tubes on ice. Nuclear fractions were subsequently pelleted at 3’500 x g at 4°C. Additional 

washing steps in buffer A without NP40 increased purity of nuclear fractions. These were 

resuspended in buffer B and shaken at 4 °C for 30 min. After spinning down, insoluble 

elements supernatants contained nuclear fractions. 

2.2.5.1.3 Dissecting cells to cytoplasm, perinuclear fraction, chromatin fraction and nuclear 

matrix 

To achieve higher purity of chromatin associated proteins, a method was developed to sub 

dissect the nuclear fractions of HMCL cells based on published protocols204–207. Therefore, 

1 x 106 freshly harvested cells were washed in ice cold PBS and resuspended in 1 ml ice 

cold CSK100 buffer adding NP40 to a final concentration of 0.2 %. Lysates rotated for 

30 min at 4°C and were subsequently spinned at 4 °C, 1’000 x g for 5min. Supernatants 

were again centrifuged at 3500 x g to retain the cytoplasmatic fraction which was transferred 

to a new tube. The pellets were washed in CSK100 buffer containing 0.1 % and 0 % NP40 

successively. Pellets were then resuspended in two volumes of PNF buffer with 0.5 % NP40 

for 5 min at 4 °C. After pelleting at 1’000 x g the supernatants were referred to as perinuclear 

fraction whereas the core nuclear fraction was subjected to subdissection by resuspending 

in CSK50 buffer containing benzonase for 20 min on ice, terminated by adding ammonium 

sulfate to a final concentration of 0.25 M. After centrifuging at 1’000 x g supernatants were 

stored as chromatin associated protein fraction and pellets resuspended in CSK100 buffer 

as nuclear matrix fraction. 

2.2.5.2 Protein crosslinking 

To maintain protein complexes in cell lysis conditions, the crosslinking reagent 

glutaraldehyde was added to the HSL buffer in different concentrations. More detailed, 

1 x 106 HMCL cells were freshly collected and washed as above to be lysed in 100 μl of HSL 

buffer. The expected protein content was used to estimate the required glutaraldehyde 
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concentration. Glutaraldehyde mainly reacts with lysine residues208. Therefore, the expected 

amount of lysine was calculated assuming lysine to make up 6 % of amino acids of the 

human proteome209. Different molar ratios of glutaraldehyde to lysine residues in the lysis 

buffer were tested which resulted in concentrations ranging from 0 to 0.4 %. After 5 min, 

crosslinking was quenched by the addition of Tris-HCl (pH 8) to a final concentration of 

100 mM. Then, 0.2 μl Benzonase were added. Samples were chilled on ice for 10 more 

minutes to then continue the standard cell lysis procedure. The protocol was scaled up to 

factor 20 to perform IP of crosslinked protein. 

2.2.5.3 Protein quantification 

After cell lysis protein concentrations were measured using either Bradford assay or BCA 

dye. In the former case, Protein Assay Dye Reagent Concentrate (Bio-Rad) was diluted 1:5 

with water. 2 µl of samples or standard BSA solution was incubated in 1 ml dye for 5 min at 

room temperature in cuvettes. After creation of a standard curve sample absorbance was 

determined at 595 nm using DU640 spectrophotometer (Beckman). In the latter case BCA 

solutions were mixed 1:50. Analogously, samples and standards were incubated at 37 °C 

for 30 min and measured at 562nm.  

2.2.5.4 SDS Page 

Proteins were either separated on self-prepared homogenous SDS polyacrylamide gels or 

on precast gradient gels. If not stated differently, for application of homogenous gels 30 μg 

of cell lysate were mixed with 4 x Laemmli buffer to a final volume of 20–60 μl and heated 

to 90 °C for 5 min before separation at 80-120 V for 90-120 min. To separate proteins more 

precisely NuPAGE 4-12 % Bis-Tris Protein Gels (ThermoFisher Scientific) were used 

following the manufacturer’s protocol. Briefly, 10 μg of protein were incubated with LDS 

buffer containing reducing agent for 10 min at 70°C and gels were run in respective MOPS 

buffer containing antioxidant reagent. 

2.2.5.5 Western blot 

For semidry blotting of proteins from homogenous gels, nitrocellulose membranes and gels 

were moisturized in blotting buffer and subsequently transfer was performed at 20 V for 

30 min. Proteins from gradient gels were transferred to nitrocellulose membranes in a tank 
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blot system (ThermoFisher Scientific) using the respective transfer buffer containing 

antioxidant following the manufacturer’s protocol. After transfer, membranes were stained 

in Ponceau red to validate successful blotting and finally blocked in TBS-T containing 10 % 

milk powder for 1 h at RT or overnight at 4 °C while shaking gently. Primary antibodies were 

diluted in 1 % TBS-T milk in respective concentrations and incubated the membranes 

overnight at 4 °C. Afterwards, membranes were washed three times in 1 % TBS-T milk and 

species-specific secondary antibodies (0.1 µg/ml) were added for 1-2 h at RT. Membranes 

were again washed three times and incubated with a 1:1 mixture of Pierce ECL Western 

Blotting Substrate (ThermoFisher Scientific). Exposure to CL-Xposure film for 1-30 min and 

developing applying the CURIX 60 X-ray film processor (AGFA) followed.  

2.2.5.6 Immunoprecipitation 

HMCL cells were freshly collected and washed once in ice cold PBS (pH 7.4). 1 x 107 cells 

were lysed in 400 μl of either HSL or modified RIPA buffer, referred to as HSL and RIPA-

samples respectively, as described above. Experiments were performed thrice to receive 

each three biological replicates. After centrifugation, supernatants were diluted to temper 

concentrations of detergents and salt to retain protein interactions. HSL samples were 

diluted 3:7 in HSL without NP40 and NaCl to a final concentration of 150 mM NaCl and 

0.08 % NP40. RIPA samples were diluted in RIPA buffer without detergents 1:3. 

Concentrations of protein was measured using Bradford assay for HSL samples and BCA 

assay for RIPA samples. Protein concentration was set to 1 μg/μl and 450 μl of protein lysate 

was incubated with αMAF antibody (Abcam, BLR045F) or rabbit isotype control antibody 2 h 

rotating at 4 °C. Protein A magnetic beads of a storage volume of 45 μl were washed 

according to the manufacturer’s protocol and resuspended in 200 μl PBS containing 0.02 % 

Tween20. Beads were added to the protein tubes and rotation was continued for 1 h. The 

bead-antibody-protein complexes were isolated with the help of a Dynal MPC-S magnet and 

washed twice in diluted lysis buffer and thrice in ice cold PBS (pH 7.4). After resuspension 

in 300 μl PBS precipitates were transferred to clean tubes. 10 % of the samples were used 

to ensure successful immunoprecipitation on western blot. Therefore, the beads were 

resuspended in 15 μl NuPAGE LDS loading buffer (ThermoFisher Scientific) and heated at 

70 °C for 10 min to elute proteins from the beads on the magnet. IP input samples were 

processed analogously. Retained samples were analyzed on a gradient gel western blot. 

MAF protein was detected using guinea pig αMAF antibody (Carmen Birchmeier lab). 
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Remaining 90 % of samples were dried on the magnet and frozen at -80 °C to be subjected 

to mass spectrometry. 

2.2.5.7 Mass spectrometry 

Analyses of cell line specific MAF interactomes by mass spectrometry and subsequent data 

analysis was performed by Marieluise Kirchner from the MDC Proteomics Core Facility 

(Philipp Mertins) applying previously described in-house optimized procedures210,211.  

2.2.5.7.1 Protein digestion 

To prepare the bead-antibody-protein complexes from pulldown experiments for mass 

spectrometry, they were first resuspended in 20 μl urea buffer and subsequently kept at RT 

for 0.5 h in a 12 mM dithiothreitol solution. The samples were afterwards alkylated with 

40 mM chloroacetamide for 20 min at RT. Thereafter, 0.5 µg endopeptidase LysC was used 

to digest the proteins for 4 h. The following trypsin digestion was performed overnight. 

Therefore, 80 µl of 50 mM ammonium bicarbonate (pH 8.5) and 1 μg trypsin was added to 

the samples. The next morning, 10 % trifluoroacetic acid solution was added to adjust the 

pH below 2.5 to quench the digestion. StageTips were used to extract the peptides following 

a published protocol212. 

2.2.5.7.2 LC-MS/MS analyses 

LC-MS/MS analyses were performed as described before with few modifications211. Firstly, 

digested peptides were eluted from StageTips in 60 µl Buffer B and remaining organic 

solvent was disposed by high-speed evaporation. Subsequently, dried probes were solved 

in Buffer A and subjected to reversed-phase column separation. Therefore, 20 cm fritless 

silica microcolumns with a 75 µm inner diameter were used, packed with “ReproSil-Pur C18-

AQ 1.9 µm resin” on a High-Performance Liquid Chromatography system, as previously 

described211. To achieve thorough separation, a 90 min gradient of Buffer B concentration 

(2 % to 60 %) was applied, and the flow rate was set to 250 nl/min. Afterwards, digested 

peptides were ionized by electrospray ionization, and the peptides were subsequently 

analyzed on a “Thermo Q Exactive Plus instrument”. The data dependent mode was chosen 

on the mass spectrometer with a full scan in the Orbitrap (70 K resolution; 3 x 106 ion count 

target; maximum injection time 50 ms). Eventually, higher-energy collision dissociation 

(17.5 K resolution, 1 x 105 ion count target; 1.6 m/z isolation window; maximum injection 
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time: 250 ms) was used to perform top 10 MS/MS scans. Therefore, precursors with a 

charge state of 2–7 were subjected to MS/MS, solely. The dynamic exclusion duration was 

prescribed to 30 s. A maximum of 10 ppm was tolerated around the selected precursor and 

its isotopes.  

2.2.5.7.3 Data analyses 

For mass spectrometry data analysis, established in-house protocols were followed210. Raw 

data were analyzed using the “MaxQuant software package”. Firstly, measured spectra were 

aligned to a publicly available peptide database. In detail, MS/MS spectra were searched 

against the forward and reverse sequence-containing decoy UniProt database 

(HUMAN.2019-07) with the help of the in-built Andromeda search engine. The search 

conditions were determined as previously well-tried210: seven amino acids were chosen as 

the required minimal peptide length and a maximum of 3 missed cleavages was tolerated. 

Furthermore, the search conditions comprised deamidation of peptides, different 

modifications of methionine oxidation and N-terminal acetylation as variable modifications, 

as well as the fixed modification of carbamidomethyl cysteine. A false discovery rate of 1 % 

was accepted. Finally, sharp, and unique peptides were included to the quantification. The 

internal nonlinear time-rescaling algorithm was applied to recalibrate retention times. The 

option of “Match between runs” was chosen, and the maximal retention time window was 

determined to 0.7 min. The internal label-free quantification algorithm was used to normalize 

protein intensities. Possible contaminants, reverse database matches, and proteins only 

identified by site were excluded prior to statistical data analyses. 

