
 

Institute of Physiological Chemistry, Ulm University  

Head of Institute: Prof. Dr. rer. nat. Thomas Wirth 

 

 

 

 

 

 

The role of FOXO transcription factors in 

Multiple Myeloma 

 

 

Dissertation 

 

Dissertation zur Erlangung des Doktorgrades der Medizin  

der Medizinischen Fakultät der Universität Ulm 

 

 

 

 

 

 

Julia Kielwein-Ulrich 

Born in Aalen 

 

Ulm, 2018 

  



 

Amtierender Dekan: Prof. Dr. Thomas Wirth 

1.  Berichterstatter: Prof. Dr. Thomas Wirth 

2.  Berichterstatter: Prof. Dr. Daniel Walcher 

 

Tag der Promotion: 22.11.2019 

 



I 
 

 

Table of contents 
 

Abbreviations ......................................................................................................... III 

1. Introduction ......................................................................................................... 1 

1.1 B-cell development and plasma cell differentiation ............................................ 1 

1.2 PRDM1 and the PR-domain family .................................................................... 7 

1.3 FOXO transcription factors .............................................................................. 11 

1.4 β-catenin ......................................................................................................... 17 

1.5 Multiple Myeloma ............................................................................................ 21 

1.6 Aim of Study .................................................................................................... 26 

2. Material and Methods ....................................................................................... 28 

2.1 Material............................................................................................................ 28 

2.2 Analsysis of FOXO1 and FOXO3 expression in multiple cell types ................. 32 

2.3 Cell culture methods ........................................................................................ 32 

2.4 Analysis of nucleic acids .................................................................................. 35 

2.5 Protein analysis methods ................................................................................ 37 

2.6 Immunofluorescence staining .......................................................................... 37 

3. Results ............................................................................................................. 39 

3.1 FOXO3 expression is high in Multiple Myeloma cell lines ............................... 39 

3.2 Subcellular localization of FOXO3 in Multiple Myeloma cell lines .................... 40 

3.3 Co-localization of FOXO3 and β-catenin in Multiple Myeloma cell lines .......... 46 

3.4 Multiple Myeloma cell lines are insensitive to AS1842856 .............................. 56 

3.5 AS1842856 does not modulate PRDM1 protein expression in Multiple 

Myeloma cell lines ................................................................................................. 58 

3.6 AS1842856 does not significantly modulate the expression of PRDM1-, 

FOXO1- and p21 mRNA in Multiple Myeloma cell lines ........................................ 62 

3.7 FOXO inhibition does not modulate the sensitivity of MM cell lines to 

Bortezomib ............................................................................................................ 66 

4. Discussion ........................................................................................................ 68 

4.1 The subcellular localization of FOXO3 in MM cell lines is very heterogenous . 68 

4.2 FOXO3 and β-catenin are partly co-located in the nucleus ............................. 71 

4.3 FOXO inhibition does not influence PRDM1α expression in MM cell lines ...... 73 

4.4 FOXO inactivation by the small weight inhibitor AS1842856 does not modulate 

p21 mRNA expression .......................................................................................... 75 

4.5 FOXO inactivation does not influence the efficacy of Bortezomib ................... 76 



II 
 

5. Summary .......................................................................................................... 78 

6. References ....................................................................................................... 81 

7. Attachments ..................................................................................................... 91 

7.1 List of figures ................................................................................................... 91 

7.2 List of tables: ................................................................................................... 93 

7.3 Figure 32 ......................................................................................................... 94 

7.4 Figure 33 ......................................................................................................... 95 

8. Aknowledgements ............................................................................................ 96 

9. Curriculum Vitae ............................................................................................... 98 

 

 

 



III 
 

Abbreviations 
Acidic ................................................................................................... acidic regions 
AgRP ....................................................................................... agouti-related protein 
AICDA .......................................................... activation induced cytidine deaminase 
AML ..................................................................................... acute myeloid leukemia 
AMPK ...................................... adenosine monophosphate-activated protein kinase 
APC ............................................................................... adenomatous polyposis coli 
ATF ............................................................................. activating transcription factor 
B ..................................................................................................................... B-cells 
BCL6 ........................................................................................... B-cell lymphoma 6 
BCL9 ............................................... B-cell chronic leukocytic leukemia/lymphoma 9 
BCR ................................................................................................... B-cell receptor 
Bim ............................................................................. bis(indolyl)maleimide inhibitor 
Bim-1 ...................................................................... bis(indolyl)maleimide inhibitor-1 
BLIMP1 ................................................ B-lymphocyte-induced maturation protein 1 
BLIMP1α ........................................... B-lymphocyte-induced maturation protein 1 α 
BLIMP1β ........................................... B-lymphocyte-induced maturation protein 1 β 
BMSCs ............................................................................ bone marrow stromal cells 
BSA ........................................................................................bovine serum albumin 
Btg1 ................................................................................ B-cell translocation gene 1 
CBP .......................................................... c-AMP response element binding protein  
cDNA ............................................................. complementary deoxyribonucleic acid  
Cited2Cbp / P300 interacting transactivator with glu / asp rich carboxy-terminal domain 2 
CK1α .............................................................................................. casein kinase 1α 
CLL .......................................................................... chronic lymphoblastic leukemia 
CREB ................................................ cyclic AMP response element binding protein 
CRISPR ........................... clustered regularly interspaced short palindromic repeats 
CRM1 ............................................................. chromosome region maintennance 1 
CSR ................................................................................ class-switch recombination 
Ct ....................................................................................................... threshold cycle 
DAPI ........................................................................... 4',6-diamidino-2-phenylindole 
DBD ......................................................................................... DNA-binding domain 
DDB1 ....................................................................... DNA damage-binding protein 1 
Dkk .............................................................................................................. dickkopf 
Dkk1 ......................................................................................................... dickkopf 1 
DL1 .......................................................................................................... delta-like-1 
DMSO .......................................................................................... dimethyl sulfoxide 
DNA ........................................................................................ deoxyribonucleic acid 
Dvl ........................................................................................................... dishevelled 
ECM ........................................................................................... extracellular matrix 
F1Inh ........................................................................... FOXO1 inhibitor AS1842856 
FAP ......................................................................... familial adenomatous polyposis 
FasL ......................................................................................................... Fas ligand 
FCS .................................................................................................. fetal calf serum 
FDA ..................................................................... US Food and Drug Administration 
FDCs ..................................................................................... follicular dendritic cells 
FGFR3 ................................................................ fibroblast growth factor receptor 3 
FOXO ...........subclass "O" of the forkhead box (FOX) family of transcription factors 
Fz .................................................................................................................. frizzled 
G6P ........................................................................................... glucose-6-phosphat 



IV 
 

G6Pase ............................................................................... glucose-6-phosphatase 
GADD45 ................................................................. growth arrest and DNA damage 
GC .................................................................................................... germinal center 
G-CSF ............................................................ granulocyte-colony stimulating factor 
GEO ..................................................................................... gene explorer omnibus 
GEP ................................................................................... gene expression profiling 
GM-CSF ..................................... granulocyte macrophage colony-stimulating factor 
GSK-3β ................................................................. glycogen synthase kinase 3 beta 
GWAS .................................................................. genome-wide association studies 
H3K9 .......................................................................................... histone H3 lysine 9 
HATs ............................................................................... histone acetyltransferases 
HCL ................................................................................................ hydrochloric acid 
HDAC ........................................................................................ histone deacetylase 
HEK ................................................................................... human embryonic kidney 
HMTs .............................................................................. histone methyltransferases 
IGF-1 ............................................................................... insulin-like growth factor 1 
IgV ........................................................................... immunoglobulin variable region 
IL-10 .................................................................................................... interleukin 10 
IL-2 ........................................................................................................ interleukin 2 
IL-3 ........................................................................................................ interleukin 3 
IL-6 ........................................................................................................ interleukin 6 
IL-7 ........................................................................................................ interleukin 7 
IMDM ............................................................. Iscove's Modified Dulbecco's Medium 
IRF4 ............................................................................. interferon regulatory factor 4 
IRFs ............................................................................... interferon regulatory factors 
IRS1 ............................................................................... insulin receptor substrate 1 
J chain ................................................................................................... joining chain 
LEF ................................................................................ lymphocyte enhancer factor 
LRP 5 / 6 .................................................... lipoprotein receptor-related protein 5 / 6 
M-CSF ........................................................... macrophage colony stimulating factor 
Mdm2 .................................................................................. murine double minute 2 
MGUS ................................ monoclonal gammopathy of undetermined significance 
MIP-1 ................................................................ macrophage inflammatory protein 1 
MIP-α ................................................................ macrophage inflammatory protein-α 
MM ................................................................................................ Multiple Myeloma 
M-MLV ..................................................................... moloney murine leukemia virus 
MMSET .................................................................... Multiple Myeloma SET domain 
MnSOD .............................................................. manganese superoxide dismutase 
MPE ............................................................................... malignant pleural effusions 
mRNA ............................................................................................. messenger RNA 
MTG .............................................................................................. monothioglycerol 
MTT ..................................................................... thiazolyl blue tetrazolium bromide 
NES ................................................................................... nuclear export sequence 
NK ......................................................................................................... natural killer 
NLS .................................................................................. nuclear localization signal 
OD ...................................................................................................... optical density 
OPGL .................................................................................... osteoprotegerin-ligand 
P ....................................................................................................... phosphorylated 
PAX5 ......................................................................................... paired box protein 5 
PBS ................................................................................. phosphate-buffered saline 
PC ........................................................................................................... plasma cell 



V 
 

PCR ................................................................................. polymerase chain reaction 
PDK1 ......................................................... 3'-phosphoinositide-dependent kinase-1 
PEI ................................................................................................. polyethylenimine 
PEPCK ............................................................. phosphoenolpyruvat-carboxykinase 
PI . .................................................................................................. propidium iodide 
PI3K ................................................................................ phosphoinositide 3-kinase 
PIP2 .............................................................. phosphatidylinositol-4,5-bisphosphate 
PIP3 .............................................................phophstidylinositol-3,4,5-trisphosphate 
PKB ................................................................................................. protein kinase B 
POMC ...................................................................................... proopiomelanocortin 
PRC2 ...................................................................... polycomb repressive complex 2 
PRDM1 ....................................................... positive-regulatory-domain containing 1 
PRDM1α .................................................. positive-regulatory-domain containing 1 α 
PRDM1β .................................................. positive-regulatory-domain containing 1 β 
Pro ................................................................................................ proline-rich region 
PTEN .................................................................... phosphatase and tensin homolog 
PYG ............................................................................................................. pygopus 
qRT-PCR ...................................................... quantitative reverse transcription PCR 
RAG 1 / 2........................................................... recombination activating gene 1 / 2 
Ran .................................................................................. ras-related nuclear protein 
RANKL ................................................................ receptor activator of NF-κB ligand 
RNA .................................................................................................. ribunucleic acid 
ROS ................................................................................... reactive oxygen species 
RT ............................................................................................ reverse transcription 
SCF complex .................................................. skp, cullin, F-box containing complex 
SD ............................................................................................... standard deviation 
SDS ...................................................................................... sodium dodecyl sulfate 
SFRP ......................................................................... soluble frizzled-related protein 
sFRP2 ................................................................. secreted frizzled-related protein 2 
SGK ....................................................... serum- and glucocorticoid-inducible kinase 
SHM ......................................................................................somatic hypermutation 
shRNA .......................................................................................... short hairpin RNA 
SINE ................................................................. selective inhibitors of nuclear export 
SIRT .................................................................................................. sirtuins protein 
SIRT1 ............................................................................................... sirtuin protein 1 
SIRT3 ............................................................................................... sirtuin protein 3 
SMM ........................................................................... smoldering Multiple Myeloma 
SNP ........................................................................ single-nucleotide polymorphism 
SOD2 .................................................................................. superoxide dismutase 2 
STAT3 .......................................... signal transducer and activator of transcription 3 
STAT6 .......................................... signal transducer and activator of transcription 6 
TA .......................................................................................... transactivation domain 
T-ALL ............................................................... T-cell acute lymphoblastic leukemia 
TCF ........................................................................................................ T-cell factor 
TCR .................................................................................................... T-cell receptor 
TUBB .............................................................................................................. tubulin 
Ub ........................................................................................................ ubiquitination 
V(D)J ................................................................................. variable, diverse,  joining 
VEGF .................................................................. vascular endothelial growth factor 
WIF-1 ......................................................................................wnt inhibitory factor-1 
XBP1 .................................................................................... x-box binding protein 1 



VI 
 

Zn-finger ................................................................................................. zink-fingers 
β-Cat .......................................................................................................... β-catenin 
β-TrCP .......................................................... β-transducin repeat-containing protein 
 

 

 

 

 

 



1 
 

1. Introduction 
1.1 B-cell development and plasma cell differentiation 

1.1.1 B-cell development 
 
Multiple Myeloma (MM) is a blood cancer deriving from plasma cells (PCs), 

expanding predominantly in the bone marrow (van de Donk u. Sonneveld 2014). 

PCs origin from B-cells whose development will be briefly explained.  

Physiologically, antigen-activated B-cells start to turn into centroblasts that clone 

themselves expansionary in the dark zone of the germinal center (GC). In this 

step, somatic hyper mutation (SHM) changes base-pairs in the variable, diverse, 

joining (V(D)J) region of the rearranged genes that are responsible for the 

immunoglobulin variable region (IgV) of the antibody’s heavy chain and light chain. 

Subsequently, centroblasts differentiate into centrocytes and migrate to the light 

zone of the germinal center, where the modified antigen receptor, with signals 

from immune helper cells such as T-cells and follicular dendritic cells (FDCs), is 

selected for an ameliorated binding to the intruding antigen. Centrocytes producing 

antibody with a low affinity to the antigen end in apoptosis. A subset of 

centrocytes, producing antibody with a high affinity to the antigen, go into class-

switch recombination (CSR). Centrocytes with the best matching receptor to the 

antigen then differentiate into either memory B-cells or PCs, producing specific 

antibodies against the intruding antigen (Figure 1) (Klein u. Dalla-Favera 2008). 
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Figure 1: Schematic image of B-cell development stages.  