2.2.5.7.4 Statistical analysis 

The statistical data analysis was done with the “Perseus software” (v1.6.2.1). As the 

immunoprecipitation experiments were performed in biological triplicates, the three 

replicates per human MM cell line and lysis condition were grouped. Among the groups 

intensity values were filtered for “minimum value of 3” in at least one group. If values were 

missing, they were filled with imputed values in the software based on random noise 

simulation of the detection limit of the mass spectrometer. In detail, the imputed values for 

the simulation were chosen from a log normal distribution with 0.3 x the standard deviation 

of the detected and log2 transformed values, after downshifting by 1.8 standard deviations. 

Finally, differences in protein abundance between the αMAF antibody and IgG control 

samples were calculated using Student´s t test, corrected by Benjamini Hochberg (BH) 
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procedure for multiple testing. Proteins enriched in the αMAF antibody group and passing 

the significance cut-off (BH 5 %) were considered MAF-associated proteins. Result files 

were imported to R studio. Plots and diagrams of the data were created using the ggplot2 

(Tidyverse) and UpSetR package.  
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3. Results 

3.1 Impact of Maf expression on the GC reaction and terminal B cell development in 

vivo 

3.1.1 Previous work from our group: Characterization of the B cell response in Cγ1-cre; 

R26 MafstopF mice 

Overexpression of MAF is expected to transform human GC B cells towards MM96. 

Unexpectedly, as shown in recent work from Wiebke Winkler in our laboratory, conditional 

Maf overexpression in activated mouse B cells upon immunization of Cγ1-cre; R26 MafstopF 

mice led to a massive reduction of Maf-expressing GC B cells178. Splenic Maf-expressing 

PB/PCs were furthermore reduced in number, whereas antigen-specific IgM-secreting PCs 

temporary accumulated in the BM178. Given these findings, following experiments described 

here aimed to better characterize the altered terminal differentiation of Maf-expressing B 

cells and to test possible hypotheses to explain the unexpected observations. 

3.1.2 Effect of Maf expression on the proliferative potential of GC B cells 

To investigate if Maf overexpression interferes with proliferation of GC B cells in Cγ1-cre; 

R26 MafstopF mice, the proliferative capacity of Maf-transgenic GC B cells was compared 

to control GC B cells in vivo. GC B cells of immunized Cγ1-cre; R26 hCD2stopF mice served 

as control. These cells express a signaling deficient truncated version of the human CD2 

surface maker assessable by flow cytometry which does not interfere with cellular 

processes, therefore reflecting normal B cell biology187.  

To assess the proliferation of Maf-transgenic GC B cells, Cγ1-cre; R26 MafstopF were 

immunized by intraperitoneal injection of NP coupled to chicken gamma globulin (NP15-

CGG) and subsequently pulse labeled with 5-Bromo-2′-deoxyuridine (BrdU) at day 13 after 

immunization (post immunization, p.i.). BrdU is a thymidine analogue and is incorporated 

during DNA replication in dividing cells. Due to its short half-life of 8-11 min213, only cells that 

are actively dividing at the time of injection are labeled. Importantly, 65 % of the labeling is 

lost during the next division and 92 % during the following one32. Thus, the analysis at 15 

hours after the BrdU application, allowed to measure the proportion of dividing cells at day 
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13 p.i. within BFP reporter expressing cells. Technically, mice were sacrificed, and 

splenocytes were immunologically stained for either surface markers only or, additionally for 

intracellular BrdU resulting in two samples per mouse. Finally, splenic B cell populations 

were analyzed by flow cytometry (Fig. 2A). Among CD19+ B cells, a distinct population of 

FAShiCD38lo GC B cells could be found that averaged 2.2 % of control B cells and 0.6 % of 

Maf-expressing B cells (Fig. 2A, column 3). Gating for FAShiIgD- can similarly distinguish 

Figure 2: Effect of Maf expression on proliferation of GC B cells in vivo. Cγ1-cre; R26 MafstopF (Maf) 

and Cγ1-cre; R26 hCD2stopF (hCD2) control mice were immunized once with NP15-CGG (100 µg/200 µl; in 

alum) and pulse labeled with BrdU (2 mg/200 μl) on day 13 after immunization. GC formation and BrdU 

incorporation were assessed by staining in two respective antibody-cocktails and subsequent flow cytometry 

on day 14 p.i. A) Gating strategy illustrated by representative dot plots for a Maf (upper panel) and a hCD2 

control mouse (lower panel). Living splenocytes (based on FSC and SSC expression) were further gated for 

CD19+ B cells, and subsequently for GC B cells, which were distinguished as FAShiIgD- or FAShiCD38lo cells 

in the two respective staining cocktails. Of these, transgene-expressing cells were identified based on BFP 

(Maf) or hCD2 (control) expression. Finally, dividing GC B cells were determined by BrdU incorporation. 

B) Absolute numbers of reporter positive CD19+FAShiCD38lo splenic GC B cells, calculated from FACS results. 

C) Frequency of BrdU positive cells within CD19+FAShiIgD- GC B cells. n=14 for hCD2 mice, n=15 for Maf 

mice, Wilcoxon test. 
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GC B cells214 and was used in the intracellular staining procedure to detect BrdU (Fig. 2A, 

column 4). As expected, a high proportion, averaging 91.9 % of GC B cells expressed the 

transgenic reporter protein as judged by hCD2 staining181,187. In contrast to this and in 

agreement with previous work178, reporter positive Maf-expressing GC B cells were 

diminished to a median proportion of 12.0 % (Fig. 2A, column 5). Calculation of absolute 

numbers of reporter positive GC B cells provided evidence of a greatly reduced GC reaction 

in the spleen with approximately 25-fold smaller numbers of Maf-expressing GC B cells (Fig. 

2B). However, the percentage of BrdU positive cells among FAShiIgD- GC B cells was not 

significantly different between Maf-expressing and control GC B cells (Fig. 2A, column 6 and 

Fig. 2C), indicating no restrained proliferation of Maf-expressing GC B cells. Of note, the 

fraction of BrdU-labelled (i.e., dividing) GC B cells showed a wide range between approx. 

30-50 %, which is known from in vivo BrdU labeling studies32, but the scattering was 

particularly pronounced in the Maf group (range between approx. 10-60 %). Taken together, 

Maf overexpression in activated B cells markedly reduced the GC B cell compartment, but 

this is not caused by an impaired proliferation of the transgenic GC B cells. 

3.1.3 Temporally controlled conditional Maf expression in B cells 

In fact, by using the Cγ1-cre; R26 MafstopF mouse, it was not possible to generate a suitable 

model for the human t(14;16)+ MM. However, the observations made in the same mouse 

model suggest that different B cell and PB/PC populations react differently to Maf 

overexpression178. Therefore, aiming to investigate the effect of Maf expression on selected 

differentiation stages of B cells in more detail and eventually to generate a better MM model, 

a pilot experiment was set up in the following. 

In this experiment, Maf was to be expressed at different timepoints after immunization, 

thereby targeting individual B cell differentiation stages. This was made possible by using a 

recently developed derivative of the Cγ1-cre allele190. In this Cγ1-creERT2 mouse, cre is 

linked to a mutated version of the estrogen receptor ligand-binding domain that prevents 

nuclear entry and consequently recombination and transgene expression in the absence of 

its ligand tamoxifen190. Therefore, the timed administration of tamoxifen to the immunized 

mice allows for external control of transgene expression. 
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Indeed, previous work has shown that tamoxifen administration on days 4, 5 and 6 p.i. is 

particularly conducive to express a transgenic eYFP reporter in extrafollicular PBs190. 

Tamoxifen application on day 10 p.i. is furthermore applicable to target somatically 

hypermutated GC B cells190. In contrast, late tamoxifen application on days 29, 30 and 31 

achieves expression mainly in B cells of a non-GC phenotype (e.g., memory B cells, among 

others)32,190.  

Based on these observations, we first aimed to test whether Maf can also be specifically 

overexpressed in these three populations. The second objective was to determine whether 

a particular population benefits from Maf expression, i.e., substantially increases in size over 

time. Therefore, Cγ1-creERT2; R26 MafstopF mice were immunized with NP15-CGG and 

given tamoxifen on three consecutive days via oral gavage at an early timepoint (d. 3-5 p.i.), 

a mid-timepoint (d. 10-12 p.i.) and a late timepoint (d. 30-33 p.i.). Spleens from treated mice 

were isolated 2 days or 9 days after the last tamoxifen gavage, respectively, and splenic 

single cell suspensions were stained either for GC B cell markers CD38 and FAS or PC 

markers CD138, TACI, MHC-II and CD93 and analyzed by flow cytometry (Fig. 3A). Splenic 

cells where additionally stained for IgG1 surface expression and the NP analogue NIP. To 

determine the cell populations activating Maf expression at the indicated time points, total 

living single splenocytes were first gated on BFP reporter (i.e., MAF) expression before 

analyzing the surface expression of B and PC markers (Fig. 3A, column 1). 

The experimental design described above, including chosen timepoints of tamoxifen 

application and the analysis strategy, was based on previously published experiments on 

Cγ1-creERT2; R26 eYFP mice from our institute190. Furthermore, similar antibodies and 

chemicals as well as the same animal facility was used. We therefore considered it 

reasonable to compare the data from Cγ1-creERT2; R26 MafstopF mice with the previously 

published data on Cγ1-creERT2; R26 eYFP mice190 and to omit new, internal control 

animals. Besides, we expected to detect a proliferation advantage even with low sample 

numbers of 2 mice per time point; firstly, based on the internal comparison between the two 

time points of tamoxifen application and secondly, based on comparison to the published 

data mentioned above. 

Two days after each of the tested time points of tamoxifen administration, approx. 0.1 % of 

total splenocytes were found to express BFP (i.e., MAF) (shown for the PC staining of one 

representative mouse each in Fig. 3A, column 1). Of those, CD19+B220+ B cell populations  
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could be delineated, which accounted for approx. 52 % at the early timepoint of transgene 

expression (Fig. 3A, row 1, column 2). The vast majority of these BFP+ (i.e., MAF- 

expressing) CD19+B220+ B cells showed a GC B cell phenotype, defined by high FAS and 

low CD38 expression, accounting for approx. 33 % of all BFP+ splenocytes, compared to 

the reported numbers of ~20 % in similarly treated Cγ1-creERT2; R26 eYFPstopF mice190 

(Fig. 3A, row 1, column 3 and Fig. 3B). Interestingly, approx. 38 % of these were antigen-

specific and IgG1-class switched already at that timepoint (Fig. 3, row 1, column 4). 

Furthermore, a pronounced CD138+TACI+ PB/PC population could be detected among 

BFP-expressing splenocytes that making up approx. 30 % (Fig. 3A, row 1, column 5 and 

Fig. 3B, left panel). These early PB/PCs accounted for the majority of BFP+ cells at the early 

time point. Importantly, a gating strategy based on CD138 and TACI expression might 

underestimate these numbers, as they were reported to account for up to ~80 % of 

transgene-expressing cells at this early time point when gating for CD138+B220- cells190. 

Following tamoxifen administration at days 10-12 p.i., CD19+B220+FAShiCD38lo GC B cells 

constituted the largest fraction of targeted (i.e., MAF-expressing) cells accounting for 

approx. 60 % of BFP+ spleen cells, of which again a substantial fraction was class-switched 

to IgG1 (Fig. 3A, row 2, Fig. 3B, middle panel). CD138+TACI+ PB/PC only made up 2 % (Fig. 

3A, row 2 and Fig. 3B). Upon late transgene activation (d 31-33 p.i.), the largest population 

of BFP reporter (i.e., MAF) positive splenocytes showed a non-GC (FASloCD38hi) B cell 

phenotype in line with observations from the Cγ1-creERT2; R26 eYFPstopF reporter mouse 

model190. This non-GC B cell population made up approx. 40 % of Maf-expressing cells (Fig. 

3A, row 3, column 3 and Fig. 3B, right panel), compared to 50 – 85 % observed in Cγ1-

Figure 3 (p.59): Targeting specificity of temporally controlled conditional Maf expression in B cells. 

Cγ1-creERT2; R26 MafstopF mice were immunized once with NP15-CGG (100 µg/200 µl; in alum) and treated 

with tamoxifen (TAM) gavage (4 mg/100 µl) at one of three different time points after immunization (d 3-5, 

d 10-12, or d 31-33 p.i.) for three consecutive days, respectively. Following, 2 or 9 days after the last gavage, 

mice were sacrificed, and spleens isolated. Splenocytes were stained using two different antibody cocktails 

and analyzed by flow cytometry. A) Two days after the last tamoxifen gavage, total splenocytes were assessed 

for BFP reporter expression (i.e., MAF expression) (column 1). Overlay plots illustrate the immunophenotype 

of MAF+ versus MAF- splenocytes. Within BFP+ cells, splenic B cells (CD19+B220+), GC (FAShiCD38lo) and 

non-GC (CD38hiFASlo) B cell as well as PB/PC (CD138+TACI+) were analyzed. GC B cells were further 

assessed for class-switching to IgG1 and antigen-specificity (NIP). Dot plots of each one mouse per time point 

(n = 2 analyzed). B) Relative quantification of indicated cell types within BFP+ cells from mice analyzed at day 

2 after TAM gavage respectively. C) Absolute quantification of indicated populations each two days after last 

tamoxifen gavage (light colored, transparent bars and dots) and 9 days after last tamoxifen gavage (dark 

colored, non-transparent bars and triangles). 
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creERT2; R26 eYFPstopF mice. Of note, only approx. 0.8 % of BFP reporter (i.e., MAF) 

positive splenocytes constituted CD138+TACI+ PB/PCs at this late time point (d 31-33 p.i.), 

whereas Maf-expressing antigen-specific GC B cells could not be detected (Fig. 3A, row 5 

and Fig. 3B).  

Thus, time-controlled transgene activation with the Cγ1-creERT2 allele allows for the 

differential targeting of Maf expression to distinct B cell populations. Early transgene 

activation (d 3-5 p.i.) mostly targets immature (likely extrafollicular) PB/PCs, mid-time 

activation (d 10-12 p.i.) targets mostly GC B cells and late transgene activation (d 31-33 p.i.) 

mainly occurs in non-GC B cells (relative to total BFP+ spleen cells). 

To assess whether one of these populations gained a proliferative advantage from Maf 

expression, absolute numbers of BFP+ (MAF+) cells were calculated from flow cytometry 

results 2 and 9 days after the final tamoxifen application, respectively (Fig. 3C). Of note, 

after a further week of observation, none of the targeted populations markedly increased in 

number, but rather a reduction of all population sizes was seen. Thus, no apparent growth 

advantage for selective B cell populations could be found in Cγ1-creERT2; R26 MafstopF 

mice treated with tamoxifen at different time points. 

3.1.4 Developmental fate of Maf-expressing GC B cells 

Given the finding that the intermediate time point of tamoxifen administration (i.e., day 10-

12 p.i.) of Cγ1-creERT2; MafstopF mice resulted in transgene activation predominantly in 

IgG1 class-switched GC B cells, the believed COO of human MM, further experiments 

sought to track the fate of differentiating B cells following Maf expression at this timepoint. 

Therefore, Cγ1-creERT2; R26 MafstopF and Cγ1-cre; R26 hCD2stopF reporter control mice 

were immunized once with NP15-CGG and treated with tamoxifen at days 10, 11 and 12 p.i., 

followed by the subsequent analysis at four consecutive time points (d 14, 21, 28 and 35 

p.i.). Two mice per genotype and timepoint were analyzed. First, the impact of Maf 

overexpression on the general and antigen-specific GC reaction was evaluated over 5 

weeks by flow cytometry (Fig. 4). To do this, splenocytes from Cγ1-creERT2; R26 MafstopF 

and Cγ1-cre; R26 hCD2stopF control mice were gated for CD19+FAShiCD38lo GC B cells 

and subsequently analyzed for expression of the hCD2 or BFP (i.e., MAF) reporter (shown 

for a Maf and control mouse at d 14 p.i. in Fig. 4A, left). Based on these, absolute numbers 

of reporter-expressing GC B cells were calculated. At day 14 after immunization (i.e., d 2 
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Figure 4: Effect of temporally controlled Maf expression in peak GC B cells on total and NP specific 

GC reaction. Cγ1-creERT2; R26 MafstopF and Cγ1-creERT2; R26 hCD2stopF control mice were immunized 

and treated with tamoxifen on days 10, 11 and 12 after immunization, followed by analysis at 4 consecutive 

time points (d 14, 21, 28, 35). The total and antigen specific GC B cell compartment were assessed by flow 

cytometry based on high FAS and low CD38 surface expression (GC B cells) as well as detection of reporter 

proteins BFP and hCD2. A) Representative dot plots showing splenic CD19+ B cells, the GC B cell population 

and respective reporter expression for a Maf (upper panel) and control mouse (lower panel), each analyzed at 

d 14 p.i. (left). Absolute numbers of total (light color) and transgene-expressing (dark color) GC B cells were 

calculated from assessed percentages and are depicted as bar charts (right). B) Contour plots showing splenic 

CD19+FAShiCD38lo GC B cells and the surface expression of IgG1 as well as NIP binding for the same mice 

as in (A) (left). Absolute numbers of total (light color) and transgene-expressing (dark color) IgG1+NIP+ GC B 

cells were calculated from assessed percentages and are depicted as bar charts (right). 
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after tamoxifen treatment) an approximate number of 1 x 106 total GC B cells was found in 

the spleens of hCD2 control mice that accounted for 1 % of total CD19+ B cells (Fig. 4A, 

light grey columns). Of those, approx. 18 % expressed the control reporter gene hCD2 

constituting approx. 178’000 cells (Fig. 4B, dark grey columns). The total GC B cell 

population of Cγ1-creERT2; R26 hCD2stopF mice remained stable at a size of approx. 

1 x 106 cells until day 28 and then waned to an average number of approx. 0.2 x 106 at day 

35. The compartment of hCD2 reporter-expressing GC B cells declined more rapidly as its 

share decreased from the original 18 % (d 14 p.i.) to 11 % (d 35 p.i.) of total GC B cells (Fig. 

4A, grey columns). Interestingly, total GC B cells of Cγ1-creERT2; R26 MafstopF mice were 

similar in number to the hCD2 control CG B cell, although the proportion of reporter+ GC B 

cells was generally lower. However, at day 14 after immunization, MAF-expressing (BFP+) 

cells were reduced by factor 3 in comparison to control mice (whereas it was reduced by 

factor 25 in Cγ1-cre; R26 MafstopF mice, Fig. 2), indicating that delayed transgene 

expression with a Cγ1-creERT2 allele can partly rescue the counter-selection of Maf-

expressing cells. Finally, Maf-expressing GC B cells disappeared more rapidly than control 

cells over time (Fig. 4A, dark blue columns). To gain more insight into the antigen-specific 

response, GC B cells were further analyzed for NIP binding and IgG1 surface expression 

(Fig. 4B). Approx. 5 % of the total GC B cells and 13 % of MAF-expressing (BFP+) GC B 

cells successfully switched to IgG1 specific for the NP analogue NIP at the first timepoint of 

assessment (day 14 p.i.) – both fractions being in the range of respective control reporter-

expressing cells (6 and 12 %, respectively). However, MAF-expressing IgG1+NIP+ GC B 

cells disappeared more rapidly than control cells, suggestive of ongoing counter-selection 

in Cγ1-creERT2; R26 MafstopF animals.  

In summary, the transgenic GC B cell compartment upon delayed Maf overexpression in 

Cγ1-creERT2; R26 MafstopF mice was reduced in size, but less so than in Cγ1-cre; 

R26 MafstopF mice in which Maf is early activated during the GC response. Maf-expressing 

GC B cells rapidly diminished, but a fraction of the remaining transgene-expressing cells is 

still antigen-specific and IgG1 class-switched.  

3.1.5 Developmental fate of Maf-expressing plasma cells 

In addition, splenic and BMPC populations were analyzed in the same time course 

experiment described above, which included NP15-CGG immunization and subsequent  
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Figure 5: Effect of temporally controlled Maf expression in peak GC B cells on the plasma cell response. 

Cγ1-creERT2; R26 MafstopF mice were immunized, and tamoxifen administered on days 10, 11 and 12 as 

described before followed by analysis at 4 consecutive time points (d 14, 21, 28, 35). The splenic and bone 

marrow PC compartment were assessed by flow cytometry based on high CD138 and TACI surface expression 

as well as detection of reporter proteins BFP and hCD2. A) Representative dot plots showing splenic 

CD138+TACI+ PB/PC, expression of MHC-II and CD93 within that population and respective reporter expression 

for a Maf (upper panel) and control mouse (lower panel), each analyzed at d 14 p.i. (left). Absolute numbers of 

total (light color) and transgene-expressing (dark color) PB/PC were calculated from assessed percentages and 

are depicted as bar charts (right). B) The same analysis as (A) for bone marrow PC (left). Absolute numbers of 

total (light color) and transgene-expressing (dark color) bone marrow PCs were calculated from assessed 

percentages and are depicted as bar charts (right).  
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administration at the peak of the GC response (i.e., d 10-12 p.i.) of Cγ1-creERT2; 

R26 MafstopF and R26 hCD2stopF control mice, followed by the analysis at consecutive 

time points (d 14, 21, 28, 35 p.i.). As before, PCs were identified by CD138 and TACI surface 

expression using flow cytometry. They accounted for appr. 0.2 % of splenocytes in control 

and Maf-expressing mice until day 28 p.i. (shown for a Maf and control mouse at d 14 p.i. in 

Fig. 5A, left). Subsequent analysis of maturity markers CD93 and MHC-II showed that both 

early and more mature PB could be found (Fig. 5A, left). Calculation of absolute cell numbers 

revealed that the total splenic PB/PC compartment was very similar between Cγ1-creERT2; 

R26 MafstopF and control mice at all timepoints analyzed (Fig. 5A right, light colored 

columns). However, the compartment of transgene-expressing (reporter+) splenic PC was 

substantially smaller in Maf-expressing mice and disappeared faster during the experiment 

than in control animals (Fig. 5A right, dark colored columns). MAF-expressing splenic PCs 

could only be detected in one out of two mice at day 28 and 35 p.i., respectively, whereas 

hCD2-expressing PCs could still be found in both control mice at these time points. 

Interestingly, a different kinetic was revealed when analyzing BMPCs, which generally 

exhibit a more mature phenotype as shown by downregulation of MHC-II and upregulation 

of CD93 (Fig. 5B left). The total BMPC compartment was comparable between Maf and 

hCD2-transgenic mice (Fig. 5B, graph, light-colored columns). Interestingly, the reporter 

expressing PC population remained comparable in number up to 28 days of observation. 