 

 

This picture illustrates B-cell differentiation with somatic hyper mutation (SHM) in the early development of the 
centroblast stage and the following determination of memory B-cell fate or plasma cell (PC) fate including 
class switch recombination (CSR) (Klein and Dalla-Favera 2008). FDC: Follicular dendritic cell. Reprinted by 
permission from: Springer Nature. Nature Reviews Immunology, Germinal centres: role in B-cell physiology 
and malignancy, Ulf Klein, Riccardo Dalla-Favera, © 2008. 

 

1.1.2 Termination of the germinal center transcriptional program 

and post-germinal center B-cell differentiation.  
 

Up to now, signals leading a germinal center B-cell to differentiate into either a PC 

or a memory B-cell are still unknown to a great extent (Klein and Dalla-Favera 

2008). Nevertheless, some transcription factors have been shown to regulate PC 

commitment.  

 

1.1.2.1 PAX5 

 

PAX5 (paired box protein 5) is a transcriptional repressor which must be 

functionally inactivated for a B-cell to differentiate into a PC. However, PAX5 is 

also an important factor for a pro B-cell to develop into a B-cell. César Cobaleda et 
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al. published an experiment concerning the PAX5 function in B-cell and PC 

development (Figure 2) (Cobaleda et al. 2007). In this experiment Pax5 -/- pro-B-

cells could develop into various hematopoietic cell types in vivo in a mouse model 

after transplantation into recipient mice or in vitro with an add-on of cytokines. 

Conditional PAX5 deletion (Δ PAX5) lead to a backward differentiation of B-

lymphocytes into an uncommitted progenitor cell stage. Furthermore, PAX5 is 

crucial for mature B-cells, such as naïve, GC and memory B-cells, to keep their 

identity as PAX 5 maintains the B-cell gene expression program.  

 

 

Figure 2: PAX5: The guardian of B-cell identity and function.  

Pax5 -/- pro-B-cells can develop into various hematopoietic cell types shown in vivo in a mouse model after 
transplantation into recipient mice or in vitro with an add-on of cytokines. Conditional PAX5 deletion (Δ PAX5) 
lead to a backward differentiation of B-lymphocytes into an uncommitted progenitor cell stage. Il-7: Interleukin 
7, G-CSF: Granulocyte-Colony Stimulating Factor, GM-CSF: Granulocyte Macrophage Colony-stimulating 
Factor, M-CSF: macrophage colony stimulating factor, OPGL: Osteoprotegerin-ligand, IL-2: Interleukin 2, DL1: 
Delta-like-1, BCR: B-cell receptor, NK: Natural killer, TCR: T-cell receptor.  (Cobaleda, Schebesta et al. 2007). 
Reprinted by permission from Springer Nature, Nature Immunology, Pax5: the guardian of B cell identity and 
function, César Cobaleda, Alexandra Schebesta, Alessio Delogu, Meinrad Busslinger, © 2007. 

On the contrary, B-lymphocyte-induced maturation protein 1 (BLIMP1) / Positive-

regulatory-domain containing 1 (PRDM1) protein encoded by the Positive-

regulatory-domain containing 1 (PRDM1) gene organizes the differentiation from 

B-cells into PCs by extinguishing the mature B-Cell gene expression program 

(Shaffer et al. 2002b). There is evidence that PAX5 and PRDM1 mutually inhibit 
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each other as PRDM1 binds to and represses the PAX5 gene in PCs and as 

PRDM1 is only expressed after conditional PAX5 deletion in mature B-cells 

(Cobaleda et al. 2007).  

Moreover, PAX5-deficient DT4 B-cells presented an elevated expression of 

PRDM1 and X-box binding protein 1 (XBP1) as well as a notably higher IgM 

secretion in the supernatant. As the production of antibodies is typical for PCs, this 

indicates that PAX5 repression promotes PC differentiation (Nera et al. 2006). 

Going even further, Kallies et al. demonstrated in 2007, that PRDM1 is 

unnecessary for the initial step of PC differentiation, but instead PRDM1 

independent downregulation of PAX5 is needed. This could be shown as under 

PAX5 suppression a pre-plasmablast phenotype with low immunoglobulin 

secretion already developed. Collectively, this leads to the conclusion that the 

down-regulation of PAX5 plays an important role in the development of a B-cell 

into a preplasmablast phenotype (Kallies et al. 2007; Klein u. Dalla-Favera 2007). 

 

1.1.2.2 BCL6 

 

The B-cell lymphoma 6 (BCL6) transcriptional repressor has emerged to be the 

master regulator of the GC B-cell program and its deregulation is known to 

contribute to lymphomagenesis (Hatzi u. Melnick 2014). The downregulation of 

BCL6 is an additional requirement for post-GC differentiation as it is considered to 

end the GC transcriptional program and to permit GC B-cells to turn into memory 

B-cells or PCs (Klein u. Dalla-Favera 2008). BCL6-deficient centrocytes were 

shown to express Interferon Regulatory Factor 4 (IRF4) and BlLIMP1, both 

important for determination of plasma cell fate (Falini et al. 2013; Angelin-Duclos 

et al. 2000). BCL6 transcriptionally represses PRDM1 and thus hinders the 

differentiation of GC B-cells into PCs. This was shown by Chainarong Tunyaplin et 

al., who created BCL-6−/− mice, presenting an upregulated antibody response, 

increased number of Ig-secreting cells, and PRDM1+ cells in the spleen following 

immunization (Tunyaplin et al. 2004). Moreover, BCL6 expression is modulated by 

combined B-cell receptor (BCR)- and CD40-triggering, induced by immune cells in 

the light zone of the GC. When the trigger has occurred, BCL6 expression in 
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centrocytes is down-regulated, which leads to an increase of PRDM1, and 

consequently to PC differentiation (Shaffer et al. 2000). 

 

Figure 3: Simplified schematic figure of plasma cell development 

In the B-cell stages (centroblasts and centrocytes), the transcriptional repressors BCL6 and PAX5 inhibit 
BLIMP1 / PRDM1 and maintain the B-cell status. At the plasmablast and PC stages, BLIMP1 / PRDM1 
suppresses BCL6 and PAX5. Furthermore, XBP1 and IRF4 also play an important role in PC  differentiation, 
which will be explained in the following. BCL6: B-cell lymphoma 6, PAX5: paired box protein 5, BLIMP1: B-
lymphocyte-induced maturation protein 1, PRDM1: Positive-regulatory-domain containing 1, PC: Plasma cell, 
XBP1: X-box binding protein 1, IRF4: Interferon regulatory factor 4, J chain: Joining chain (Klein u. Dalla-
Favera 2008). Reprinted by permission from: Springer Nature. Nature Reviews Immunology, Germinal 
centres: role in B-cell physiology and malignancy, Ulf Klein, Riccardo Dalla-Favera, © 2008.   

 

1.1.2.3 IRF4 

 

Interferon regulatory factor 4 (IRF4) is a crucial factor for PC differentiation as 

genome-wide analysis demonstrated that IRF4-/- B-cells could not induce the 

whole PRDM1-dependent PC program. Therefore, it supposedly works upstream 

(Sciammas et al. 2006) or in parallel to PRDM1 (Klein et al. 2006). Whereas 

centroblasts do not express IRF4, IRF4 is partially upregulated in centrocytes and 

highly expressed in PCs. IRF4 activation or repression is regulated by 

heteromerization of IRF4 with different transcription factors (Falini et al. 2013; 

Klein u. Dalla-Favera 2008). Furthermore, IRF4 is a repressor of BCL-6, which 

plays (as mentioned above) an important role in B-cell development (Sciammas et 

al. 2006). Moreover, it has been suggested that IRF4, PRDM1 and XBP1 are 

regulated separately from each other, but that all are jointly required for the 
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development of a fully differentiated PC (Kallies et al. 2007) as individual 

deficiencies have shown striking effects on PC development (Mittrucker 1997; 

Reimold et al. 2001; Shapiro-Shelef et al. 2003b; Klein et al. 2006; Sciammas et 

al. 2006).  

 

1.1.2.4 XBP1  

 

X-Box binding protein 1 (XBP1) is a basic-region leucine zipper protein in the 

cyclic AMP response element binding protein / activating transcription factor 

(CREB / ATF) family of transcription factors. It typically exists in adult tissues. 

However, it is especially found in chrondroblasts, fetal exocrine glands, 

osteoblasts and it is crucial for hepatocytes’ growth (Reimold et al. 2000; Clauss et 

al. 1993; Gravallese et al. 1991; Liou et al. 1990). Interestingly, XBP1 is 

associated with the proliferation of malignant PCs and is induced by Interleukin 6 

(IL-6) in MM cells (Wen et al. 1999). Moreover, XBP1 deficient lymphocytes 

display a consequent lack of immunoglobuilin secretion. This implicates that XBP1 

is one of several transcription factors crucial for PC differentiation (Reimold et al. 

2001), but also plays a role in the malignant transformation of PCs.  

 

1.1.2.5 STAT3 

 

Signal Transducer and Activator of Transcription 3 (STAT3) is a cytoplasmic 

transcription factor, which is triggered by various growth factors and cytokines. 

After the triggering, tyrosine-phosphorylated STATs dimerize and head towards 

the nucleus where they induce the transcription of target genes (Fornek et al. 

2006; Takeda et al. 1997). Beside the many functions of STAT3 in human cells 

such as keratinocyte migration, wound repair and acute phase responses, (Alonzi 

et al. 2001; Sano et al. 1999) STAT3 also plays an important role in the 

immunoglobulin secretion of PCs. Interestingly, a missing expression of the 

transcription factor STAT3 lead only to a defect of IgG secretion, whereas no other 

immunoglobulin classes were affected (Fornek et al. 2006). 
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1.2 PRDM1 and the PR-domain family 

1.2.1 PRDM1 structure 
 

Positive-regulatory-domain containing 1 (PRDM1) (with ZNF domain) is a gene 

located on chromosome 6q21-q22 (Hohenauer u. Moore 2012; Mock et al. 1996). 

The PRDM1 gene is a member of the PRDM gene family of transcriptional 

repressors. This gene family can be distinguished from others by the presence of 

the N-terminal PR domain and the Kruppel-type zinc fingers motif of their proteins 

which are necessary for sequence-specific Deoxyribonucleic acid (DNA) binding 

and protein-protein interactions (Hohenauer u. Moore 2012; Keller u. Maniatis 

1992, 1991). The PR domain is related to the SET domain (SM00317, SMART) 

existing in many histone methyltransferases. Compared to regularly known SET-

domain proteins, the PRDM1 PR-domain lacks intrinsic histone methyltransferase 

activity and therefore engages histone-modifying enzymes to take over the altering 

functions (Hohenauer u. Moore 2012). One group of the recruited enzymes are 

histone methyltransferases (HMTs), which transfer methyl groups to histone 

lysines, especially histone H3 lysine 9 (H3K9) by G9a and SuV39H, and histone 

H3 lysine 27 (H3K27) by the Polycomb repressive complex 2 (PRC2). Another 

group includes the histone deacetylases (HDACs) supporting transcriptional 

repression, and the histone acetyltransferases (HATs) promoting transcriptional 

activation. The recruited enzymes add methyl or acetyl groups to specific lysine 

residues on a histone protein, thus transforming the chromatin state at target gene 

promoters (Hohenauer u. Moore 2012). As already shortly mentioned above, 

PRDM1 proteins can also connect directly to the DNA through sequence-specific 

DNA binding with their zink fingers, so that PRDM1 proteins bind to DNA 

sequences with a GAAAG motif. Interestingly, Interferon regulatory factors (IRFs), 

can bind to the same DNA motif, so that PRDM1 and IRFs compete for the 

regulation of promoter activity (Hohenauer u. Moore 2012; Kuo u. Calame 2004). 

Furthermore, PRDM1 possesses a proline-rich region, which is also necessary for 

transcriptional repression and two acidic regions (one at the N and one at the C 

terminus) (Vrzalikova et al. 2012). Conclusively, PRDM1 proteins often act as a 

chromatin modifier at target loci and thus modulate gene expression or interact 

directly via sequence specific DNA binding (Hohenauer u. Moore 2012).  
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Importantly, PRDM1 encodes two protein isoforms, namely B-lymphocyte-induced 

maturation protein 1α / Positive-regulatory-domain containing 1α and B-

lymphocyte-induced maturation protein 1β / Positive-regulatory-domain containing 

1β (BLIMP1α / PRDM1α and BLIMP1β / PRDM1β), which arise from different 

promoters. The shorter isoform PRDM1β contains a truncated PR domain and 

misses the N-terminal acidic region. Its promoter and new exon 1β lies upstream 

of exon 4 of PRDM1α, which means that PRDM1β does not contain the first 101 

amino acids of PRDM1α (Gyory et al. 2003).  

 

 

Figure 4: Structure of the PRDM1 gene and the Blimp1α / PRDM1α  and BLIMP1β / PRDM1β protein 

The illustrated scheme of the PRDM1 gene (first line) displays its exons (empty bars) and the start of 
transcription for BLIMP1α / PRDM1α (first arrow) and BLIMP1β / PRDM1β (second arrow). Important 
hallmarks of BLIMP1 / PRDM1 proteins are the PR domain (PR), the proline-rich region (Pro), the Zink-fingers 
(Zn-finger) and acidic regions (Acidic). As BLIMP1β / PRDM1β displays the truncated isoform of BLIMP1 / 
PRDM1, it misses the first acidic region and parts of the PR domain. PRDM1: Positive-regulatory-domain 
containing 1, BLIMP1α: B-lymphocyte-induced maturation protein 1α, PRDM1α : Positive-regulatory-domain 
containing 1 α, BLIMP1β: B-lymphocyte-induced maturation protein 1β, mRNA: messenger ribonucleic acid. 
(Vrzalikova et al. 2012). Adapted from: Vrzalikova K, Woodman CB, Murray PG. BLIMP1α, the master 
regulator of plasma cell differentiation is a tumor supressor gene in B cell lymphomas. Biomed Pap Med Fac 
Univ Palacky Olomouc Czech Repub. 2012 Mar;156(1):1-6. doi: 10.5507/bp.2012.003. Review.Published 
under CC BY 3.0, https://creativecommons.org/licenses/by/3.0/.  

  

https://creativecommons.org/licenses/by/3.0/
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1.2.2 PRDM1 function 
 

The most important function of PRDM1 in the context of haemato-oncology is its 

role as “master regulator” of PC differentiation (Vrzalikova et al. 2012). In all 

antibody-secreting cells such as plasmablasts and PCs, PRDM1 is highly 

expressed and an imposed expression of PRDM1 was found to be sufficient to 

determine the fate of mature B-cells into the PC lineage (Cattoretti et al. 2005; 

Kallies et al. 2004; Piskurich et al. 2000; Angelin-Duclos et al. 2000; Schliephake 

u. Schimpl 1996). On the contrary, PRDM1 knock out mice were not able to 

produce sufficient PCs and immunoglobulin, proving that PRDM1 is required for 

PC differentiation and Ig secretion (Shapiro-Shelef et al. 2003). Moreover, PRDM1 

is essential for germ cell (Ohinata et al. 2005) and sebaceous gland (Horsley et al. 

2006) development in mouse models and for muscle formation in zebrafish 

(Baxendale et al. 2004), giving PRDM1 an extraordinary meaningfulness in fields 

outside the hematopoietic system (Kallies u. Nutt 2007).  

With the use of microarrays an introduction of PRDM1 into B-cells was shown to 

repress a great number of genes, whereas only a few were induced. This 

confirmed the identity of PRDM1 as a primary transcriptional repressor. Some 

transcription factors like Spi-B and Id3 regulating signaling via the B-cell receptor, 

were directly  repressed. Additionally, immunoglobulin class switching was blocked 

by inhibiting the expression of several proteins, including signal transducer and 

activator of transcription 6 (STAT6). Therefore, it is assumed that PRDM1 

promotes plasmacytic differentiation by extinguishing gene expression crucial for 

B-cell receptor signaling, germinal center B-cell function and proliferation. 

Furthermore, PRDM1 induces the expression of genes leading to PC 

differentiation, such as XBP1 (Shaffer et al. 2004; Shaffer et al. 2002). 

Furthermore, three target genes of PRDM1 are known to play an important role in 

PC differentiation. At first, PRDM1 represses the transcription of MYC (Lin et al. 

1997), which is a proto-oncogene playing an important role in cell cycle regulation, 

metabolism, apoptosis, differentiation, cell adhesion and tumorigenesis (Hoffman 

et al. 2002). This explains cell cycle arrest in PCs as MYC is required for 

proliferation and growth (Eilers 1999). Furthermore, PRDM1 directly repesses 

CIITA (Piskurich et al. 2000; Silacci 1994), which contributes majorly to correct 
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transcription of genes encoding MHC class II molecules (Reith et al. 

2005).Therefore, an upregulation of PRDM1 induces the downregulation of MHC 

Class II genes in PCs. At last, as already mentioned above, PRDM1 represses 

PAX5, one of the major opponents in PC development (Lin et al. 2002). 

Outside the field of PCs PRDM1 has also been distinguished as a key regulator of 

T-cell differentiation. PRDM1 is expressed in differentiated effector T-cells, where 

it controls their homeostasis. This suggests a conserved function of PRDM1 in the 

final differentiation of both, the cellular and the humoral branch of the adaptive 

immune response (Kallies u. Nutt 2007). 

As already described in chapter 1.2.1 (Figure 4) there exist two isoforms of 

PRDM1, PRDM1α and PRDM1β. Whereas some MM cell lines express higher 

levels of PRDM1β mRNA compared to the full-length PRDM1α isoform, primary 

cells and lots of other cell lines maintain very low, but detectable levels of 

PRDM1β. The α-variant represents the full-length version, responsible for PC 

differentiation (Calame et al. 2003; Shapiro-Shelef et al. 2003). The truncated 

PRDM1β mainly lost its repressive function on multiple target genes that need to 

be repressed for PC differentiation. Nevertheless, PRDM1β possesses normal 

DNA-binding activity and is therefore also located in the nucleus and associated 

with histon deacetylases. High PRDM1β expression leads to less binding of 

PRDM1α on the DNA binding sites and therefore indirectly to less repression of 

target genes (Gyory et al. 2003). 
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1.3 FOXO transcription factors 

1.3.1 FOXO family and FOXO structure 
 

FOXO proteins are a subgroup of the forkhead family of transcription factors. The 

special family characteristic is a conserved DNA-binding domain, the ‘forkhead 

box’ or FOX (Carter u. Brunet 2007). The forkhead box consists of 110 amino 

acids building a typical butterfly-shaped structure. It comprises three N-terminal α-

helices, three β-sheets and two loop regions, located at the C-terminal end forming 

the wings of the structure (Burgering u. Medema 2003). The ideal DNA-binding 

site for FOXOs is the binding motif TTGTTTAC (FURUYAMA et al. 2000). There 

are more than 100 members of FOX transcription factors in humans classified 

from FOXA to FOXR based on sequence similarity. These proteins possess a 

wide range of different functions. For example, FOXE3 is important for proper eye 

development, whereas FOXP2 is a necessary factor in language acquisition. In 

mammals four FOXO genes, FOXO1, 3, 4, and 6 were identified (Carter u. Brunet 

2007). All FOXO proteins present four domains. At first stands a highly conserved 

forkhead DNA binding domain. Moreover, there is the nuclear localization signal 

(NLS) region. Further downstream, they contain a nuclear export sequence (NES) 

and a c-terminal transactivation (TA) domain (Obsil u. Obsilova 2008). 

 

 

Figure 5: Structure of FOXO proteins.  

FOXO proteins are composed of four characterizing domains: The Forkhead DNA-binding domain (DBD), the 
nuclear localization signal (NLS), the nuclear export sequences (NES) and the transactivation domain (TA). 
The letters “P” stand for the major phosphorylation sites that are phosphorylated through the AKT / protein 
kinase B (PKB) pathway. However, there are a lot more phosphorylation sites, as this is a simplified scheme. 
Furthermore, the first two phosphorylation sites serve as a binding station for 14-3-3 proteins, which are 
important for shuttling of FOXOs from the nucleus into the cytoplasm. FOXO: subclass "O" of the forkhead box 
(FOX) family of transcription factors, SGK: serum- and glucocorticoid-inducible kinase. (Obsil u. Obsilova 
2008). Reprinted by permission from Springer Nature, Oncogene, Structure/ / function relationships underlying 
regulation of FOXO transcription factors, T Obsil, V Obsilova, © 2008. 
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1.3.2 Regulation of FOXO 
 

FOXO’s intracellular activity is mostly controlled by diverse external stimuli such as 

insulin, insulin-like growth factor 1 (IGF-1), other growth factors, neutrophins, 

nutrients, cytokines and oxidative stress stimuli. These factors regulate FOXO 

activity by post-translational modifications such as phosphorylation, acetylation, 

methylation and ubiquitination, as well as protein-protein interactions. These 

alterations then control subcellular localization, protein levels, DNA-binding 

properties and transcriptional activity (Calnan u. Brunet 2008; Daitoku et al. 2011). 

 

Figure 6: Regulation of FOXO through the P13K / Akt pathway. 

The P13K / Akt pathway is activated by growth stimuli or insulin and leads to the phosphorylation and 
inactivation of FOXO. With no present stimuli FOXO is active in the nucleus serving as a transcription factor of 
target genes (Carter u. Brunet 2007). P13K: Phosphatidylinositide 3-kinase, FOXO: subclass "O" of the 
forkhead box (FOX) family of transcription factors, PDK1: 3'-phosphoinositide-dependent kinase-1, Bim-1: 
bis(indolyl)maleimide inhibitor, FasL: Fas ligand, MnSOD: manganese superoxide dismutase, GADD45: 
growth arrest and DNA damage, G6Pase: Glucose-6-Phosphatase, PEPCK: Phosphoenolpyruvat-
carboxykinase, RAG 1 / 2: Recombination activating gene 1/2, B-cell lymphoma 6 (BCL6), AICDA: Activation 
Induced Cytidine Deaminase, Reprinted by permission from: Elsevier, Current Biology, FOXO transcription 
factors, Matthew E. Carter, Anne Brunet, © 2007, DOI: https://doi.org/10.1016/j.cub.2007.01.008 

https://doi.org/10.1016/j.cub.2007.01.008
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As displayed in Figure 5 all FOXOs possess three major phosphorylation sites, 

which are phosphorylated and regulated by the insulin / PI3K / Akt signaling 

pathway (Figure 6). Phosphorylation leads to binding of the 14-3-3 protein, 

preparing the export of FOXO transcription factors from the nucleus to the 

cytoplasm (Carter u. Brunet 2007).  

 

 

Figure 7: Shuttle of FOXO transcription factors between the nucleus and cytoplasm. 

Insulin and growth factors mediate the activity of the P13K / AKT / SGK pathway. This leads to 
phosphorylation of FOXO in the nucleus, the binding of the 14-3-3 proteins and the release of FOXO from its 
DNA-binding sites. The binding of 14-3-3 may promote exposure of nuclear export sequence (NES) of FOXO 
and leads to nuclear export. Outside the nucleus, phosphorylated FOXO is removed by proteasome-
dependent degradation. FOXO: subclass "O" of the forkhead box (FOX) family of transcription factors, P13K: 
phosphatidylinositide 3-kinase, SGK: / serum- and glucocorticoid-inducible kinase, IGF-1: Insulin-like growth 
factor 1, Ran: Ras-related Nuclear protein, CRM1: Chromosomal Maintenance 1, SCF complex: Skp, Cullin, 
F-box containing complex (Calnan u. Brunet 2008). Reprinted by permission from: Springer Nature, 
Oncogene, The FoxO code, D R Calnan, A Brunet, © 2008. 

Moreover, FOXOs can also be regulated on the transcriptional level. In 

Neuroblastoma cells, E2F-1 induces endogenous FOXO1 and FOXO3a. 

Therefore, FOXO transcription factors seem to be direct targets of E2F-1, at least 

in some cell types. However, FOXO levels were not affected by E2F-1 mediated 
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apoptosis (Nowak et al. 2007; Shats et al. 2013). Additionally, FOXO3 and 

possibly other FOXO transcription factors were suggested to directly promote 

FOXO1 and FOXO4 gene expression in a positive feedback loop (Essaghir et al. 

2009).  

  



15 
 

Figure 8. FOXOs‘ influence on target genes and cellular processes. 

1.3.3 Functions of FOXOs 
 

FOXO transcription factors are mostly known as tumor suppressors. FOXOs 

translate lots of environmental stimuli like insulin, nutrients, oxidative stress and 

growth factors into explicit gene-expression programs.  

In mammals, activation of FOXO transcription factors leads to cell cycle arrest and 

apoptosis, but also to detoxification of reactive oxygen species and to autophagy. 

Moreover, FOXOs promote DNA repair and extend mammalian lifespan (Figure 8). 

Additionally, FOXOs regulate the energy metabolism and development of several 

tissues (Calnan u. Brunet 2008).  

 

 

FOXOs initiate a wide range of cellular processes by serving as a transcription factor of target genes (inner 
light blue circle). This leads to a variety of effects on the cellular level (white middle circle). In turn, these 
cellular processes induce a change on organismal processes, such as tumor suppression, metabolism, etc. 
(outer blue circle). FOXO: subclass "O" of the forkhead box (FOX) family of transcription factors POMC: 
Proopiomelanocortin, AgRP: Agouti-related protein, G6P: Glucose-6-phosphat, SOD2: Superoxide dismutase 
2, Gadd45: Growth Arrest and DNA Damage, DDB1: DNA damage-binding protein 1, Btg1: B-Cell 
Translocation Gene 1, Cited2: Cbp / P300 Interacting Transactivator With Glu / Asp Rich Carboxy-Terminal 
Domain 2, Bim: bis(indolyl)maleimide inhibitor, FasL: Fas ligand (Calnan u. Brunet 2008). Reprinted by 
permission from: Springer Nature, Oncogene, The FoxO code, D R Calnan, A Brunet, © 2008. 
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Furthermore, FOXOs orchestrate cell fate 'decisions' in diverse tissues. For 

instance, FOXO1 plays an important role during early B-cell development and 

differentiation (Dengler et al. 2008). Additionally, FOXO1 cross-links with other 

pathways modulating the activity of STAT3 and NF-κB and directly regulates 

PRDM1α, the master regulator of PC differentiation in cHL cell lines (Vogel et al. 

2014). However, a direct regulation of PRDM1α by FOXO1 in MM cell lines has 

not been investigated yet. Importantly, members of the mammalian FOXO 

transcription factor family, FOXO1, FOXO3, and FOXO4 possess corresponding 

target genes and expression patterns. As already mentioned all members of the 

FOXO family bind to the Forkhead binding motif TTGTTTAC and were therefore 

suggested being able to replace each other. A partial functional redundancy of 

FOXOs was suggested as simultaneous conditional deletion of FOXO 1 / 3 / 4 

lead to tumorigenesis, but the individual deletion of the isoforms did not (Paik et al. 