While no more BFP+ (i.e., MAF+) BMPCs could be detected at day 35 p.i., the reliability is 

limited here due to small sample size and no longer allows exact statements regarding this 

population (Fig. 5B). 

3.1.6 T cell support and immunosurveillance upon temporally controlled Maf expression 

To rule out the possibility that Maf-expressing cells rapidly disappear due to lack of T cell 

support or elimination by cytotoxic T cells215 in a context of immune surveillance216, the 

respective T cell populations in extracted spleens were examined by flow cytometry in the 

same immunized and tamoxifen treated Cγ1-cre; R26 MafstopF and R26 hCD2 control 

mice. Technically, T cells were identified by their surface expression of CD3e and TCRb 

(Fig. 6A). Active T helper cells were assessed by further gating for CD4+CD44+CD62L- 

cells. Absolute numbers of that population were calculated for all analyzed time points and 

revealed no apparent difference between Cγ1-cre; R26 MafstopF and R26 hCD2 control 

mice (Fig. 6B). Among the CD4+ Th cells, PD1+ expression was assessed that allowed for 
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analysis of exhausted T cells and the estimation of Tfh cells (that are usually defined as 

PD1+CXCR5+217). These populations did not vary concerning absolute numbers between 

Maf and control mice.  

Analogously, PD1+ and PD1- cytotoxic T effector cells were distinguished as 

CD8+CD44+CD62L- cells, and absolute numbers for both populations were calculated for all 

analyzed time points. The numbers revealed no apparent difference between Maf and 

Figure 6: T cell support and immunosurveillance upon conditional Maf expression in GC B cells. Cγ1-

creERT2; R26 MafstopF (Maf) and Cγ1-creERT2; R26 hCD2 control mice were immunized, and tamoxifen 

treated at days 10-12 p.i. At 4 consecutive time points (d 14, 21, 28 and 35 p.i.), splenic T cells were assessed 

by their surface CD3e and TCRb expression. A) Contour plots illustrating the gating strategy for identifying 

CD4+ and CD8 activated (CD44+CD62L-) T cells in a representative mouse analyzed at day 14 p.i. Both 

populations were further assessed for PD1 expression marking exhausted T cells and allowing to estimate 

CD4+ Tfh cells. B) Quantification of the absolute numbers of CD4+ T cell populations in spleens. C) 

Quantification of the absolute numbers of CD8+ T cell populations in spleens. n = 2. 
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control mice (Fig. 6C). Thus, based on an orientating quantitative analysis, no obvious 

alterations of T cell support or immunosurveillance could be detected. 

In summary, delayed transgene expression in Cγ1creERT2; R26 MafstopF mice could 

attenuate the counter-selection of Maf-expressing GC B cells and was compatible with 

CSR and differentiation into BMPCs. However, a decrease of Maf-expressing B cell 

populations was observed over time that was not caused by reduced proliferation of GC B 

cells, restrained T cell support or immunosurveillance. Aiming to optimize the transgenic 

approach, subsequent experiments sought to investigate the molecular biological function 

of MAF to identify putative shortcomings of the mouse model, such as protein interactions. 

3.2 Protein interaction of MAF in MM 

The translocation t(14;16) leads to overexpression of the transcription factor MAF in human 

B cells during the germinal center reaction, a process that is tightly regulated by a network 

of transcription factors2,22,26. To analyze presumable interactions of MAF with other nuclear 

proteins in MM pathology, an unbiased approach was established based on the 

immunoprecipitation of MAF followed by mass spectrometric analysis of coprecipitated 

proteins. Protein-protein interaction studies were carried out in human MAF translocated 

MM cell lines, which are dependent on MAF expression154,215 and thus likely conserve the 

initial MAF mediated oncogenic pathways. 

3.2.1 Cellular localization of MAF 

To the MAF interactome in its main cellular compartment, first analyses aimed to determine 

the preferential (nuclear) localization of the target protein. Therefore, a procedure was 

established that allowed to dissect the cell lysate of human MM cells into a cytoplasmic, 

perinuclear, chromatin and nuclear matrix-fraction. This was achieved by firstly separating 

the so-termed perinuclear fraction from the whole nucleus using a sucrose- and ammonium 

sulfate- based buffer, before resolving chromatin-bound proteins by benzonase digestion of 

DNA. All cellular compartments were then analyzed by Western blot (Fig. 7) To control for 

proper separation, the expression of the cytoplasmic protein ACTB was analyzed and found 

mainly in its corresponding cytoplasmic fraction and to a lesser extend in the perinuclear 

matrix (Fig. 7). Analogously, the nuclear proteins Lamin A/C and PARP1 were analyzed and 

detected in the nuclear subfractions with little to no signal in the cytoplasmic fractions. It 
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must be noted that dissection into the nuclear matrix fraction was challenged by 

contaminations of cytoplasmic and chromatin-associated proteins. Interestingly, however 

PARP1 was not detected in the nuclear matrix fraction, unexpectedly from its role as a 

nuclear enzyme216. Nevertheless, the established method allows a reliable statement about 

the localization of proteins in HMCL cells.  

Next, the developed method was used to analyze the cellular localization of MAF and to test 

the ability of different cell lysis buffers to dissolve MAF from its respective cellular 

compartment. Therefore, diverse whole cell and nuclear compartment lysis buffers were 

tested. Technically, the MAF translocated MM1.S cells were harvested and lysed either in a 

high salt lysis (HSL) buffer, a modified RIPA (mRIPA) buffer, a NP40 buffer or a Chaps 

based buffer, respectively. In parallel, nuclear extracts from the cells were produced. Protein 

extracts were analyzed by Western blot and compared to respective extracts from the 

subdissection method (Fig. 7). As shown in Fig. 8, the MAF translocated human MM cell line 

MM1.S demonstrated high expression of MAF (48 kDa) controlled by the analysis of 

retrovirally transduced mouse fibroblast NIH3T3 cells overexpressing mouse MAF (Fig. 8, 

lanes 12 + 13). Of note, in MM1.S cells, MAF was rarely located in the cytoplasm and 

predominantly found in the chromatin fraction as expected from its function as a TF. 

Importantly, protein lysates achieved after HSL also contained high amount of MAF protein. 

Figure 7: Subdissection of MAF-expressing HMCL cells. Based on published protocols201–204, a method 

was established to selectively isolate proteins from the cellular localizations cytoplasm (CP), the perinuclear 

matrix (PNM), the chromatin fraction (CF) and the nuclear matrix (NM) (detailed description in the Methods 

section). Three MAF translocated MM cells lines were used as model systems (MM1.S, RPMI-8226 and 

ANBL6). Briefly, approx. 1 x 106 HMCL cells were resuspended in CSK100 buffer supplemented with 0.2 % 

NP40 and centrifuged. Purified supernatants constituted the CP. Nuclear subfractions containing pellets were 

washed twice before separating the PNM by lysis in PNF buffer with 0.5 % NP40 and centrifugation. The CF 

was finally isolated by benzonase digestion in CSK50 buffer terminated by adding ammonium sulfate. 

Remaining pellets after centrifugation constituted the NM. 30 μg of each protein fraction were separated by 

SDS-Page and analyzed by Western blot for localization of the cytoplasmic protein ACTB (42 kDa) and the 

nuclear proteins Lamin A/C (74 / 63 kDa) and PARP1 (116 kDa), respectively.  
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Furthermore, cell lysis in a high detergent containing mRIPA buffer resulted in high MAF 

concentration even if not classically used for chromatin associated proteins.  

Thus, MAF is mainly located in the chromatin fraction of the nucleus and can succesfully be 

dissolved from that localization by a HSL and a mRIPA buffer, both upscalable procedures 

well suited for mass spectrometry. 

3.2.2 MAF interactome in human MM cell lines 

To collect MAF immunoprecipitates from HSL and mRIPA lysates of three different MAF-

translocated HMCL, samples were incubated with a rabbit αMAF antibody for 2 h before 

magnetic bead-based pull down assays. As controls, lysates were incubated with a rabbit 

IgG isotype control antibody. After elution from beads, precipitates were analyzed by 

Western blot using a guinea pig αMAF antibody. As shown in Fig. 9, MAF protein was 

successfully immunoprecipitated from both HSL and mRIPA lysates of RPMI-8226, MM1.S 

and ANBL6 cells.  

The procedure was therefore eligible for further analysis of the MAF interactome by mass 

spectrometry. Thus, samples were prepared and subjected to mass spectrometry 

Figure 8: Sufficient isolation of MAF from its nuclear localization. Proteins from MM1.S cells were 

separated by different lysis conditions to test the ability of different buffers to extract MAF. Briefly, each 1 x 106 

cells were lysed in the whole cell lysis buffers termed high salt lysis buffer (HSL), a modified RIPA buffer 

(mRIPA), a PBS-based NP40 containing buffer (PNP40) or a buffer containing the Chaps detergent (Chaps). 

Analogously, nuclear extracts of MM1.S cells were prepared following a published method200. Cells of the 

mouse fibroblast cell line NIH3T3 were transduced with a murine stem cell virus construct coding for Maf or a 

GFP reporter protein (Mock) and lysed in HSL buffer as positive control. 30 μg of protein from all procedures 

were separated by SDS-Page and analyzed for MAF (48 kDa) expression by Western blot together with 

extracts from the previous subdissection experiment (Fig. 8). An additional blot for the HSL procedure is shown 

as the MAF band showed an unexpected low signal. 
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(performed by Dr. Marieluise Kirchner, Proteomics Core Facility MDC Berlin). The proteomic 

approach identified a total of 883 protein interactions conserved in HSL lysates (Fig. 10A). 

The majority of associated proteins (76.3 %) were found in at least two of the three MAF 

translocated MM cell lines investigated, in agreement with a common mechanism of action 

of MAF. Interestingly, of the 492 putative MAF interactors shared among all three MM cell 

lines under HSL conditions, 317 could not be detected in any of the same cell lines under 

mRIPA conditions (Fig. 10B). Of those, 62 included known DNA binding proteins, suggesting 

that HSL treatment is more appropriate to elute proteins from the chromatin compartment. 

Importantly, also 7 TFs (PHF5A, AATF, IFI16, IKZF1, MECP2, REXO4, SPE) could be 

detected as putative MAF interactors after HSL, but not after mRIPA lysis (Fig. 10B, red 

triangles). When determining overlapping protein interactors between the two lysis 

conditions, 62 proteins were associated with MAF in all three human MM cell lines, indicating 

robust interactors (Fig. 10A and Table 35).  

  

Figure 9: Immunoprecipitation of MAF from lysates of human MM cell lines. 1 x 107 freshly collected cells 

from RPMI-8226, MM1.S and ANBL6 cell lines were lysed in either HSL (A) or modified RIPA buffer (B) and 

450 µg of lysates subjected to magnetic bead-based immunoprecipitation with an αMAF antibody or rabbit IgG 

isotype control. After elution from magnetic beads, 10 % of resulting proteins (IP) together with 10 μg of protein 

from input samples and supernatants (SN), respectively, were separated on a gradient SDS-page and 

subsequently analyzed by Western blot using a guinea pig αMAF antibody.  
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Table 35: Table 36: Common MAF binders in human MM cell lines MM1.S, RPMI8226 and ANBL6 

detected after both HSL and mRIPA lysis. Transcription factors are highlighted in blue. 