2007). On the contrary, FOXO knockout mice showed different effects according 

to their FOXO type knockout. For example FOXO1 depleted mice presented 

defects of normal vascular development with conclusive embryonic death, 

whereas FOXO3 knockdown mice displayed hematologic abnormalities and 

FOXO4 deficient mice showed an impaired neointima formation. This indicates, 

that FOXO functions are not redundant amongst themselves and that FOXO 

expression levels or target genes might be different in various cell types (Nakae et 

al. 2008). Regarding hematopoietic neoplasia, FOXOs have been proven to work 

mostly as tumor suppressors. For instance, FOXO3 works as a tumor suppressor 

in natural killer (NK) cell neoplasms (Karube et al. 2011) and FOXO1 in classical 

Hodgkin Lymphoma (cHL) (Xie et al. 2012). Furthermore, FOXO3a was 

downregulated in prostate cancer (Shukla et al. 2009) and FOXO1 was 

downregulated in endometrial cancer (Myatt et al. 2010). On the contrary, FOXOs 

are active in about 40% of acute myeloid leukemia (AML) patients samples. In 

further studies a mouse model showed, that either the activation of Akt, which 

suppresses FOXO, or the compound deletion of FOXO1 / 3 / 4 reduced leukemic 

growth and enhanced animal survival (Sykes et al. 2011) . Therefore, FOXOs 

seem to work as tumor suppressors in most tumor entities, but also work as proto-

oncogenes in others.  

Moreover, FOXO1 and FOXO3 represent key factors of muscle energy 

homeostasis by controlling glycolytic and lipolytic flux, as well as mitochondrial 
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metabolism (Sanchez et al. 2014). Furthermore, using a genome-wide association 

studies (GWAS) data set, a noncoding single-nucleotide polymorphism (SNP) in 

the FOXO3 gene was identified that correlates with prognosis in Crohn’s Disease 

despite not being a disease-associated variant. This allelic variation at the 

prognosis-associated SNP mediates the re-accumulation of FOXO3 in the nucleus 

during an inflammatory response when FOXO3 usually moves out of the nucleus. 

Conclusively, an earlier recovery of nuclear FOXO3 induces a TGFβ1-dependent 

pathway in monocytes, which leads to a decrease of proinflammatory cytokines, 

for example of TNFα, and to an increase of anti-inflammatory cytokines such as 

Interleukin 10 (IL-10). Of note these findings correlate with a less painful disease 

course. Additionally, genetic variations of this SNP also influence the prognosis in 

malaria and rheumatoid arthritis as these diseases are also related to cytokines 

mediated by the FOXO3-TGFβ1 pathway. Thus, genetic variations of FOXO3, 

including SNPs, have to be considered in the origin, maintenance and outcome of 

diseases associated with FOXO3 (Lee et al. 2013).  

 

1.4 β-catenin 
 

In the context of colorectal cancer research nuclear FOXO3 was shown to possibly 

promote metastasis in combination with nuclear β-catenin accumulation, a usual 

incidence in colon cancers (Yan u. Lackner 2012). Therefore, the function and 

regulation of β-catenin will be briefly elucidated. 

 

1.4.1 Functions of β-catenin 
 

β-catenin is an integral structural component of cadherin-based adherens 

junctions. Furthermore, it acts as the key nuclear effector of Wnt signaling. Its dual 

capacity can especially be seen in its orchestration of developmental processes. In 

the context of the wnt / β-catenin pathway, β-catenin regulates for instance animal 

development from Cnidarians to mammals. The reason of its adhesive function 

and signaling activity lies in its structural composition as β-catenin contains a 

central region of 12 incomplete Armadillo repeats bordered by distinct N- and C-

terminal domains. Proximally to the C-terminal domain lies a conserved helix 
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(Helix-C) right next to the last ARM repeat. The central region outlines a firm 

scaffold, which functions as a contact platform for many β-catenin binding partners 

in the cytosol, the nucleus and at the membrane. Important binding partners for β-

catenin are E-cadherin, the most important associate in adherens junctions, 

adenomatous polyposis coli (APC) protein, which is the principal partner in the 

destruction complex, and T-cell factor / lymphocyte enhancer factor (TCF / LEF), 

the main binding partners in the nucleus (Valenta et al. 2012).  

As β-catenin is a part of the wnt / β-catenin pathway, the functions of β-catenin 

must be also seen in the context of this pathway.  In the pathogenesis of colorectal 

cancer where inherited mutations of the APC gene were discovered in patients 

with familial adenomatous polyposis (FAP), known as a pre-stage of colorectal 

carcinomas, the wnt / β-catenin pathway was proven an important role. In most 

cells the APC gene functions as a negative regulator of the β-catenin integrity. 

Mutations of the APC gene lead to an accumulation of β-catenin and therefore to 

the transcription of its target genes including cyclin D1 and c-myc known as proto-

oncogenes (Ashihara et al. 2015; Smith u. Goh 1996). 

Furthermore, APC and CTNNB1 (encoding β-catenin) mutations also exist in 

colorectal tumors of non-FAP patients. CTNNB1 mutations result in impaired 

degradation of β-catenin and were also found for example in liver-, pancreas-, 

kidney-, and ovary carcinoma. Interestingly, there is evidence that increased wnt / 

β-catenin signaling activity correlates with either poor prognosis in cancers, like in 

cases of breast cancer and colon cancer, whereas elevated levels of nuclear 

CTNNB1 are associated with an improved course of disease in patients suffering 

from malignant melanoma, ovarian cancer and prostate cancer (Anastas u. Moon 

2013).  

 

1.4.2 Regulation of β-catenin 
 

Newly synthesized β-catenin is held in the periphery by E-cadherin at adherens 

junctions where an interaction with α-catenin is possible. Thus, it indirectly 

contributes to the actin cytoskeleton. When E-cadherin is downregulated or protein 

kinases are activated, β-catenin can be released. The liberated β-catenin is 

instantly phosphorylated by the destruction complex and labeled for degradation. 
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However, a part of β-catenin can be stored in the cytoplasm, shielded by APC 

(Valenta et al. 2012). Wnt signaling, which can be generally separated in a 

canonical or Wnt / β-catenin-dependent pathway and the non-canonical or β-

catenin-independent pathway (Komiya u. Habas 2008), blocks the activity of the 

destruction complex in the β-catenin-dependent pathway. Therefore, β-catenin-

levels in the cytoplasm increase and β-catenin is moved to the nucleus, where it 

binds to transcription factors from the TCF / LEF family and induces the 

transcription of Wnt / β-catenin target genes (Valenta et al. 2012). 

 

 

 

Figure 9: Wnt / β-catenin signaling.  

The left panel displays the inactive Wnt-signaling state in which β-catenin (β-Cat) is phosphorylated (P) by 
GSK-3β and polyubiquitinated by β-TrCP. Subsequenlty, β-catenin is degraded by the proteasome. During the 
active WNT-signaling state (right panel) β-catenin does not get phosphorylated and thus translocates to the 
nucleus, where it builds a complex with TCF / LEF. The β-catenin / TCF complex induces the transcription of 
target genes such as cyclin D1 and c-myc. GSK-3β: Glycogen synthase kinase 3 beta, β-TrCP: β-transducin 
repeat-containing protein, TCF: T-cell factor, LEF: lymphocyte enhancer factor, APC: adenomatous polyposis 
coli, BCL9: B-cell chronic leukocytic leukemia / lymphoma 9, CBP: c-AMP response element binding protein-
binding protein, CK1α: casein kinase 1α, Dkk: Dickkopf; Dvl: dishevelled; Fz: Frizzled; HDAC: histone 
deacetylase, LRP 5 / 6: lipoprotein receptor-related protein 5 / 6,  P:  phosphorylated, PYG: pygopus, SFRP: 
soluble frizzled-related protein, Ub: ubiquitination, WIF-1: wnt inhibitory factor-1. Article available under the 
terms oft the Creative Commons Attribution Non-Commercial No Derivatives License CC BY-NC-ND, no 
changes were made, https://creativecommons.org/licenses/by-nc-nd/4.0/legalcode, granted by John Wiley and 
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Sons, Cancer Science, Eishi Ashihara, Tetsuya Takada, Taira Maekawa, © 2015. Cancer Science published 
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1.4.3 FOXO3 and β-catenin crosstalk 
 

The phosphoinositide 3-kinase (PI3K)-AKT pathway, that negatively regulates 

FOXO3 activity, and the Wnt / β-catenin signaling pathway show both great 

importance in tumorigenesis and disease progression in colorectal cancer (Yan u. 

Lackner 2012). As already mentioned above, the P13 / AKT pathway 

phosphorylates FOXO and thus induces the localization of FOXO into the 

cytoplasm, where it cannot work as a tumor suppressor (Carter u. Brunet 2007). 

However, recently it was discovered that nuclear FOXO3 might promote 

metastasis in the context of nuclear β-catenin accumulation, a usual incidence in 

colon cancers, turning FOXO3 from a propapoptotic tumor suppressor to a 

metastasis inductor. In order to give FOXO3 a positive function as tumor 

suppressor, the β-catenin status of patients’ malignancies can be determined to 

follow the concept of personalized treatment (Tenbaum et al. 2012). 

 

1.5 Multiple Myeloma 

1.5.1 Numbers, facts and symptoms 
 

With an incidence of 4-6 / 100 000 inhabitants, Multiple Myeloma (MM) occurs 

quite frequently and the mortality of these patients as well as the relapse rate of 

MM are high. The incidence of MM increases significantly with age (Schmidt-Wolf 

et al. 2014). With a percentage of 1.4% of all tumors, MM accounts for 2% of 

cancer related death, underlining the high lethality of this malignancy (Spicka 

2014). MM was discovered in the midst of the 19th century, when a row of 

observations gave insight to the pathophysiology of MM (Laubach et al. 2011). 

Post mortem examination revealed infiltration of the bone marrow with big, oval 

cells presenting oversized nucleoli (Solly 1844). A few years later, Henry Bence 

Jones, a British physician, discovered a very high concentration of protein in the 

urine of MM Patients and drew a connection to the diagnosis of MM (Kyle 2001). 

However, it took fairly one century until the link between these urinary proteins and 

an abnormal immunoglobulin production of MM patients was drawn. Gerald 

Edelman, Nobel Prize winner of chemistry and his student Joseph Gally, brought 

light to the chemical resemblance of the serum light chains and Bence Jones urine 

proteins in MM patients (Edelman u. Gally 1962). The description of PCs appeared 
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first in the late 1800s and malignant PCs were even later found to be responsible 

for MM (Wright 1900). Far away from historical findings and discoveries, it was 

much later noticed that MM mostly develops in different steps. Usually, the 

premalignant state monoclonal gammopathy of undetermined significance 

(MGUS) can be observed at first, often passing on to the intermediate stage called 

smoldering multiple myeloma (SMM). SMM may be distinguished from active 

myeloma as there is no disease-related end-organ damage. While MGUS and 

SMM do not require therapy, active MM needs to be medicamentously treated 

(Bianchi u. Anderson 2014). Symptoms caused by MM can be very unspecific and 

vary significantly. Nevertheless, some symptoms can be memorized under the 

acronym ‘CRAB’ meaning hyperCalcaemia, Renal impairment, Anaemia and Bone 

lesions (Eslick u. Talaulikar 2013) and should heighten diagnostic suspicion for 

MM. Importantly, lots of patients show at first unspecific symptoms, which can be 

easily looked over or not be connected to a malignancy. For instance, 70% of all 

newly diagnosed patients suffer from anemia, linked with fatigue, dyspnea on 

exertion or angina (Rajkumar u. Kyle 2005; Eslick u. Talaulikar 2013). At the time 

of diagnosis, hypercalcemia is a less frequent manifestation of MM, presented only 

by approximately 13% of patients (Kyle et al. 2003). However, symptomatic 

hypercalcemia may attract attention to a dramatic extend with disorientation, 

confusion, constipation, muscle weakness, anorexia, polyuria and polydipsia. 

Extreme elevations in serum calcium can rarely cause coma or cardiac arrhythmia 

(Diercks et al. 2004). Renal damage occurs in 20–40% of patients with a newly 

diagnosed MM. Kidney impairment occurs mostly due to light chain deposition 

within the distal and collecting renal tubules or hypercalcemia (Eleutherakis-

Papaiakovou et al. 2007). Moreover, PCs make up only a small minority of cells in 

the bone marrow (~0,5%) in tumor free patients (Brink 2011). However, patients 

suffering from MM present much more and malignant PCs in their bone marrow 

(>10%) (Attar-Schneider et al. 2016). The interaction of MM cells with Bone 

Marrow Stromal cells (BMSCs) induces the production of bone resorption factors 

like Receptor Activator of NF-κB Ligand (RANKL), Interleukin 3 (IL-3), Interleukin 6 

(IL-6) and Macrophage Inflammatory Protein (MIP-α). Thus, osteoclasts are 

activated, which leads to an increased bone resorption. On the contrary, MM cells 

downregulate osteoblastic activity producing inhibitory cytokines and reduce 

osteoprogerin production (Roodman 2009). Under these pathomechanisms, 
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physiological bone remodeling is disturbed and approximately 80–90% of MM 

patients suffer from osteolytic lesions during the disease. Strongly associated with 

the occurrence of bone lesions, patients may be troubled by bone pain (70–80%), 

fractures (50–60%), hypercalcemia (15%), spinal cord compression (2–3%), 

decreased quality of life and poor mobility (Cocks et al. 2007). Another dangerous 

and frequent problem are recurrent infections as MM leads to a significant 

suppression of humoral immunity. Thus, patients become more susceptible to 

infections caused by bacteria like Staphylococcus aureus, Staphylococcus 

pneumonia and Escherichia coli (Kumar et al. 2013). 

 

 

Figure 10: Multiple Myeloma cells lead to increased bone resorption and decreased osteogenesis. 

MM cells activate osteoclasts by MIP-1 and IL-3 production. Through the interaction between MM cells and 
marrow stromal cells, RANKL and IL-6 are produced, which also induce osteoclast formation. Furthermore, 
osteoblast differentiation is negatively regulated, as MM cells yield also Dkk1, IL-3, IL-7 and sFRP2. MM: 
Multiple Myeloma, MIP-1: Macrophage Inflammatory Protein, IL-3: Interleukin-3, RANKL: Receptor Activator of 
NF-κB Ligand, Dkk1: Dickkopf 1 IL-6 : Interleukin 6, IL-7: Interleukin 7, sFRP2: secreted frizzled-related 
protein 2  (Roodman 2009). Reprinted by permission from Springer Nature, Leukemia, Parhogenesis of 
myeloma bone disease, G D Roodman, © 2008.  
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1.5.2 Pathogenesis of Multiple Myeloma 
 

Even though the pathogenesis of MM has remained unclear for a long time, fast 

progress has recently been made. Like described above, two major steps for the 

production of PCs and memory B-cells are necessary: The early (antigen-

independent) and late (antigen-dependent) stage (Clark et al. 2005; Fairfax et al. 

2008).The antigen independent stage starts from the point of VDJ rearrangement 

and results in the establishment of mature, naïve B-cells circulating in the blood 

and lymphoid tissue. Once these B-cells encounter an antigen that has entered 

the human organism, they form a GC, performing somatic hyper mutation and 

immunoglobulin class switch (antigen dependent stage). By these steps, the 

affinity of IgG and IgA antibodies is ameliorated (MacLennan et al. 1990). 

As MM cells show high levels of immunoglobulin heavy chain gene hyper 

mutation, tumor cells origin supposedly from a post germinal center B-cell (Bakkus 

et al. 1992). Furthermore, mutations taking place during immunoglobulin receptor 

somatic hyper mutation and class switch are probably also included in the 

pathogenesis of MM. Additionally, chromosomal variations occur in up to 90% of 

MM patients (Fonseca et al. 2004). Furthermore, frequent mutations associated 

with MM implicate either a gain of function or a loss of function of the affected 

gene. Monosomy, partial deletion of chromosome 13 or the loss of the short arm of 

chromosome 17, which is the locus of TP53, are typical examples of a loss of 

function mutation. Gain of function mutations can be seen for example on the 

chromosomal region 1q (Hanamura et al. 2006). In general, patients are grouped 

as being nonhyperdiploid or hyperdiploid (possessing 48-74 chromosomes) 

(Smadja et al. 1998). The translocations affecting the chromosomes 14q32, 

11q13, 6p21, 4p16, 16q23, that encode for the immune heavy chain, cyclin D1, 

cycline D3, fibroblast growth factor receptor 3 / multiple myeloma SET domain 

(FGFR 3 / MMSET) and C-MAF, respectively, are primary translocations in MM 

cells and manipulate the growth of the affected cell. Moreover, the malignant cell 

clone is provided with IL6, insulin-like growth factor and vascular endothelial 

growth factor (VEGF), which supply the clone with nutritive factors. These factors 

are produced through the interaction between MM cells and the bone marrow 

microenvironment consisting of extracellular matrix (ECM), collagen, fibronectin 

and laminin. However, the contact of cellular elements like hematopoietic stem 
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cells, immune cells, bone marrow endothelial cells, BMSCs, osteoclasts and 

osteoblasts with MM cells plays an important role as well (Chauhan et al. 1995; 

Podar 2001). Moreover, multiple intracellular pathways and proteins are employed 

in the pathogenesis of MM such as the Ras-Raf-MAPK kinase pathway, the MEK-

extracellular signal-regulated kinase pathway, the phosphatidylinositol 3-kinase-

Akt pathway, and the Janus kinase 2-signal transducer and activator of 

transcription 3 pathway (Hideshima et al. 2007). 

 

1.5.3 Role and function of Bortezomib 
 

Bortezomib is a drug that targets the ubiquitin-proteasome pathway, working as a 

proteasome inhibitor (Chen et al. 2011). This pathway plays a crucial role in the 

homeostasis of cells and many other cellular processes, including processes 

during tumorigenesis (Ciechanover 1994; Hochstrasser 1995; Orlowski u. Dees 

2002; Adams 2004). Proteasome inhibition prevents the degradation of pro-

apoptotic protein in tumor cells, however not in normal cells (Berenson et al. 2006; 

Kane et al. 2006). Another important mechanism of Bortezomib is the upregulation 

of the pro-apoptotic protein NOXA, which is suspected to interact with other pro-

apoptotic proteins like Bcl-XL and Bcl-2, both leading to apoptosis of malignant 

cells. Furthermore, Bortezomib suppresses the NF-κB signaling pathway, leading 

to down-regulation of the cell’s anti-apoptotic genes. When Bortezomib became 

FDA (US Food and Drug Administration) approved, Bortezomib was the first 

proteasome inhibitor taking part in the treatment of malignant diseases. Now 

Bortezomib serves as a front-line treatment for newly diagnosed MM, relapsed / 

refractory MM and mantle cell lymphoma (Chen et al. 2011).  
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1.6 Aim of Study 
 

In MM cell lines FOXO3 expression levels are highly elevated. Interestingly, FOXO 

transcription factors are mostly known as tumor suppressors. With this thesis we 

would like to contribute to further investigations of the role of FOXO transcription 

factors in the pathogenesis and maintenance of MM.  

FOXO transcriptional activity is majorly regulated by its subcellular localization, 

which we wanted to illustrate in this present work. 

Furthermore, we wanted to investigate the influence of FOXO transcription factors 

on growth of MM cell lines and conclusively determine their toxicity on MM cells.  

Besides, the role of nuclear co-localization of β-catenin and FOXO3 was 

elucidated in colorectal cancer research. As this co-localization was important for 

the prognosis of colorectal cancer (Tenbaum et al. 2012) the nuclear co-

localization of FOXO3 and β-catenin cells needed to be investigated also in MM. 

Moreover, PRDM1, the master regulator of PC differentiation (Vrzalikova et al. 

2012), was found to be directly regulated by FOXO1 in cHL (Vogel et al. 2014). 

Therefore, we wanted to investigate a possible regulation of PRDM1 by FOXOs in 

MM. 

Unfortunately, MM is still a difficult  cancer to treat, going along with poor 

prognosis. Nevertheless, progress in treatment has been achieved for instance 

with the introduction of new drugs like proteasome inhibitors and 

immunomodulatory agents, as well as with the implementation of hematopoietic 

stem cell transplantation. Therefore, we wanted to investigate the influence of 

FOXO transcription factors on the outcome of treatment with Bortezomib.  

Therefore, the goals of this work were: 

- To investigate the subcellular localization of FOXO3 in different MM cells lines by 

using immunofluorescence staining. 

- Analysis of sensitivity of MM cells to the FOXO1 small molecular weight inhibitor 

AS1842856. Given that the FOXO1 small molecular weight inhibitor AS1842856 

predominantly inhibits FOXO1 (Nagashima et al. 2010) and  also partially inhibits 

FOXO3 and FOXO4  (Ikeda u. Toyoshima 2017; Nagashima et al. 2010), we 
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wanted to investigate the sensitivity of MM cell lines to pharmacological FOXO 

depletion 

- To investigate the nuclear localization of β-catenin and FOXO3 in MM cells with 

the help of immunofluorescence. 

- To analyze the influence of FOXO1 on PRDM1 expression with the help of 

immunoblot and qRT-PCR. 

- To investigate the role of FOXO transcription factors in the antitumor effect of 

Bortezomib. 
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2. Material and Methods 
2.1  Material 

2.1.1  Reagents and Chemicals 

2.1.1.1 General chemicals 

 

General chemicals were purchased from Applichem (Germany), Roth (Germany), 

Merck (Germany), Sigma-Aldrich (Germany), Fluka (Switzerland), Invitrogen (UK). 

 

2.1.1.2 Reagents 
 

RNasin Plus RNase inhibitor  Promega, Germany 

SYBR Green PCR master mix  Bio-Rad, USA 

ProLong Gold Antifade Reagent  Invitrogen, UK 

Poly-L-Lysine Solution  Sigma-Aldrich, Germany 

West Dura Extended Duration Substrate  Thermo Fisher Scientific, USA 

Propidium Iodide (PI) Sigma-Aldrich, Germany 

4′,6-Diamidin-2-phenylindol Sigma, Germany 

β-mercaptoethanol Sigma-Aldrich, Germany 

 

2.1.1.3 Enzymes 
 

M-MLV reverse transcriptase Promega, Germany 

 

2.1.1.4 Cell culture materials 

 

Bortezomib (PS-341) Selleckchem, Germany 

Cyclohexamid Sigma-Aldrich, Germany 

DMEM Gibco, Life Technologies, UK 

FCS PAA, Austria 

FOXO-1 Inhibitor AS1842856  CALBIOCHEM, USA 
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IMDM Gibco, Life Technologies, UK 

L-Glutamine Gibco, Life Technologies, UK 

Monothioglycerol (MTG)  Sigma-Aldrich, Germany 

MTT Sigma, Germany 

Opti-MEM PAN Biotech, Germany 

Penicillin / streptomycin Gibco, Life Technologies, UK 

Polyethylenimine (PEI) Polysciences, USA 

Puromycin CALBIOCHEM, USA 

RPMI 1640 Gibco, Life Technologies, UK 

Super Signal West Dura Extended 

Duration Substrate 

Thermo Fisher Scientific  

Trypsin (0.05%) / EDTA Gibco, Life Technologies, UK 

 

2.1.2 Kits 
 

High Pure RNA Isolation kit  Roche Applied Science, Germany 

Cell line nucleofector kit V  Lonza, Germany 

Rapid DNA Dephosphorylation&Ligation kit 

 

 

Roche, Applied Science, Germany 

2.1.3 Antibodies 
 

anti-FOXO1, #2880 Cell Signaling, USA 

anti-PRDM1, #648202  BioLegend, UK 

anti-β-tubulin, #ab6046  Abcam, UK 

anti-rabbit, #31460  Thermo Fisher Scientific, USA 
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anti-mouse, s#c-2005  Santa Cruz, USA 

Mouse anti-b-catenin   BD, USA 

Rabbit anti-FOXO3   Santa Cruz, USA 

Alexa Fluor Donkey anti-rabbit 594 (red) Invitrogen, UK 

Alexa Fluor Donkey anti-mouse 488 (green) Invitrogen, UK 

 

2.1.4 Plastic ware 
 

6-well tissue culture plates Greiner Bio-One, Germany 

10-cm tissue culture dishes Greiner Bio-One, Germany 

6-well non-tissue culture treated plate Becton Dickinson, Falcon, USA 

Petri dishes Becton Dickinson, Falcon, USA 

Cell culture flasks (25 cm2, 75 cm2) Greiner Bio-One, Germany 

Tissue culture flask (175 cm2) Becton Dickinson, Falcon, USA 

  
 

2.1.5 Laboratory Equipment 
 

Cell culture  

 

Incubator Hera-Safe Thermo Scientific, 

Heraeus, USA 

Cytospin 3 centrifuge  Shandon, USA 

ELISA reader Speta MAX 190 Molecular Devices, USA 

LightCycler 480  Roche Applied Science, Germany 

Nanodrop 1000 spectrophotometer  Thermo Scientific, USA 

Thermocycler / Primus 96 Plus  MWG Biotech, Germany 

Vi-CELL XR cell counter  Beckman Coulter, USA 

AxioVert 200 M microscope. Zeiss, Germany 
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2.1.6  Software 
  

Genesifter PerkinElmer, Germany 

Cellquest anaylsis  BD Biosciences, USA 

SoftMax Pro 4.8  Molecular devices, USA 

ImageJ 64 National Institute of Health, USA 

Adobe Photoshop CS2 Adobe Systems, USA 

AxioVision Rel 4.8 Zeiss, Germany 

CompuSyn Report ComboSyn, Inc, USA 

 

 

2.1.7 Miscellaneous 
 

Ampicillin  Applichem, Germany 

Ampuwa water Fresenius Kabi, Germany 

dNTPs x dNTPs Genaxxon, Germany 

Fuji medical X-ray film  Fuji, Japan 

Nitrocellulose membrane, Hybond ECL  Amersham, Germany 

PageRuler prestained protein ladder  Fermentas Life Sciences, USA 

Primers  Biomers, Ulm, Germany 

1kb plus DNA ladder 

 

 

 

 

 Invitrogen, Life Technologies, USA 
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2.2 Analsysis of FOXO1 and FOXO3 expression in multiple 

cell types 
 

We investigated the expression of FOXO1 and FOXO3 in normal B-cells, PCs, B-

cell and PC derived tumors. To this end we mined the publically available gene 

expression profiling (GEP) data set GSE 6691 from Gene Explorer Omnibus 

(GEO) database. The gene set comprised GEP data of eight cases of  B-cells, 

eleven cases of CLL chronic lymphoblastic leukemia (CLL) , five cases of PCs and 

twelve cases of MM (Gutiérrez et al. 2007). 

 

2.3 Cell culture methods 

2.3.1 Cell lines and cell culture conditions 
 

The two new MM cell lines UMM-3 and UMM-4 were established from malignant 

pleural effusions (MPEs) that represent advanced and hard to treat extramedullar 

manifestations of MM by Silke Brüderlein, Peter Möller (Institute of Pathology), 

Christian Langer and Lars Bulinger (Department of Internal Medicine III) University 

of Ulm, Ulm, Germany. The new cell lines harbor main characteristics of advanced 

extramedullar MM including 13q and 17p deletions, inactivating point mutations of 

TP53 tumor suppressor gene and activating mutations of N-RAS proto-oncogenes. 

The cell lines do not require IL-6 for growth. The most striking feature of the new 

cell lines is heterogeneity in the expression of CD56 and CD20 antigens.  The cell 

lines were EBV-negative and had multiple chromosomal aberrations (Table 1) and 

point mutations (Table 2). 
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Table 1: Cytogenetic characteristics of the new MM cell lines UMM-3 and UMM-4 

UMM-3 UMM-4 

+1q21 

del13q 

del17p 

t(8;14) 

t(14;16) 

amp1q21 

del13q 

t(4;14) 

 

 

Table 2: Mutational status of the MM cell lines UMM-3 and UMM-4 

Gene / Line U-MM3 U-MM4 

N-RAS  c.182A>G; 

p.Q61R 

TP53 c.542G>A; 

p.R181H 

c.738G>A; 

p.M246I 

 

 

 

The MM cell line UMM-2 was also given to us by the Institute of Pathology, 

University of Ulm, Ulm, Germany. 
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The established MM cell lines were cultured in Iscove’s Modified Dulbecco’s 

Medium (IMDM) (PAN Biotech) supplemented with 20% fetal calf serum (FCS) 

(PAA), 2 mM L-glutamine, 100 U / mL of penicillin, 100 μg / mL of streptomycin, 

and 50 µM monothioglycerol (MTG). The cell lines were kept at 37°C and 5% 

CO2. 