 

A variety of TF were identified as putative MAF binding proteins (Fig. 11) with a total of 35 

binding to MAF in at least one MM cell line in one lysis condition. Interestingly, no AP1 

proteins were identified among the interactome, but non-significant enrichment of MAFG 

peptides was detected. 7 TFs (HNRNPK, NFKB1, NFKB2, MAZ, TARDBP;TDP43, CEBPZ 

and YBX1) bound to MAF in all three cell lines under HSL conditions plus at least in one 

more cell line upon mRIPA lysis. Thus, a total of 14 TFs (7 exclusively and 7 in common 

with mRIPA) were commonly found after HSL extraction. Of those, only NFKB1 and 

NFKB2 were found under both lysis conditions in all three MM cell lines, indicating a 

possible cooperation between deregulated MAF expression and the NFκB pathway activity 

(Table 35). CBFB, a predicted MAF interactor217 was found solely in the MAF interactome 

in RPMI-8226 cells after HSL lysis (Fig. 11A) 

MAF NFKB1 AQR NFKB2 

BCAS2 NHP2L1 CDC40 PABPC1 

CRNKL1 PABPC4 DAP3 PDHA1 

DDX21 PDHB DLAT PDHX 

DLST PRPF19 EFTUD2 PRPF6 

EIF4A3 PRPF8 FASTKD2 PTBP1 

HNRNPA1 RALY HNRNPAB RBM22 

HNRNPC RBM8A HNRNPD RPL10A 

HNRNPDL RPLP2 HNRNPF RRBP1 

HNRNPH1 SEC16A HNRNPH3 SF3B2 

HNRNPK SNRNP200 HNRNPL TOP2B 

HNRNPM TRUB2 MRPL17 UPF1 

MRPL20 UTP18 MRPL39 WDR36 

MRPL41 WDR43 MRPL43 ILF3 

MRPL44 ISY1 MRPL51 HIST1H1C 

MRPS7 HIST1H1E   
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It was previously reported that MAF proteins can interact with the co-activators P/CAF135, 

P300, CBP136, and TBP137 to initiate transcription. Therefore, the mass spectrometry data 

were searched for these proteins. Importantly, P/CAF, but none of the other factors robustly 

bound to MAF in all three MM cell lines following HSL lysis (Fig. 11A). Thus, a diversity of 

MAF interacting proteins was found showing interesting functions in transcriptional 

regulation. Further functional analysis are required to determine the importance of putative 

interactors for the pathogenesis of MM with t(14;16).  

Figure 10 (page 72): MAF interacting proteins in human MM cell lines. Cells from human MAF translocated 

MM cell lines (RPMI-8226, MM1.S and ANBL6) were lysed in either HSL or modified RIPA buffer and lysates 

subjected to immunoprecipitation with a rabbit αMAF antibody or rabbit IgG isotype control as described above. 

Precipitates were analyzed by mass spectrometry. Experiments were performed in technical triplicates; 

proteins enriched in the MAF antibody group compared to isotype control were considered MAF associated 

proteins. Two sample student´s t test, corrected by Benjamini Hochberg procedure False discovery rate FDR 

= 5 % A) Venn diagrams depicting MAF associated proteins from HSL lysates (left), and modified RIPA lysates 

(right) found in the three cell lines analyzed. 62 proteins (including MAF) were found in the interactome in all 

three cell lines in both conditions (center). B) The graphic illustrates proteins that appear in different sets of 

samples mutually exclusive to one another. Sum of DNA binding proteins as judged by GOMF category 

analysis is colored in grey. Transcription factors are highlighted by red triangles. 
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3.2.3 MAF protein interaction in a mouse model and screening for candidates 

Proteomic analysis of MAF immunoprecipitates from human MM cell lines found a variety of 

TFs and chromatin associated proteins in the interactome of MAF suggesting that the 

oncogenic activity of MAF in MM requires its cooperation with other (e.g., DNA-binding) 

cofactors. This is also implied by the observation that the overexpression of Maf on its own 

in mouse GC B cells does not induce myelomagenesis. One possible explanation for this 

observation could be that essential oncogenic protein-protein interactions cannot form in the 

mouse model either due to a wrong timing of MAF overexpression or because of complete 

absence in the murine situation. Therefore, further experiments aimed to establish an in vitro 

screening platform to assess the interaction of MAF and possible interactors in mouse B 

cells to eventually enable future research on the MAF interactome.  

To gain a first insight into the protein interactions of MAF in the Cγ1cre; R26 MafstopF 

mouse model, a glutaraldehyde crosslinking approach was established. To test for the 

minimal amount of glutaraldehyde required to crosslink MAF protein, increasing amounts of 

glutaraldehyde were added to the HSL buffer during the lysis of MAF expessing human MM 

cell lines. The respective lysates were then analyzed by Western blot to observe the 

formation of bands of higher molecular weight. Interestingly, upon addition of 0.004 % 

glutaraldehyde a new band at approx. 100 kDa appeared, interacting with a MAF specific 

antibody, indicating the presence of a MAF containing protein complex (Fig. 12A). Of note, 

upon addition of 0.04 % of glutaraldehyde, the monomeric band of MAF disappeared, 

suggesting complete crosslinking. Interestingly, the 100 kDa protein complex could also be 

immunoprecipitated with an αMAF antibody from HSL lysates, rendering the method suitable 

for analysis of protein interactions in human MM cell lines and probably conserving also 

unstable or transient protein interactions (Fig. 12B).  

Figure 11 (page 74): MAF binding transcription factors in MM. Volcano plots presenting MAF associated 

proteins detected by mass spectrometry of MAF pull downs from lysates of the cell lines MM1.S, RPMI8226 

and ANBL6 respectively, as described before. A) MAF interactome as detected after HSL lysis. Substantial 

binders after Benjamini Hochberg correction are colored dark grey. Proteins that were found to bind MAF in 

all three cell lines, but mutually exclusive in one buffer condition are colored yellow (HSL) or blue (RIPA), as 

encoded in Figure 11B, respectively. Transcription factors substantially binding MAF are labeled at the edge. 

Known or predicted MAF binders are labeled in the center of the diagrams and corresponding data points 

colored dark grey. B) Same analysis as A, but cells were lysed in a modified RIPA buffer. 
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To compare the protein interactions of MAF in HMCL with those found in in vitro activated 

splenic B cells from the Cγ1cre; R26 MafstopF mouse, Maf-expressing B cells were also 

lysed in glutaraldehyde containing HSL buffer, analogously to MM1.S and RPMI-8226 

human MM cells. Importantly, in the presence of glutaraldehyde, the same 100 kDa band 

originally identified in HMCL samples also appeared in Maf-expressing mouse B cell lysates, 

indicating the occurrence of a similar MAF containing protein complex in the mouse and 

suggesting that the method could potentially be used in the future to analyse mouse protein 

interactions (Fig. 12C). 

  

Figure 12: Oligomerization of MAF in human MM cells and mouse B cells. A) Crosslinking approach to 

analyze protein interaction of MAF. 1 x 106 freshly collected MM1.S cells were lysed in HSL buffer containing 

increasing amounts of the crosslinker glutaraldehyde (0 %, 0.0004 %, 0.001 %, 0.004 % and 0.04 %, indicated 

by the crescendo). Crosslinking was quenched by addition of Tris-HCl (pH 8). Lysates were subjected to 

Western blotting with the rabbit αMAF antibody (MAF, 48 kDa). B) Lysates from (A) with 0.004 % GA were 

subjected to IP as described before. Eluted immunoprecipitates, 10 μg supernatant protein and respective 

controls (rabbit IgG isotype) were analyzed by Western blot using a guinea pig αMAF antibody. C) Splenic B 

cells from Cγ1-cre; R26 MafstopF mice were isolated by CD43 depletion and cultured in the presence of 

αCD40 (1 µg/ml) and IL4 (25 ng/ml) overnight to activate Maf transcription. Subsequently, mouse B cells and 

human MM cells from the HMCL MM1.S cells and RPMI8226 were lysed in HSL buffer with or without 

glutaraldehyde crosslinking (0.004 % GA). Lysates were separated by SDS page and analyzed by Western 

blot using a rabbit αMAF antibody. 
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Next, an approach was developed to investigate the possible functional interactions of 

transgenic mouse MAF with proteins identified in the mass spectrometric analysis of MAF 

immunoprecipitates in HMCL. The concept is based on the hypothesis that enforced 

coexpression of possible interactors together with transgenic Maf in mouse B cells might 

enhance its transcriptional activity and upregulate known MAF-regulated genes. Thus, the 

expression of such target genes can be measured as read-out. To allow for the 

overexpression of selected interaction candidates, splenic B cells isolated either from Cγ1-

cre; R26 MafstopF or reporter control mice can be transduced with MSCV-based 

retroviruses encoding respective interactors and GFP or only GFP. Double reporter positive 

B cells can be FACS sorted for coexpression of MAF (BFP) and the interactor (GFP) or 

respective single transgenes and reporter controls. Finally, the transcriptional activity of MAF 

can be delineated based on the mRNA expression levels of selected MM target genes. To 

simplify the concept during establishment, only MAF itself was initially transduced as a 

possible interaction partner, and only the expression of Itgb7 was used as read-out. 

Importantly, ITGB7 is considered one of the most important target genes of MAF in MM 

pathology and is expressed upon direct binding of MAF to its promoter57,154,155,159. 

Stimulation of isolated splenic B cells with IL4 and αCD40 resulted in an expected181 

transgene activation in >90 % of B cells both in Maf-transgenic and control cells as judged 

by the respective reporter protein expression (Fig. 13A). Retroviral transduction with a 

MSCV-based retrovirus, empty or encoding for Maf, was highly efficient allowing for a decent 

amount of double reporter positive cells to be FACS sorted (Fig. 13A). Upon stimulation, B 

cells from Cγ1-cre; R26 MafstopF mice showed a 5-fold higher relative expression of Maf 

mRNA compared to control B cells (Fig. 13B, light blue). Transduction of the Maf-encoding 

retrovirus increased Maf expression within normal B cells approx. 35-fold (Fig. 13B, green), 

which was further elevated in the additional presence of the Maf transgene (Fig. 13B, dark 

blue). Interestingly, the increasing expression level of Maf had a direct effect on the 

expression of its target gene Itgb7 whose expression was upregulated approx. 3.5-fold by 

the Maf transgene (Fig. 13C, light blue) or 4.5-fold by the Maf retrovirus (Fig. 13C, green) 

alone, but was enhanced up to 8-fold in double Maf-expressing B cells (Fig. 13C, dark blue).  
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Thus, stimulated B cells from Cγ1-cre; R26 MafstopF mice can be transduced with MSCV 

constructs encoding for putative interaction partners and the MAF MM target gene Itgb7 can 

be used as a read-out for MAF transcriptional activity. Therefore, the established protocol is 

suitable to screen proteins identified in the mass spectrometric approach from HMCL as 

oncogenic partners of MAF in the Cγ1cre; R26 MafstopF mouse model in future work. 

Promising candidates might finally be coexpressed with Maf in vivo to develop a convenient 

mouse model for the pathology of t(14;16) translocated MM cases. 

  

Figure 13: Establishment of an in vitro screen of candidate MAF interactors in mouse B cells. Splenic 

B cells from Cγ1-cre; R26 MafstopF and Cγ1-cre; R26 BFPstopF control mice were isolated by CD43 

depletion, cultured in the presence of αCD40 (1 µg/ml) and IL4 (25 ng/ml) overnight and transduced with 

MSCV-based retroviral supernatants encoding for GFP only (=MIG) or Maf and GFP. A) Double reporter 

positive B cells were FACS sorted after 72 h based on BFP and GFP protein expression. Four samples were 

generated per experiment; (1) BFP control B cells transduced with an empty MIG virus (grey), (2) Maf 

transgenic B cells transduced with an empty MIG virus (light blue), (3) BFP control B cells transduced with a 

Maf-encoding virus (green) and (4) Maf transgenic B cells transduced with a Maf-encoding virus (dark blue). 

Contour plots illustrate the sorting strategy after transduction. B-C) Quantitative RT-PCR to detect Maf (B) and 

Itgb7 (C) mRNA expression in the sorted samples. Of note, the expression values are plotted as normalized 

values in comparison to the respective reporter control sample (control B cells and control virus, grey-colored). 

Actb, Hmbs, Tbp and Hprt were used as reference genes. The RT-PCR was performed in technical triplicates. 

MIG: MSCV-IRES-GFP vector. 
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4. Discussion 

4.1 Impact of Maf expression on terminal B cell differentiation in a novel mouse 

model 

MM is a tumor of terminally differentiated B cells, namely PCs, and is characterized by a 

stepwise acquisition of genetic aberrations that lead to malignant transformation4. The 

beginning of this process likely happens during the GC reaction of B cells and is defined by 

the emergence of classical primary genetic events, referred to as myeloma-initiating events 

(MIE)9,83. In approximately 50 % of MM cases, these MIEs include the overexpression of 

single oncogenes because of translocations which place these genes under control of the 

strong Ig enhancer region4. Next to cyclin D members and MMSET, overexpression of three 

MAF transcription factors constitute MIEs, with c-MAF being the most frequently found TF 

as a consequence of the translocation t(14;16) in 5 % of MM cases96. 

Surprisingly, as previously shown in our laboratory by Wiebke Winkler, the conditional 

overexpression of Maf in early mouse GC B cells of the Cγ1-cre; R26 MafstopF strain led to 

a massive reduction of Maf-expressing GC B cells, the believed COO of this type of MM178. 

At the same time, Maf-expressing antigen-specific IgM-secreting PCs temporarily 

accumulated in the BM. It is not known whether these cells are derived from the early GC 

or extrafollicular immune response. Thus, the reduced GC reaction can be explained by 

transgenic Maf expression either impairing entry into the GC, inducing apoptosis, and/or 

reducing proliferation of GC B cells. The early accumulation of BMPCs from day 4 onwards 

could be caused by a better toleration of Maf overexpression in PBs178. On the other hand, 

Maf expression in GC B cells could enforce terminal differentiation towards PCs178. 

Additionally, containment of transgenic GC B cells by T cell dominated immunosurveillance 

must be regarded. 

This thesis aimed to characterize the altered terminal B cell differentiation upon Maf 

overexpression in the Cγ1-cre; R26 MafstopF mouse model in more detail, mainly focusing 

on the unexpected observations of the strongly reduced mature B cell populations178. 

Therefore, BrdU incorporation studies as well as fate tracking experiments to target Maf 

expression more precisely to specific B cell differentiation stages were conducted to assess 
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the proliferative capacity, differentiation choice and further development of Maf-transgenic 

B cells in vivo. 

4.1.1 Impact of Maf expression on early GC B cells 

Impaired cell division of GC B cells upon Maf overexpression constitutes a possible reason 

for the reduced GC reaction in Cγ1-cre; R26 MafstopF mice. To analyze the effect of Maf 

expression on the proliferation of GC B cells, BrdU incorporation experiments were 

performed. The absolute amount of Maf-expressing GC B cells on day 14 post immunization 

was approx. 25-fold lower in Cγ1-cre; R26 MafstopF mice compared to control mice (Fig. 

2B), in line with the previously described 16.5-fold reduction178. However, BrdU incorporation 

within Maf-expressing GC B cells did not differ from control animals (Fig. 2C), indicating that 

Maf overexpression per se does not impair the ability of B cells to proliferate. Cell division is 

a central mechanism in the terminal differentiation of B cells218. Upon challenge with a type-

I TI antigen, a division-specific regulation of gene expression can be found in B cells 

differentiating towards PCs219. This regulation is strongly dependent on division-specific 

changes in the DNA methylome and overall DNA accessibility219–221. Unfortunately, such 

analyses have not yet been conducted for TD antigens, such as NP15-CGG. However, if one 

assumes an analogy, the precondition to differentiate terminal would be fulfilled in Maf-

expressing GC B cells. Of note, the fraction of BrdU+ cells within the GC B cell compartment 

was rather heterogenous among the Cγ1-cre; R26 MafstopF mice analyzed and especially 

low in 3 of them. Importantly, the experiment was performed in four runs (i.e., four separate 

days) with a minimum of 3 mice per group being analyzed in parallel. The three mentioned 

dropouts were analyzed in different runs of the experiment each together with respective 

control mice, minimizing errors in the process. Large variances of BrdU+ fractions within 

whole cell compartments are commonly observed32. However, it can also reflect a limitation 

of the experimental setup, which depicts only a snap-shot-like view of the proliferation status. 

Due to the short half-life of BrdU213, it is incorporated in cells that enter the S-phase shortly 

after intraperitoneal injection. GC B cells divide every 7-12 h222,223 and BrdU labeling is 

reduced to 8 % within 2 divisions32. Thus, 15 h after injection, cells are detected which have 

actively divided at day 13. However, it cannot be determined how many divisions a GC B 

cell performed upon activation, and how many may follow. Upon immunization with TI 

antigen, a minimum of eight divisions is needed for the differentiation into ASCs224. Such 
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dependency has not been investigated for TD antigens. Of note, PBs and PCs can be found 

in Maf-transgenic mice, implying no differentiation block per se. Nevertheless, the 

application of cell division tracking dyes like carboxyfluorescein succinimidyl ester or 

CellTrace Violet (available from Molecular Probes, Invitrogen) could enable a more long-

term analysis of cell division to explicitly analyze GC B cells and their progeny225. These 

substances accumulate in the cytoplasm of cells and are distributed equally to the daughter 

cells upon cell division, resulting in distinct fluorescence intensities that allow tracking up to 

11 divisions225. Hence, proliferation could be tracked over a longer period and compared to 

reporter control-expressing cells to more profoundly rule out reduced cell division of Maf-

expressing GC B cells as the reason for the reduced GC B cell compartment in Cγ1-

cre(ERT2); R26 MafstopF mice. As a downside, these dyes can only be subjected to cells 

ex vivo and require transplantation for in vivo analysis218, a challenge in GC B cell studies. 

The addition of CXCR4 and CXCR5 staining could furthermore improve the analysis of 

proliferation within the GC compartment by allowing to specifically analyze LZ and DZ cells 

that show different cycling behaviors222. 

Apart from restricted proliferation, activation of apoptosis should be considered as a 

potential reason for the reduced GC reaction in Cγ1-cre; R26 MafstopF mice. In addition to 

its role in terminal CD4+ T cell differentiation138, MAF was reported to contribute to apoptosis 

induction by BCL2 depletion in CD4+ T cells226 and by caspase 6 upregulation in CD8+ T 

cells227. Ex vivo intracellular staining for active caspase 3 or incubation with fluorophore 

coupled pan-caspase inhibitors like FITC-VAD-FMK and subsequent flow cytometric 

analysis of transgene-expressing GC B cells would allow to measure the fraction of apoptotic 

cells within that compartment. It must be noted that incubation of unstimulated transgenic B 

cells ex vivo carries the risk of premature cell death and must be kept as short as possible, 

as preliminary work has shown. A further possibility to gain a broader insight into the effect 

of Maf overexpression including apoptosis is RNA-seq of sorted Maf-expressing cell 

populations, an ongoing work in our laboratory. Furthermore, to assess possible apoptosis 

induction by Maf in vivo, the Cγ1-cre; R26 MafstopF mouse could be crossed to a conditional 

Bcl2 allele228. Of note, Bcl2 overexpression in Eμ-Bcl2 mice enforces an initial ASC 

accumulation228 and can also lead to plasmacytoma like diseases229 which must be 

controlled properly.  
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4.1.2 Impact of Maf expression on peak GC B cells 

Aiming to assess the impact of Maf overexpression on different developmental stages in 

terminal B cell differentiation, the Cγ1-creERT2190 allele was used. Technically, the exact 

timing of Maf expression could be externally determined by tamoxifen application at different 

time points after immunization of Cγ1-creERT2; R26 MafstopF mice (Fig. 3). As expected 

from published work on eYFP-transgenic mice190, tamoxifen application at days 10, 11 and 

12 after immunization enabled to target Maf expression predominantly to peak GC B cells 

(approx. 60 % of BFP+ cells, Fig. 3) so that the effect of a delayed transgene activation could 

be studied in comparison to the Cγ1-cre; R26 MafstopF allele that leads to early transgene 

induction in the GC reaction. 

In general, cre recombination in GC B cells can be expected in only up to 10 % of GC B 

cells when using the Cγ1-creERT2 allele190 compared to 85 % in Cγ1-cre mice181. Similarly, 

the absolute numbers of reporter-expressing GC B cells in control mice at day 14 were 

approx. 5-fold lower when activated by the Cγ1-creERT2 allele than by the in Cγ1-cre allele. 

The same held true for antigen-specific, IgG1 class-switched GC B cells. In stark contrast, 

the Maf-expressing GC B cell population was of the same size on day 14 after immunization, 

regardless of activation by the Cγ1-cre or Cγ1-creERT2 allele (tam d 10-12) and only 

reduced 3-fold in comparison to control GC B cells in the latter case. Interestingly, numbers 

of antigen-specific, IgG1 class-switched B cells were approx. 4-times larger upon delayed 

transgene activation in a smaller initial fraction of cells in Cγ1-creERT2; R26 MafstopF mice. 

This suggests that the counter-selection of Maf-expressing GC B cells could happen very 

early in the GC (i.e., before CSR) and can partly be overcome by delayed transgene 

activation. However, this initial rescue did not change the long-term fate of Maf-expressing 

GC B cells, as both total and antigen-specific ones were lost during the experiment (Fig. 4).  

Nevertheless, the observation suggests that the development of a mouse model for the 

translocation t(14;16) in human myelomagenesis requires an exact timing of transgene 

activation. In contrast, in a previously developed mouse model, expression of Maf in naïve 

B cells under the control of the VH promoter, Eμ enhancer, and 3'Eκ enhancer led to 

accumulation of CD138hiB220- PCs with age, resembling a plasmacytoma-like phenotype57. 

This model implies that an exact timing is not needed, even though the PCs did not exhibit 

a post-GC phenotype57. Astonishingly, in another model, even the overexpression of Mafb 
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in hematopoietic stem cells led to the accumulation of pathogenic PCs even though these 

cells expressed neither Mafb nor known target genes56. A mechanism of epigenetic 

remodeling was suggested by the authors56. Indeed, the exact time point of acquisition of 

the translocation t(14;16) in human myelomagenesis in not known, but examples like 

follicular lymphoma and mantle cell lymphoma show that the initial acquisition of the genetic 

aberrations can take place well before a malignant phenotype of a given differentiation stage 

is formed18.  