 

2.3.2 MTT-Assay 
 

Cells were seeded in 96-well plates in 100 µL of complete medium. In wells B-G / 

2-11 50 µL of complete medium was dispensed. Subsequently, 50 µL of 40 µM 

FOXO1 Inhibitor dissolved in complete medium were added in wells 3B-D, so that 

the final highest concentration was 10 µM FOXO1-Inhibitor in these wells. Serial 

dilutions were made by sequentially transferring 50 µl from 3 B-D to 10 B-D. The 

dilutions were continued with wells 3 E-G to wells 10 E-G. 50 µL of complete 

medium containing 20 000 cells were added into the wells B-G / 2-11. In wells 11 

B-G 5 µG / ml of puromycin were added as negative control.  In wells 2 B-G a 

vehicle, dimethyl sulfoxide (DMSO), was added. Cells were incubated 72-96 h, 

dependent on their confluency. After indicated time, 25 µL of Thiazolyl Blue 

Tetrazolium Bromide (MTT) (5 mg / ml in phosphate-buffered saline (PBS)) were 

added and cells were incubated for 2 h at 37 °C. Subsequently, 100 µL of lysis 

buffer (Dimethylfomamide, sodium dodecyl sulfate (SDS), 80% glacial acetic acid, 

25 mM hydrochloric acid (HCL), pH was adjusted to 4.7, mix was filled up with 

water) was added and incubated overnight at 37 °C. The next day, optical density 

(OD) was measured at 570 nm using ELISA reader Speta MAX 190 (Molecular 

Devices) and the SoftMax Pro 4.8 software. 
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2.3.3 Bortezomib and FOXO1-Inhibitor AS1842856 cytotoxicity  
 

Viable cells were counted with the cell counter Vi-cell XR cell viability analyzer 

(Beckman Coulter). 4x106 cells were dispensed in 60 ml of complete 20% IMDM 

Medium. Cells were divided in 20 mL each and treated with 0.1 µM and 1.0 µM 

FOXO-1 Inhibitor AS1842856 (CALBIOCHEM) and DMSO, respectively. Cells 

were dispensed in one six-well plate per group with 3 mL per well. The plates were 

incubated for 2 hours at 37 °C.  After incubation, Bortezomib (PS-341, 

Selleckchem) was put onto the cells, so that all six wells had different Bortezomib 

concentrations, which were 20 µM, 10 µM, 5 µM, 2,5 µM, 1,25 µM and DMSO. 

After incubation for 5 days, cells in each well were counted again with the Vi-cell 

XR cell viability analyzer (Beckman Coulter). For analysis the DMSO control of 

Bortezomib was set as 100 %. 

 

2.4 Analysis of nucleic acids 

2.4.1 RNA extraction and reverse transcription 
 

The High Pure RNA Isolation kit (Roche Applied Science) was used to isolate total 

ribonucleic acid (RNA) from 1 x 106 cells according to the manufacturer´s 

instructions.To perform reverse transcription (RT) we mixed 2 µg of RNA with 0.5 

µg of oligo (dT)18 primer with subsequent incubation at 70 °C for 5 min. After 

cooling on ice, first-stranded complementary deoxyribonucleic acid (cDNA )  was 

synthesized using Moloney Murine Leukemia Virus (M-MLV) reverse transcriptase 

(Promega), M-MLV reverse transcriptase 5x Buffer (Promega), 2mMdnTPs and 

RNasin Plus RNase inhibitor (Promega), to prevent RNA degradation. This mix 

was added to the reaction and incubated for 1 h at 42 °C. 

 

2.4.2 Quantitative reverse transcription PCR (qRT-PCR) 
 

To quantify gene expression forward and reverse primers for RPL13A, PRDM1, 

FOXO1 and p21 (all biomers.net, Table 3), as well as iQ SYBR Green Supermix 

(Bio-Rad Laboratories) were added. Quantitative reverse transcription polymerase 

chain reaction (qRT-PCR) was performed with the LightCycler 480 instrument 
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(Roche Applied Science). Relative changes in gene expression were calculated 

using the ΔΔCt method (Pfaffl 2001). Annealing temperature was 60°C; samples 

were run in duplicates. Melting curve analysis confirmed specificity of the amplified 

product. For quantification, the threshold cycle (Ct) of the gene of interest was 

normalized to the housekeeping gene RPL13a. 

To obtain a 10 µL reaction volume in nuclease-free H2O, 5 µL iQ SYBR Green 

Supermix, 1 µL of 1:10 diluted cDNA and 0.5 µM of forward and reverse primer 

was used. Following cycles were generated: 

 

 

1 cycle 95 °C 15 min 
40 cycles 94 °C 15 sec 
 60 °C 30 sec 
 72 °C 30 sec 
1 cycle 95 °C   1 sec 
 65 °C 15 sec 
 95 °C  
 40 °C 30 sec 
 

 

Table 3: Primer sets for Q-RT-PCR (SYBR Green) 

 

 

Gene Primers for Q-RT-PCR (SYBR-Green) 

RPL13A  for-5´- CGGACCGTGCGAGGTAT -3´ 

RPL13A rev-5´- CACCATCCGCTTTTTCTTGTC -3´ 

PRDM1  for-5´- AGACTTGCAACAAGGGCTTT -3´ 

PRDM1  rev-5´- CCCGTGTGTACCAGGTAGTG -3´  

FOXO1A  for-5´- TGGACATGCTCAGCAGACATC -3` 

FOXO1A rev-5´- TTGGGTCAGGCGCTTCA -3´  

CDKN1A for-5´- GCAGACCAGCATGACAGATTT -3´ 

CDKN1A rev-5´- GGATTAGGGCTTCCTCTTGGA -3´ 
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2.5 Protein analysis methods 

2.5.1 Immunoblot 
 

Cells were washed with PBS, lysed in Laemmli-buffer containing 6 M urea and 5% 

β-mercaptoethanol and boiled for 10 min at 100°C. Proteins were separated by 8.5 

% SDS-PAGE in running buffer (25 mM Tris, 200 mM glycine, 0.1% SDS) at 80 V. 

Subsequently, proteins were transferred to a 0.45 µm nitrocellulose membrane in 

transfer buffer (25 mM Tris, 192 mM glycine, 20% methanol). Then, the membrane 

was blocked with 5% nonfat milk in PBS at 37 °C for 15 min and probed with 

antibodies (diluted in 5% nonfat milk / phosphate-buffered saline (PBS)) at 4°C 

overnight. Primary antibodies at indicated dilutions were used: Rabbit anti-FOXO1 

(1:1,000, #2880, Cell Signaling Technology), mouse anti-PRDM1 (1:100 in PBS 

containing 2% BSA, clone ROS195G BioLegend, San Diego, CA), rabbit anti-β-

Tubulin (1:15,000, #ab6046, Abcam). 

After incubation, the membrane was washed twice with PBS containing 0.05% 

Tween-20 and once with PBS. Then, secondary horseradish peroxidase-

conjugated antibody (goat anti-rabbit: 1:10,000, #31460, Thermo Fisher Scientific; 

goat anti-mouse: 1:5,000, #sc-2005, Santa Cruz Biotechnology) was diluted in 5% 

nonfat milk / PBS and added for 1 h at room temperature. After washing steps, 

proteins were visualized with SuperSignal West Dura Extended Duration Substrate 

(Thermo Fisher Scientific) on a Fuji medical X-ray film. 

 

2.6 Immunofluorescence staining 

2.6.1 Cytospin immunofluorescence 
 

Object slides were prepared by smearing one drop of Poly-L-Lysine Solution 

(SIGMA-Aldrich CO). 100 000 cells per slide (100 000 cells suspended in 100 µl of 

20% IMDM medium) were transferred to the slide by the Cytospin 3 centrifuge 

(Shandon) for 5 min at 600 rpm. After 1-2 minutes of drying, the slides were fixed 

in 3.7% Formaldehyde and subsequently washed for 5 min in 1 x PBS.  

Afterwards, cells were circled with a Dako Pen, keeping further added substances 

on the cells. In order to permeabilize the cell membranes, cells were washed for 

one minute in 0.02% NP-40 in 1x PBS. Unspecific binding was blocked for 2 h at 
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37 °C in 50% FCS (PAA) in 1 x PBS. Then, cells were washed 3 x à 5 minutes 

with 100 µL 1 x PBS. In the following step, 100 µL per slide of diluted primary 

antibodies were put on the cells and incubated for 2h at 37°C. 

 

Table 4: Antibodies / Fluorescent dyes and dilutions used for immunofluorescence staining. 

Antibody / Fluorescent dyes Dilution 

Rabbit anti-FOXO3 (Santa Cruz Biotech.) 1:40 

Mouse anti--catenin  1:40 

Donkey anti-rabbit, 2µg /ml (594, Invitrogen)  1:150 

Donkey anti-mouse, 2µg /ml (488, Invitrogen) 1:150 

Staining of the nuclei Dilution 

Propidium Iodide (PI) 1 µg / ml 1:500 

4-6-diamidino-2-phenylindole (DAPI) 2 µg / ml 1:500 

 

Antibodies were diluted in 1% bovine serum albumin (BSA) and 0.2% Triton X-100 

in 1x PBS. After incubation with the primary antibodies, cells were washed 2 x à 

10 min in 1x PBS. Subsequently, the secondary antibodies were added onto the 

cells. Cells were incubated with the secondary antibody for 40 min at room 

temperature and then washed four times with 0.2% Triton X-100 in 1xPBS à 5 min. 

The nuclei were stained with propidium iodide (PI) or 4′,6-Diamidin-2-phenylindol 

(DAPI), at concentrations 1:500 for 12 seconds. Afterwards, cells were washed 

four times using 0.2% Triton X-100 in 1x PBS à 5 min. Finally, cells were mounted 

in ProLong Gold Antifade Reagent (Invitrogen) and covered with coverslips. Cell 

images were microscoped and images were captured with the AxioVert 200 M 

microscope (Zeiss). Images were edited with AxioVision Rel 4.8, ImageJ 64 and 

Adobe Photoshop CS2 software. 
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3.  Results 
3.1 FOXO3 expression is high in Multiple Myeloma cell lines 
 

First, we investigated the expression of FOXO1 and FOXO3 in normal B-cells, 

PCs, B-cell and PC derived tumors. FOXO1 expression (empty bars) was higher in 

normal B-cells and in chronic lymphoblastic leukemia  cells (CLL), whereas 

FOXO3 expression (filled bars) was higher in PCs and in MM cells (Figure 11). Of 

note, neoplastic cells maintained the FOXO expression profile of their normal 

counterparts.  

 

Figure 11: FOXO1 and FOXO3 expression in B-cells, plasma cells, chronic lymphocytic leukemia cells and 
Multiple Myeloma cells. 

The empty bars display the expression level of FOXO1,  the filled bars the expression level of FOXO3 in 
several B-cell and PC entities and malignancies. The publicaly available GEP data set GSE 6691 from the 
GEO database was used for analysis of FOXO1 and FOXO3 expression. The expression of FOXO1 and 
FOXO3 is shown as log2 of DNA intensity. The error bars represent the mean ± standard deviation (SD). B: B-
cells, PC: plasma cells, CLL: chronic lymphocytic leukemia, MM: multiple myeloma, FOXO1: subclass “O” of 
the forkhead box (FOX) family of transcription factors 1, FOXO3: subclass “O” of the forkhead box (FOX) 
family of transcription factors 3 (Gutiérrez et al. 2007). 
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3.2 Subcellular localization of FOXO3 in Multiple Myeloma 

cell lines 
 

Given that FOXO transcription factors are commonly known as tumor suppressors, 

their occurence in neoplasia at levels similar to that of corresponding healthy cells 

is surprising. As FOXO transcription factors are inactivated by the export from the 

nucleus to the cytoplasm, we investigated the subcellular localization of FOXO3 in 

the three MM cell lines UMM-2, UMM-3 and UMM-4. The MM cell lines were 

stained with a FOXO3 antibody. Subsequently, the nuclei were stained with PI, a 

DNA intercalating agent. FOXO3 was expressed in all three cell lines. However, 

intensity and subcellular localization varied from cell line to cell line. In UMM-2 

cells FOXO3 was preferentially localized in the cytoplasm. In UMM-3 and UMM-4 

cells FOXO3 was distributed more equally between the cytoplasm and the nucleus 

(Figure 12).  

In order to quantify the subcellular distribution of FOXO3 we used the ImageJ 3D 

viewer plugin software (https://imagej.nih.gov/ij/download.html, 20.08.2014), which 

illustrates the immunofluorescence signal of PI and FOXO3 through colored 

spikes.  The phenotypical examples of the quantitative analysis are shown in 

figures 13, 14 and 15 for the UMM-2, UMM-3 and UMM-4 cell line, respectively. 

Each figure shows FOXO3 and PI expression in three cells. Regarding the UMM-2 

cell line, figure 13 b and 13 d represent non-dividing cells, whereas figure 13 c is a 

cell in mitosis. In non-mitotic UMM-2 cells most of the FOXO3 peaks on the 3D-

histogram (Figure 13 b,d) were in the cytoplasm. However, in the mitotic cell 

FOXO3 was located exclusively in cytoplasm (Figure 16 b). Conclusively, FOXO3 

was expressed mostly in the cytoplasm in UMM-2 cells, but was also expressed in 

the nucleus in non-mitotic cells. In the UMM-3 cell line, two exemplary cells (Figure 

14 b,d) displayed no clear tendency of subcellular distribution of FOXO3 towards 

the nucleus or the cytoplasm, as the green peaks displayed a similar amplitude 

and density in the cell’s center and periphery. However, in one cell (Figure 14 c) 

FOXO3 was predominantly located in the nucleus. In general, UMM-3 cells 

displayed a stronger immunofluorescence signal of FOXO3 than UMM-2 cells. In 

UMM-4 cells, FOXO3 was localized fairly equal in the cytoplasm and in the 

nucleus (Figure 15 b-d). However two exemplary cells (Figure 15 b,c) displayed a 

little higher FOXO3 expression in the cytoplasm than in the nucleus. 

https://imagej.nih.gov/ij/download.html
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Figure 12: Subcellular FOXO3 distribution of Multiple Myeloma cell lines UMM-2, -3, and -4. 

Cells were stained with Rabbit anti-FOXO3 antibody (Santa Cruz Biotech.) at dilution 1:40, followed by 
Donkey anti-rabbit antibody, 2µg / ml (594, Invitrogen) at dilution 1:150 (FITC channel, green). For the nuclear 
staining we used propidium iodide (PI) at concentration 2 ng / ml (red). Separate Z-stacks in two fluorescence 
channels were captured using an AxioVert 200 M microscope (Zeiss). The microscope possessed a Plan-
Apochromat 63x / 1,40 Oil DIC M27 objective. Standard filters for visualizing FITC and DS-RED were used. 
Taken images were combined with AxioVision Rel 4.8 software and images were edited with ImageJ 64 and 
Adobe Photoshop CS2.  

The left column displays the FOXO3 staining. The subcellular localization of FOXO3 in UMM-2 cells is 
predominantly in the cytoplasm, whereas in UMM-3 and UMM-4 cells FOXO3 is distributed more equally. The 
middle column shows the nuclear staining with PI, which selectively stains the nucleus. The right column 
illustrates the merged pictures of the FOXO3 staining and the nuclear staining. The yellow areas represent the 
localization of FOXO3 in the nucleus. FOXO3: subclass “O” of the forkhead box (FOX) family of transcription 
factors.  
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Figure 13: Subcellular localization of FOXO3 in UMM-2 cells 

a) Merged picture of UMM-2 cells stained with FOXO3 immunofluorescence antibody and PI. Selection of 
three representive UMM-2 cells. 

b) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. In this cell FOXO3 is 
predominantly located in the cytoplasm, indicated by the high green peeks in the cell’s periphery. However, 
the yellow spikes in the merged picture indicate the localization of FOXO3 also in the nucleus.  

c) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. This cell finds itself in the 
cell cycle state of mitosis. FOXO3 binds to the condensed chromatin of chromosomes located exclusively in 
cytoplasm.  

d) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. This cell presents a great 
inner yellow area, indicating the strong expression of FOXO3 in the nucleus. However, the green spikes are 
higher in the cell’s periphery than the yellow spikes in the cell’s center. 

 FOXO3: subclass "O" of the forkhead box (FOX) family of transcription factors 3, PI: propidium iodide 
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Figure 14: Subcellular localization of FOXO3 in UMM-3 cells 

a) Merged picture of UMM-3 cells stained with FOXO3  immunofluorescence antibody and PI. Selection of 
three representive UMM-3 cells.  

b) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. This cell presents an 
overall high expression of FOXO3, indicated by the high green spikes in the whole cell. 

c) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. FOXO3 is predominantly 
located in the nucleus, as the amplitude and the density of the green spikes are higher in the nucleus than in 
the cytoplasm.  

d) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. FOXO3 is strongly 
expressed in the nucleus and in the cytoplasm, indicated by the green peaks in the whole cell. A clear 
tendency of FOXO3 localization towards the nucleus or the cytoplasm cannot be made. 

FOXO3: subclass "O" of the forkhead box (FOX) family of transcription factors 3, PI: propidium iodide 
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Figure 15: Subcellular localization of FOXO3 in UMM-4 cells 

a) Merged picture of UMM-4 cells stained with FOXO3 immunofluorescence antibody and PI. Selection of 
three representive UMM-4 cells. 

b) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. FOXO3 is distributed in 
the nucleus and the cytoplasm. However, a higher expression level of FOXO3  is found in the cytoplasm, 
indicated by the high green peaks in the cell’s periphery.  

c) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. As the green spikes are 
higher in the cell’s periphery than in its center, FOXO3 is expressed more in the cytoplasm than in the 
nucleus. 

d) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. FOXO3 is located in the 
cytoplasm and the nucleus. Compared to the other illustrated UMM-4 cells (Figure 15 b,c), the cellular 
distribution pattern of FOXO3 is more equal in the cytoplasm and the nucleus.  

FOXO3: subclass "O" of the forkhead box (FOX) family of transcription factors 3, PI: propidium iodide 

 

1 
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Shown in figures 13-15, MM cells differ in terms of FOXO3 subcellular distribution. 

Taken together, FOXO3 was preferably localized in the cytoplasm in UMM-2 cells. 

In UMM-3 cells, FOXO3 expression was more balanced, but a litte higher in the 

nucleus than in the cytoplasm. Furthermore, UMM-4 cells presented an almost 

equal FOXO3 expression in the nucleus and in the cytoplasm with a little stronger 

expression of FOXO3 in the cytoplasm. Additionally, the general expression levels 

of FOXO3 varied from cell line to cell line, as UMM-2 and UMM-3 presented much 

higher FOXO3 immunofluorescence signals than UMM-4. Furthermore, another 

aspect of the heterogeneity among MM cells is the varying subcellular distribution 

of FOXO3 within one cell line.  

 

3.3 Co-localization of FOXO3 and β-catenin in Multiple 

Myeloma cell lines 
 

To gain more insights regarding the role of FOXO3 in MM, especially in the 

context with other transcription factors and pathways, we examined the co-

localization of FOXO3 and β-catenin in MM cell lines. UMM-2, -3, and -4 cell lines 

were stained with a FOXO3 antibody (green) and anti-β-catenin (red). The nuclei 

were counterstained with DAPI (4',6-diamidino-2-phenylindole) (blue). To visualize 

the subcellular distribution of FOXO3 and β-catenin, we used the ImageJ 3D 

viewer software. Typical examples of the quantitative analysis are shown in figures 

17-19 and 21-23, which portray selected UMM-2 and UMM-3 cells. In UMM-2 cells 

FOXO3 was detected in the cytoplasm and in the nucleus. Two selected cells 

displayed a stronger expression of FOXO3 in the cytoplasm than in the nucleus 

(Figures 20, 21). However, figure 19 displayed a UMM-2 cell, in which FOXO3 was 

majorly located in the nucleus. Thus, like in chapter 3.2, FOXO3 is predominantly 

located in the cytoplasm, but the distribution pattern of FOXO3 remains 

heterogeneous. -catenin was mostly located in the nucleus (Figures 17-19). In 

UMM-3 cells FOXO3 was expressed in the cytoplasm and the nucleus, whereas β-

catenin was preferentially expressed in the nucleus (Figures 21-23). In two 

selected cells of the UMM-3 cell line FOXO3 was located more in the cytoplasm 

than in the nucleus (Figures 21,22). However, figure 23 portrays a UMM-3 cell in 

which FOXO3 was located more in the nucleus than in the cytoplasm. Therefore, 
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UMM-3 cells also present a strong heterogeneity regarding FOXO3 subcellular 

distribution. 
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Figure 16: Subcellular distribution of FOXO3 and -catenin in UMM-2 cells. 

Immunofluorescence staining was performed with the primary antibodies Rabbit anti-FOXO3 antibody (Santa 

Cruz Biotech.) and Mouse anti--catenin antibody at dilution 1:40, followed by the secondary antibodies 
Donkey anti-rabbit antibody, 2 µg / ml (594, Invitrogen) (green) and Donkey anti-mouse, 2 µg / ml (488, 
Invitrogen) (red) at dilution 1:150. For the nuclear staining DAPI 2 µg / ml at dilution 1:500 was used (blue). 
Separate Z-stacks in three fluorescence channels were captured using an AxioVert 200 M microscope (Zeiss). 
The microscope possessed a Plan-Apochromat 63 x / 1,40 Oil DIC M27. Standard filters for visualizing FITC, 
DS-RED and DAPI were used. Images were combined with AxioVision Rel 4.8 software and images were 
edited with ImageJ 64 and Adobe Photoshop CS2.  

a) The green immunofluorescence staining indicates  FOXO3 expression in UMM-2 cells, where FOXO3 is 
expressed in the nucleus and in the cytoplasm, showing a heterogenous subcellular distribution pattern. The 
red immunofluorescence picture shows the cells stained with β-catenin, which It is mainly located in the 
nucleus. The blue immunofluorescence picture shows the nuclear staining with DAPI. The merged picture 

displays cells with magenta areas visualizing -catenin in the nucleus. Yellow spots show the co-localization of 

FOXO3 and -catenin in the cytoplasm. Cyan colored spots indicate the expression of FOXO3 in the nucleus. 

Whitish spots indicate the co-expression of -catenin and FOXO3 in the nucleus. 

b) Merged picture of UMM-2 cells stained with FOXO3 antibody, β-catenin antibody and DAPI. Selection of 
three representative UMM-2 cells. FOXO3: subclass "O" of the forkhead box (FOX) family of transcription 
factors 3, DAPI: 4-6-diamidino-2-phenylindole. 

b 
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Figure 17: Subcellular localization of FOXO3 and -catenin in a UMM-2 cell.  

 a) UMM-2 cell stained with FOXO3 and -catenin immunofluorescence antibodies and DAPI.  

b) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin.  Immunofluorescence 

signal of FOXO3. FOXO3 is expressed in the whole cell, but stronger in the cytoplasm than in the nucleus. 

c) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. Immunofluorescence 

signal of -catenin. -catenin is located mostly in the nucleus.  

d) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. Immunofluorescence 
signal of DAPI, which portrays the nucleus. 

 e) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. The merged picture is an 
overlay of the pictures 17 b-d. It shows the main localization of β-catenin in the nucleus, indicated by the 
magenta / violet area. However, there are also turquoise spots in the cell’s center, indicating the localization of 
FOXO3 in the nucleus, too. The rare yellow spots indicate the co-localization of FOXO3 and β-catenin in the 

cytoplasm. The whitish areas indicate the co-localization of FOXO3 and -catenin in the nucleus. .  

FOXO3: Subclass "O" of the forkhead box (FOX) family of transcription factors 3, DAPI: 4-6-diamidino-2-
phenylindole. 
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Figure 18: Subcellular localization of FOXO3 and -catenin in a UMM-2 cell. 

a) UMM-2 cell stained with FOXO3 and -catenin immunofluorescence antibodies and DAPI. 

b) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. Immunofluorescence 
signal of FOXO3. FOXO3 is expressed in the whole cell, but stronger in the cytoplasm than in the nucleus. 

c) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. Immunofluorescence 

signal of -catenin. -catenin is located almost exclusively in the nucleus. 

d) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. Immunofluorescence 
signal of DAPI, which selectively portrays the nucleus. 

e) Immunofluorescence signal measured in 3D using the Image J 3D viewer plugin. The merged picture 
displays an overlay of the pictures 18 b-d. It shows the main localization of β-catenin in the nucleus, indicated 
by the magenta / violet area. However, there are also turquoise spots in the cell’s center, indicating the 
localization of FOXO3 in the nucleus. The rare yellow spots in the cytoplasm indicate the co-localization of 

FOXO3 and β-catenin in the cytoplasm. The whitish areas indicate the co-localization of FOXO3 and -catenin 
in the nucleus. Overall, the expression pattern of FOXO3 and β-catenin is very similar to figure 17. 

FOXO3: Subclass "O" of the forkhead box (FOX) family of transcription factors 3, DAPI: 4-6-diamidino-2-
phenylindole. 
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Figure 19: Subcellular localization of FOXO3 and -catenin in a UMM-2 cell. 

a) UMM-2 cell stained with FOXO3 and -catenin immunofluorescence antibodies and DAPI.  

b) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin.  Immunofluorescence 
signal of FOXO3. This cell shows a general high FOXO3 expression. However, contrarily to figures 17 and 18, 
FOXO3 is expressed more in the nucleus than in the cytoplasm.  

c) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. Immunofluorescence 

signal of -catenin. -catenin is mostly expressed in the nucleus.  

d) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin.  Immunofluorescence 

signal of DAPI, which exclusively portrays the nucleus.  

e) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. The merged picture 
displays the overlay of the pictures 19 b-d. In the merged picture the whitish area expresses the co-

localization of -catenin and FOXO3 in the nucleus, which is much greater compared to figures 17 and 18. 
The cyan colored peaks indicate the expression of FOXO3 in the nucleus.  

 FOXO3: Subclass "O" of the forkhead box (FOX) family of transcription factors 3, DAPI: 4-6-diamidino-2-
phenylindole. 
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Figure 20: Subcellular distribution of FOXO3 and β-catenin in UMM-3 cells. 

Immunofluorescence staining was performed with the primary antibodies Rabbit anti-FOXO3 antibody (Santa 

Cruz Biotech.) and Mouse anti--catenin antibody at dilution 1:40, followed by the secondary antibodies 
Donkey anti-rabbit antibody, 2 µg / ml (594, Invitrogen) (green) and Donkey anti-mouse, 2 µg / ml 
(488,Invitrogen) (red) at dilution 1:150. For the nuclear staining DAPI 2 µg / ml at dilution 1:500 was used 
(blue). Separate Z-stacks in three fluorescence channels were captured using an AxioVert 200 M microscope 
(Zeiss). The microscope possessed a Plan-Apochromat 63 x / 1,40 Oil DIC M27. Standard filters for 
visualizing FITC, DS-RED and DAPI were used. Images were combined with AxioVision Rel 4.8 software and 
images were edited with ImageJ 64 and Adobe Photoshop CS2.  

a) The green immunofluorescence staining displays the FOXO3 expression in UMM-3 cells. FOXO3 is located 
in the nucleus and in the cytoplasm. Yet, the subcellular distribution of FOXO3 is very heterogeneous. The red 
immunofluorescence picture shows the cells stained with β-catenin, which is mainly located in the nucleus. 
The blue immunofluorescence picture displays the nuclei stained  with DAPI. The merged picture shows 

magenta colored circles, indicating the localization of -catenin in the blue stained nuclei. The strong 
expression of FOXO3 in the cytoplasm is displayed as the green seam around the nuclei.  

b) Merged picture of UMM-3 cells stained with FOXO3 antibody, β-catenin antibody and DAPI. Selection of 
three representative UMM-3 cells. FOXO3: subclass "O" of the forkhead box (FOX) family of transcription 
factors 3, DAPI: 4-6-diamidino-2-phenylindole. 

b 
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Figure 21: Subcellular localization of FOXO3 and -catenin in a UMM-3 cell.  

a) UMM-3 cell stained with FOXO3 and -catenin immunofluorescence antibodies and DAPI.  

b) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. Immunofluorescence 

signal of FOXO3. In this cell FOXO3 is mainly located in the cytoplasm.  

c) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. Immunofluorescence 

signal of -catenin. -catenin is mostly expressed in the nucleus.  

d) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. Immunofluorescence 
signal of DAPI, which portrays the nucleus.  

e) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. The merged picture is 
an overlay oft the pictures 21 b-d. It portrays a magenta colored nucleus, due to the nuclear localization of 
β-catenin. The yellow spikes in the cell’s periphery show the localization of β-catenin in the cytoplasm. 