Nevertheless, to further validate the R26 MafstopF allele, it could be crossed to other cre 

alleles that target the expression to naïve B cells with the Cd19-cre allele180 (close to the 

Eμ-Maf mouse model57) or to hematopoietic stem cells using Vav-cre230 (close to the Sca1-

Mafb mouse model56). The first method has the additional advantage of minimizing counter-

selection mechanisms, as Maf would be expressed in 90–95 % of naïve B cells180.  

Somatic cells underlie a constant surveillance by the immune system controlling possible 

malignant transformation and infection, to a great extend based on the presentation of self-

antigen by MHC-I231. To rule out the possibility that transgenic overexpression of Maf 

activates a cytotoxic immune response against Maf-transgenic B cells in Cγ1-creERT2; 

R26 MafstopF mice, T cell populations were assessed by flow cytometry. Splenic active 

CD8+ T cells in Maf-transgenic mice did not differ in the number compared to control mice, 

implying no ongoing cytotoxic T cell attack against Maf-expressing B cells. This was 

expected, since the transgenic Maf is of murine origin and should be tolerated. As the 

generation of a fully functional GC is highly dependent on Tfh cells2, respective populations 

were furthermore assessed. The numbers of Tfh cells in the spleen of Cγ1-creERT2; 

R26 MafstopF mice were equal to control animals, estimated by assessment of 

CD4+CD44+CD62L-PD1+ cells (Fig. 7B) implying normal Tfh support. Of note, this population 

also includes exhausted CD4+ T helper cells. 
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4.1.3 Impact of Maf expression on plasma cell populations 

In Cγ1-cre; R26 MafstopF mice, Maf-expressing cells of more mature stages of terminal B 

cell differentiation were less reduced than GC B cells, and the early generation of antigen-

specific IgM+ ASC in the BM significantly exceeded (albeit only transiently) the response in 

hCD2-expressing control animals178. To gain a more detailed insight into the impact of Maf 

overexpression on PC differentiation, splenic PB and PC populations were assessed in Cγ1-

creERT2; R26 MafstopF mice following early, mid, and late tamoxifen application as well as 

BMPCs upon mid-term activation. 

Immunization of Cγ1-creERT2; R26 MafstopF mice and subsequent early Maf activation 

offered a suitable method to investigate the effect of Maf overexpression on splenic 

differentiating PBs (Fig. 3B). This was expected based on previous studies that targeted 

eYFP to those cells190. Such Maf-expressing PBs are most likely of extrafollicular origin and 

should show only limited SHM which can be confirmed by sorting of the respective cells 

followed by isolation of genomic DNA and sequencing of the VDJ rearrangements as well 

as the JH4 intron. The number of these cells decreased within one week of observation, 

explainable by induced cell death and/or terminal differentiation or homing to the BM. 

However, it must be noted that Maf overexpression in B cells does not drive PC 

differentiation in vitro, neither upon stimulation with LPS (mimicking a type-I TI response)178 

nor upon stimulation with IL4 and αCD40 (a TD model, unpublished work) or in culture with 

40LB feeder cells232 (TD model with continuous CD40L and BAFF and subsequent IL4 or 

IL21 provision)233. 

The targeting of Maf expression to mainly peak GC B cells (mid tamoxifen application) did 

not lead to an accumulation of splenic or BMPCs (Fig. 5). However, Maf-expressing BMPCs 

were the most stable population and only 1-2-fold lower in numbers than their respective 

control cells. Upon mid time point Maf activation, transgene-expressing BMPCs only 

disappeared after 35 days (Fig. 5B). It can be speculated, whether this population derives 

from a steady influx, or whether it is rather a remnant of early, perhaps even extrafollicular 

PBs whose disappearance must be regarded as physiological. 

Late tamoxifen application (d 31-33 p.i.) to Cγ1-creERT2; R26 MafstopF mice targeted Maf 

expression mainly to non-GC B cells (Fig. 3). This is consistent with similarly conducted 
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previous work with the same mouse strain that showed eYFP reporter expression mainly in 

CD19+B220+FASloCD38hi B cells in the spleen, which partly had switched to IgG1 indicative 

of memory B cells190. In contrast to this finding, BrdU pulse chase experiments suggest that 

the late GC reaction is rather the main source of post-mitotic long-lived PCs whereas 

memory B cells appear to emerge earlier32. Unfortunately, late-stage GC B cells are not 

sufficiently targeted by the tamoxifen application at days 31-33 p.i. Therefore, this injection 

protocol is not useful to investigate the effect of transgene expression on the fate of PC 

differentiation.  

It has been described that especially the upregulation of ITGB7 by MAF enhances the 

homing of PCs to the BM159, a feature that is tremendously important for the survival of long-

lived PCs234. Binding to ITGB7 upregulates survival signals such as the alternative NFκB 

pathway and enhances VEGF, IL6 and CCL4 production154,159. The promoter of ITGB7 

contains MARE sites that are bound by MAF in human macrophages155. Ex vivo stimulated 

B cells from Cγ1cre; R26 MafstopF mice expressed Itgb7 mRNA in a Maf dosage dependent 

manner (Fig. 13). Thus, the observations made in vivo might be explained in part by 

upregulated ITGB7 expression. Once again, the application of cell division dyes would allow 

for determination of division dependent upregulation of maturity markers like previously used 

to study TI responses218, thus making it possible to compare such dynamics to reporter 

control-expressing cells. Finally, also the previously mentioned RNA-seq experiments of 

respective cell populations will help to unravel the effect that Maf expression exerts on 

mature mouse B cells.  

In non-hyperdiploid MM subgroups other than the MAF group, pronounced AID activity and 

respective mutational signatures can be found during early pathogenesis65. This has been 

explained with a prolonged GC reaction109 and chronic antigen stimulation110–114. This is in 

line with slightly enlarged GC B cell populations upon overexpression of MMSET or CCND1 

in activated mouse B cells177,178, the oncogenes of the t(4,14) or t(11,14), respectively. 

Further genetic events arise before silencing of AID activity in these subgroups65. However, 

a contrastive profile was found in MM cells carrying the t(14;16) translocation, which do not 

exhibit evidence of prolonged AID activity, but show an early APOBEC signature instead65. 

This is accompanied by overexpression of APOBEC3A76 in the MF subgroup and a shift 

from APOBEC3B to APOBEC3A activity65. The reduced GC reaction and early rise of PC 

populations upon Maf overexpression in B cells may therefore reflect fundamental 
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differences in the early pathogenesis of t(14;16)+ MM compared to the other MM subgroups. 

RNA-seq and/or WGS to detect mutational signatures will help to confirm this hypothesis. 

4.1.4 Limitations of the transgenic approach 

It must be noted that the performed in vivo studies were challenged by the presence of small 

cell populations and presumably rapid cell death of fragile PB/PCs ex vivo. Furthermore, the 

relatively small number of mice analyzed impedes the interpretation of data. To overcome 

this obstacle and further focus the analysis on the possibly enforced differentiation of Maf-

expressing cells, low-input methods are needed, such as RNA-seq studies177. Another 

possibility to circumvent the handling of cells ex vivo is e.g., bioluminescence based in vivo 

cell tracing, which allows to analyze the migration of cells including B cells235. Conditional 

alleles harboring cre activatable luciferase genes are available, which could be combined 

with conditional Maf overexpression to track the migration of terminally differentiated B cells 

to the BM. In addition to SHM analyses such studies would be helpful to prove the GC origin 

of Maf expression BMPCs, an important prerequisite for the development of a COO specific 

mouse model.  

The expression level of transgenic Maf in R26 MafstopF which is approx. 3-times higher 

than in HMCL178. In that allele the CAG promoter was used to achieve high transgene 

expression. Indeed, studies on chicken embryo fibroblasts126,128,236 and mouse T cells144 

suggest that a certain threshold level of Maf expression is needed to induce 

transformation96. In line with that, both the expression of CCND277, a central initiator of the 

enhanced proliferation, and the expression of Itgb7 in Maf-transgenic mouse B cells, is MAF 

dosage dependent77. For CCND2, this can be explained by enhanced chromatin 

accessibility and binding of the TF to the respective promoter77,237. Nevertheless, it might be 

possible that excessively high expression levels can inhibit cell growth or lead to apoptosis. 

Thus, other promoters inserted into the R26 locus may have to be tested to adapt the 

expression level of the Maf transgene.  
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4.2 The function of MAF in the malignant transformation of B cells 

To gain more detailed information about the molecular function of MAF in MM pathology, 

the protein interactome of the TF was investigated in vitro. To this end, immunoprecipitation 

of endogenously overexpressed MAF in t(14;16)+ human MM cell lines was carried out and 

coimmunoprecipitated proteins analyzed by mass spectrometry. 

Lysis of human MM cells in a high salt containing buffer was especially successful to elute 

MAF from its main localization in the chromatin fraction of cells (Fig. 9) and preserved more 

interactions with other TFs than lysis in a modified RIPA buffer (Fig. 12). This is expected, 

since NaCl can disrupt charge-based protein-DNA bindings, and chromatin associated 

proteins are better eluted upon increasing concentration of NaCl238. 

Until today, only MAFA was found to bind P/CAF in animal model cell lines135. Strikingly, this 

work shows the first indication of also a putative MAF-P/CAF interaction in human MM cells 

(Fig. 11). Of note, previously reported interactions of MAF with the coactivators P300, 

CBP136, and TBP137 could not be detected. Interestingly, P/CAF is a co-activator with intrinsic 

histone acetylase activity239,240 that can bind the preinitiation complex241. Indeed, increased 

chromatin accessibility in comparison to normal PCs is linked to MM pathology242,243 and 

different accessibility has been found among the different MM subgroups215. Binding of MAF 

to chromatin modifiers like P/CAF could in part explain such different DNA accessibility in 

line with previously suggested pioneer activity of MAF77. Pioneer TFs can bind their target 

DNA motifs in heterochromatin and mediate stable chromatin remodeling244. 

Interestingly, many TFs previously reported to interact with MAF do not bind MAF in MM, 

including PAX6, HOXD12130, MYB131, ETS1132 and NFATC3133. Surprisingly, no large MAF 

proteins or other AP1 factors were found in the interactome of MAF in HMCLs, since it was 

recently suggested that the malignant function of MAF in MM pathology requires its 

heterodimerization with other AP1 factors96. However, experiments with heterodimerization 

deficient mutants have shown that binding to FOS or JUN is not necessary for MAF induced 

transformation of chicken embryo fibroblasts128. In contrast, weak binding to MAFG peptides 

was detected by mass spectrometry under some conditions which were not significant, 

requiring further validation and analysis of their biological relevance. Of note, MAF and 
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MAFG share a 112 amino acids long sequence of 59 % homology and antibody cross 

reactivity must be considered.  

Many of the TFs binding MAF have known functions in MM pathology, including NFKB1, 

NFKB2 and RELB. Elevated NFκB pathway activity is important in the (later) pathogenesis 

of MM. This is illustrated by from a wide range of mutations in genes of the canonical and 

alternative NFκB pathways leading to the inactivation of negative regulators (e.g. TRAF2, 

TRAF3, CYLD) or constitutive activation positive regulators such as  NFKB1, NFKB2, CD40, 

LTBR, TACI, and NIK245,246. With regard to MAF, TRAF2 mutations frequently arise among 

the t(14;16) sugroup of patients153, however a mechanistic cooperation with MAF is 

unknown. Furthermore, RUNX proteins are involved in MM pathology via their interaction 

with IKZF1 and IKZF3 in a complex with CBFB, inhibiting their CRBN-mediated 

degradation247. Strikingly, all proteins from that complex were found to interact with MAF. 

ILF2 and ILF3 bind to MAF, stabilize RNA, and facilitate splicing of DNA damaging control 

genes in MM100. Interestingly, ILF2 is overexpressed by +1q, an early genomic aberration 

highly associated with t(14;16)153. 

Applying a glutaraldehyde based crosslinking approach to the lysis of MM cell lines widens 

the possibilities to perform protein interaction analysis of MAF (Fig. 13). Crosslinking of MAF 

resulted in the appearance of an approximately 100 kDa band in the Western blot, which 

presumably contains MAF homodimers or other MAF complexes, the exact composition of 

which will be exciting to investigate. The crosslinking approach is furthermore applicable to 

mouse B cells and can be combined with immunoprecipitation. As a major advantage, 

crosslinking prior to immunoprecipitation will allow to study also weak or transient protein 

interactions, including enzymes conferring posttranslational modifications like 

phosphorylation, SUMOylation and ubiquitination, known to interfere with MAF 

activity123,135,164–175. 

To further investigate the biological relevance of candidate MAF interactors, different 

strategies can be followed. To find common mechanism between different MAF TFs in MM 

pathology, the conducted coimmunoprecipitation experiments could be repeated 

precipitating MAFB and MAFA in respective t(14;20)+ and t(8;14)+ cell lines. Further 

functional validation can be achieved by using CRISPR/Cas9 or shRNA knockout screens 

to investigate oncogene dependencies. Such methods have previously underlined the role 

of IRF4 in MM70. Motif analysis of both MAF CHIP-seq and ATAC-seq results from human 
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MM cell lines with t(14;16) will provide further information on relevant TFs possibly 

interacting with MAF in MM pathogenesis. Of note, both analyses have recently been 

published77. A multiomics approach, meaning the overlay of these four high-throughput 

analyses, i.e., CHIP-seq, ATAC-seq, CRIPSR-screen and proteomics would help to find the 

most important interacting TFs of MAF in human MM biology. Knockout screens could for 

example confirm dependency on CBFB, RELB, NFKB1, NFKB2, RUNX3 and MAFG in 

MM1.S and RPMI-8226 cell lines as well as on RUNX1 in the RPMI-8226 cell line, all 

candidates that showed binding to MAF in the coimmunoprecipitation approach (Fig. 11). 

Interestingly, footprint analysis of MAF CHIP-seq data found significant enrichment of RUNX 

motifs77, indicating functional MAF-RUNX cooperation in MM pathology. CBFB and MAZ, 

bound by MAF, belong to a gene regulatory network of six TFs (CXXC1, BPTF, MAZ, KLF13, 

CBFB and RFX5) found in all MM subgroups77. 

Of note, all these experiments rely on the model system of established human MM cell lines 

or primary patient cells. It must be noted that the biology of HMCLs, often originating from 

PC leukemia rather than from MM, can be significantly different to the molecular and 

biological environment of the COO in which MAF transcriptional activity initially arises. 

Therefore, as a final part of this work, a screening approach was developed that uses a 

model system much closer to the putative COO, namely activated mouse B cells. First, proof 

was established that putative MAF interactors can be sufficiently coexpressed in Maf-

expressing B cells from Cγ1-cre; R26 MafstopF mice following retroviral transduction (Fig. 

13). The subsequent measurement of MAF specific MM target genes, like Itgb7 allows to 

evaluate the transcriptional activity of formed MAF-protein complexes. Besides Itgb7, Ccnd2 

can also be used as an additional readout gene since it is an important gene in MM 

pathology and directly regulated by MAF154,215. However, its high baseline expression in 

activated B cells must considered2. An even closer model of the GC reaction can be 

achieved ex vivo, by the coculture of B cells with so-termed LB40 feeder cells enabling 

continuous provision of CD40L and BAFF in combination with IL4 or IL21233. This approach 

has been followed in our laboratory as a continuation of my work by Angelos Rigopoulos. 

Based on the findings from the proteomic approach and the in vitro co-transfection protocol 

presented here, he investigated the effect of coexpressing Maf and different molecules of 

the NFκB pathway232. However, no survival advantage was found for mouse B cells 

coexpressing Maf with Rel, Rela, Relb, p52 or Nfkb2 (p100)232. To study protein interactions 

in vivo, putative interactors could be coexpressed with Maf in Cγ1-cre(ERT2); R26 MafstopF 
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mice – preferentially upon tamoxifen application at days 10-12 p.i. to target transgene 

activation to class-switched GC B cells. Along that line, in our laboratory, Wiebke Winkler 

tried to rescue the counter-selection of Maf-expressing GC B cells by coexpressing Maf 

together with a constitutive active mutant of Ikk2 in mouse GC B cells as such introducing a 

classical secondary genetic event178. Of note, canonical NFκB pathway activation could 

partly rescue the reduction of splenic and BMPC in these mice, however GC B cells were 

still dramatically reduced in number178. Since Ikk2ca specifically activates the canonical 

pathway248, the role of alternative NFκB signaling in Maf-expressing B cell should be 

additionally analyzed in vivo e.g., by use of the R26 NIKstopF strain249. 

4.3 Concluding remarks, summary and outlook 

In conclusion, the use of a temporarily controlled conditional gene targeting approach (based 

on the Cγ1-creERT2 strain) allowed to specifically overexpress Maf in extrafollicular PBs, 

peak GC B cells and differentiating PCs. As a major advancement to the previous Cγ1-cre 

model, tamoxifen application at days 10-12 p.i. indeed induced Maf activation in class-

switched GC B cells, the presumed COO of t(14;16)+ MM. However, as before, activation of 

the Maf transgene resulted in a reduction of absolute numbers of splenic GC B cells, splenic 

PB/PCs, and BMPCs whereby delayed transgene expression attenuated the counter-

selection of Maf-expressing GC B cells. The counter-selection decreased towards later 

differentiation stages. The reasons for this are not fully understood and it is not clear to the 

last whether overexpression of Maf drives terminal B cell differentiation per se, or if its 

expression is simply better tolerated in terminally differentiated PCs. Some evidence argues 

for the latter, including the upregulation of Itgb7 in Maf-expressing B cells and the 

independency of the BMPC population from the size of its precursor populations. However, 

final proof of a GC origin of Maf-expressing BMPCs is lacking. Based on additional data 

obtained in this thesis, reduced proliferation of GC B cells and immunosurveillance 

mechanisms by T cells could largely be excluded as reasons for the apparent counter-

selection.  

It must be noted that the investigation of the impact of Maf on B cell differentiation was 

mainly based on immunophenotypic characterization of B cell populations in Maf-transgenic 

mice. As knowledge of the precise function of MAF in MM continues to increase, future work 

on Maf-based mouse model should also use molecular biology approaches as a read-out of 
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MAF activity. This should include the ongoing work of RNA-seq of Maf-expressing B cell and 

PC populations and the investigation of MAF-mediated changes in chromatin accessibility 

by ATAC-seq, CHIP-seq and/or newly arising low input techniques such as CUT&Tag250. 

Furthermore, protein-protein interactions of MAF in mouse B and PCs can be assessed by 

immunoprecipitation and mass spectrometry with the aim of comparing the functional 

interactome of MAF in the mouse model with that derived from human MM cells. 

The present work and the remaining open questions underscored the difficulties and 

challenges that arise during the establishment of appropriate models for human cancer 

development251. Such models are necessary to test or screen for new therapeutic options 

and drugs and to answer molecular questions related to the pathogenesis of human 

malignancies. At the same time, however, the development of the model itself generates an 

immense amount of knowledge.  

It should be noted that the overexpression of a single oncogene in mice offers the unique 

possibility to change a single variable and subsequently analyze the consequences on the 

transformation of B cells, as successfully done for MMSET and CCND1 in our laboratories 

(by Wiebke Winkler, Research groups Martin Janz and Klaus Rajewsky)177. On the other 

hand, there are limitations of this simplified gene targeting approach. For example, the 

transgenic mice show an isogenic background with no consideration of risk variants that can 

influence tumor development. Furthermore, they live under almost sterile conditions, a fact 

that can constitute a major limiting factor given the importance of the immune response and 

the strong interaction of myeloma cells with the BM microenvironment5. In addition, the 

impact of heterozygotic WWOX deletion that accompany the t(14;16)152,153 translocation is 

not considered in the current approach that is solely based on the overexpression of Maf178. 

Moreover, not all human genes have murine analogues, for example the mouse genome 

contains only one APOBEC3-encoding gene whereas the human genome contains several 

APOBEC3 variants. To overcame certain limitations, the use of selected additional models 

will be helpful for future work. Thus, in addition to mouse models and cell lines with known 

(mono) genetic background, primary patient cells, patient-derived induced pluripotent stem 

cells and organoid like models can be used too251. This has been done to study the complete 

reciprocal t(11;14) in normal B cell derived induced pluripotent stem cells252. 

In conclusion, transgenic Maf expression was successfully targeted to class-switched GC B 

cells, the presumed COO of t(14;16)+ MM. However, Maf-expressing mouse GC B cells were 
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still counter-selected which was most likely not due to impairment of proliferation or 

enhanced T cell surveillance. Future work should focus on the molecular biologic impact of 

Maf expression in mouse B cells and investigate its transforming mode of function. 

Regarding the latter, an unbiased coimmunoprecipitation coupled to mass spectrometry 

approach identified NFKB and RUNX proteins as putative MAF partners in t(14;16) HMCLs. 

Such results should be verified in appropriate COO-close models like in the retrovirus-based 

screen presented here, eventually helping to improve current Maf-based mouse models of 

MM.  
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Bescheinigung 

Hiermit bescheinige ich, dass Herr Marvin Werner innerhalb der Service Unit Biometrie des Instituts 

für Biometrie und klinische Epidemiologie (iBikE) bei mir eine statistische Beratung zu einem 

Promotionsvorhaben wahrgenommen hat. Folgende Beratungstermine wurden wahrgenommen: 

 Termin 1: 20.08.2021 

 Termin 2: 01.09.2021 

Folgende wesentliche Ratschläge hinsichtlich einer sinnvollen Auswertung und Interpretation der 

Daten wurden während der Beratung erteilt: 

 Teilweise rein deskriptive Analyse möglich aufgrund zu niedriger Fallzahl 

Diese Bescheinigung garantiert nicht die richtige Umsetzung der in der Beratung gemachten 

Vorschläge, die korrekte Durchführung der empfohlenen statistischen Verfahren und die richtige 

Darstellung und Interpretation der Ergebnisse. Die Verantwortung hierfür obliegt allein dem 

Promovierenden. Das Institut für Biometrie und klinische Epidemiologie übernimmt hierfür keine 

Haftung. 
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