FOXO3: Subclass "O" of the forkhead box (FOX) family of transcription factors 3, DAPI: 4-6-diamidino-2-

phenylindole. 
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Figure 22: Subcellular localization of FOXO3 and -catenin in a UMM-3 cell. 

a) UMM-3 cell stained with FOXO3 and -catenin immunofluorescence antibodies and DAPI.  

b) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. Immunofluorescence 
signal of FOXO3. FOXO3 is located more in the cytoplasm than in the nucleus, indicated by the high green 
peaks in the cell’s periphery.  

c) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. Immunofluorescence 

signal of -catenin.  -catenin is mostly expressed in the nucleus.  

d) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. Immunofluorescence 
signal of DAPI, which portrays the nucleus.  

e) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. The merged picture is an 

overlay oft the pictures 22 b-d. The magenta circled area shows the strong expression of -catenin in the 
nucleus. The bluish / turquoise spots indicate the expression of FOXO3 in the nucleus. The yellow spots 

indicate the co-expression of FOXO3 and -catenin in the cytoplasm.  

FOXO3: Subclass "O" of the forkhead box (FOX) family of transcription factors 3, DAPI: 4-6-diamidino-2-
phenylindole. 
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Figure 23: Subcellular localization of FOXO3 and -catenin in a UMM-3 cell. 

a) UMM-3 cell stained with FOXO3 and -catenin immunofluorescence antibodies and DAPI.  

b) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. Immunofluorescence 
signal of FOXO3. This cell shows contrarily to figures 21 and 22 a stronger expression of FOXO3 in the 
nucleus than in the cytoplasm. 

c) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. Immunofluorescence 

signal of -catenin.  -catenin is mostly expressed in the nucleus. However, there is a significant expression of 

-catenin in the cytoplasm.  

d) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. Immunofluorescence 
signal of DAPI, which selectively portrays the nucleus.  

e) Immunofluorescence signal measured in 3D using the ImageJ 3D viewer plugin. The merged picture is an 
overlay of the pictures 23 b-d. The oval magenta area depicts the cell’s nucleus. However, the nucleus shows 
some cyan and whitish spikes, indicating a strong nuclear FOXO3 expression. The multiple orange spots in 

the cytoplasm indicate the localization of -catenin in the cytoplasm.  

FOXO3: Subclass "O" of the forkhead box (FOX) family of transcription factors 3, DAPI: 4-6-diamidino-2-
phenylindole.  

Conclusion: 

We could show that the subcellular distribution of FOXO3 in MM cell lines is very 

heterogenous. The heterogeneity could be seen among and within the different 

cell lines. β-catenin was mostly located in the nuclei in both cell lines. However, 

UMM-3 showed more β-catenin in the cytoplasm than UMM-2. 

b c a 

d e 
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3.4 Multiple Myeloma cell lines are insensitive to AS1842856 
 

As FOXO transcription factors are linked to cell protection and tumor suppression 

on one side and to proto-oncogenic functions on the other side, the complete 

repression of FOXOs could influence the growth of MM cells. Therefore, the goal 

of this experiment was to investigate the influence of FOXOs on the growth of MM 

cell lines and conclusively to determine their toxicity on MM cells. Therefore, we 

investigated the sensitivity of MM cell lines to pharmacological FOXO depletion by 

the small molecular weight inhibitor AS1842856 (Figure 24). We found that the 

IC50 of UMM-2, UMM-3 and UMM-4 cells was 1776.15 nM (UMM-2), 1770.95 nM 

(UMM-3) and 4445.00 nM (UMM-4). Given that the IC50 of the UMM cell lines 

exceeded all 1 µM, we concluded that our MM cell lines are not sensitive to FOXO 

inhibition. This indicates that FOXOs do not play a role in MM maintenance. 
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Figure 24: Cell growth inhibition over FOXO1 inhibitor AS1842856 (nm). 

UMM cells were treated with different concentrations of FOXO1 inhibitor AS1842856, indicated by the x-axis. The 
y-axis portrays the percentage of cell growth inhibition. The colored symbols display the mean measuring results. 
The colored lines show the trend curves. n=3. Best experiment ist shown. According to this graph, all UMM cell 
lines are insensitive to the FOXO1 inhibitor AS1842856, as the IC50 exceeded 1 µM in all three cell lines. The 
IC50s were calculated using the CompuSync software. FOXO: Subclass "O" of the forkhead box (FOX) family of 

transcription factors. 

IC50 UMM-2: 1776.15, IC50 UMM-3: 1770.95, IC50 UMM-4:  4445.00 
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3.5 AS1842856 does not modulate PRDM1 protein 

expression in Multiple Myeloma cell lines 
 

To find out if FOXOs regulate PRDM1 expression in MM cell lines, UMM-2, UMM-

3 and UMM-4 cells were treated with the FOXO1 inhibitor AS1842856 in the 

concentrations 0.1 µM and 1.0 µM. DMSO was used as control. After 24 h and 48 

h of incubation, Western Blot was performed. In this experiment, PRDM1β 

expression was generally lower than PRDM1α expression (Figures 25-28). 

Furthermore, UMM-2 cells displayed no significant change of PRDM1α and 

PRDM1β expression after incubation with AS1842856 for 24 h and 48 h, 

respectively (Figure 25). However, PRDM1β expression in UMM-3 cells increased 

signficantly after 24 h of incubation with AS1842856 (Figure 26), which implicates 

an indirect suppression of PRDM1α. Given that there was no significant repeated 

upregulation of PRDM1β after incubation with AS1842856 for 48 h, this result is 

only minorly significant. In UMM-4 cells PRDM1β expression decreased lightly but 

significantly after incubation with AS1842856 for 24 h. However, after incubation 

for 48 h PRDM1β showed a tendency of upregulation. Taken together, the initial 

down regulation of PRDM1β in UMM-4 cells incubated with AS1842856 for 24 h 

has to be evaluated as only minorly significant (Figure 27).   
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Figure 25: PRDM1 protein expression of UMM-2 cells treated with FOXO1 inhibitor AS1842856. 

UMM-2 cells were incubated with the FOXO1 inhibitor AS1842856 for 24 h and 48 h at concentrations 0.1 µM 
and 1.0 µM. DMSO was used as control. Protein was extracted and immunoblot analysis was done according 
to chapter 2.5.1. Mouse anti-PRDM1 antibody in dilution 1:100 (PBS containing 2% BSA) was used as primary 
antibody. Tubulin was used as loading control. n=3.   

A,B) PRDM1α and PRDM1β expression of UMM-2 cells did not change significantly after 24 h (A) and 48 h 
(B) of incubation with the FOXO1 inhibitior AS1842856.  

FOXO1: Subclass "O" of the forkhead box (FOX) family of transcription factors 1, DMSO: dimethyl sulfoxide, 
PRDM1: Positive-regulatory-domain-containing 1, PRDM1α: Positive-regulatory-domain-containing 1 α, 
PRDM1β: Positive-regulatory-domain-containing 1 β, PBS: phosphate-buffered saline, BSA: bovine serum 
albumin, TUBB: Tubulin. 
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Figure 26: PRDM1 protein expression of UMM-3 cells treated with FOXO1 inhibitor AS1842856. 

UMM-3 cells were incubated with the FOXO1 inhibitor AS1842856 for 24 h and 48 h at concentrations 0.1 µM 
and 1.0 µM. DMSO was used as control. Protein was extracted and immunoblot analysis was done according 
to chapter 2.5.1. Mouse anti-PRDM1 antibody in dilution 1:100 (PBS containing 2% BSA) was used as primary 
antibody. Tubulin was used as loading control. n=3  

A) After incubation with AS1842856 for 24 h UMM-3 cells did not show a sigificant increase of PRDM1α 
expression. However, the expression of the truncated isoform PRDM1β increased significantly (p-value 
0,0330).  

B) UMM-3 cells did not show a siginificant increase of both PRDM1 isoforms after incubation with AS1842856 
for 48 h. Therefore, the results of incubation with AS1842856 for 24 h are not repeated and the upregulation of 
PRDM1β after incubation for 24 h (A) must be interpreted as minorly significant. 

FOXO1: Subclass "O" of the forkhead box (FOX) family of transcription factors 1, DMSO: dimethyl sulfoxide, 
PRDM1: Positive-regulatory-domain-containing 1, PRDM1α: Positive-regulatory-domain-containing 1 α, 
PRDM1β: Positive-regulatory-domain-containing 1 β, PBS: phosphate-buffered saline, BSA: bovine serum 

albumin, TUBB: Tubulin. 
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Figure 27: PRDM1 protein expression of UMM-4 cells treated with FOXO1 inhibitor AS1842856. 

UMM-4 cells were incubated with the FOXO1 inhibitor AS1842856 for 24 h and 48 h at the concentrations 0.1 
µM and 1.0 µM. DMSO was used as control. Protein was extracted and immunoblot analysis was done 
according to chapter 2.5.1. Mouse anti-PRDM1 antibody in dilution 1:100 (PBS containing 2% BSA) was used 
as primary antibody. Tubulin was used as loading control. n=3.  

A) PRDM1α expression of UMM-4 cells did not change significantly after incubation with AS1842856 for 24 h. 
However, PRDM1β expression decreased lightly.  

B) The expression of both PRDM1 isoforms did not change significantly after incubation with AS1842856 for 
48 h in UMM-4 cells.Therefore, the result from the incubation of UMM-4 cells with AS1842856 for 24h is not 
repeated and the downregulation after incubation for 24 h (A) must be seen as minorly significant.  

FOXO1: Subclass "O" of the forkhead box (FOX) family of transcription factors 1, DMSO: dimethyl sulfoxide, 
PRDM1: Positive-regulatory-domain-containing 1, PRDM1α: Positive-regulatory-domain-containing 1 α, 
PRDM1β: Positive-regulatory-domain-containing 1 β, PBS: phosphate-buffered saline, BSA: bovine serum 
albumin, TUBB: Tubulin. 

 

Conclusion:  

UMM-2, UMM-3 and UMM-4 cell lines did not show a repeated significant change 

of PRDM1α and PRDM1β expression after incubation with AS1842856 for 24 h 

and 48 h. Therefore, AS1842856 does not significantly modulate PRDM1 protein 

expression in MM cell lines. 
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3.6 AS1842856 does not significantly modulate the 

expression of PRDM1-, FOXO1- and p21 mRNA in 

Multiple Myeloma cell lines 
 

Using Western Blot analysis, we could show that PRDM1α and PRDM1β protein 

expression was not significantly and repeatidly changed after FOXO inhibition by 

AS1842856 (Figures 25-27). However, in this experiment we wanted to investigate 

the impact of FOXO inhibition on the expression of PRDM1 mRNA. Furthermore, 

the influence of FOXO inhibtion on FOXO1 and p21 mRNA expression was 

explored. Chemical FOXO depletion of MM cell lines UMM-2, UMM-3 and UMM-4 

was performed by incubating cells with different concentrations of AS1842856 (0.1 

µM and 1.0 µM) . The controls were treated with a vehicle (DMSO). After 24 h and 

48 h of incubation cDNA was produced and qRT-PCR (quantitative reverse 

transcription polymerase chain reaction) was performed, using primers for 

PRDM1, FOXO1 and p21. The results of qRT-PCR measuring PRDM1 mRNA  

displayed a non-significant upregulation of PRDM1 in all three cell lines (Figure 

28). Therefore, FOXO inhibtion by AS1842856 influences neither PRDM1 protein 

nor PRDM1 mRNA expression in the used MM cell lines. Furthermore, FOXO1 

mRNA expression did not change significantly in the cell lines UMM-2, UMM-3 and 

UMM-4 after incubation with AS1842856 for 24 h and 48 h, too. However, after 

incubation for 48 h, especially the cell lines UMM-3 and UMM-4, showed a distinct, 

but non-significant tendency of upregulation of FOXO1 mRNA (Figure 29). 

Moreover, p21 mRNA expression was not significantly changed after incubation 

with AS1842856 for 24 h and 48 h (Figure 30).   
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Figure 28: Influence of FOXO inhibition on PRDM1 mRNA expression. 

Cells were treated with FOXO1 inhibitor AS1842856 for 24 h and 48 h at concentrations 0.1 µM and 1.0 µM. 
DMSO was used as control. Total RNA and cDNA were produced as written in chapter 2.4.1 and expression 
levels were measured by qRT-PCR, which was analyzed by the comparative Ct method. RPL13A was used 
as reference gene. The data are displayed as the mean of the mRNA ratio ± SD. All UMM cell lines showed a 
non-significant increase of PRDM1 mRNA after incubation with the FOXO1 inhibitor AS1842856 for 24 h and 
48 h. FOXO1: Subclass "O" of the forkhead box (FOX) family of transcription factors 1, DMSO: dimethyl 
sulfoxide, PRDM1: Positive-regulatory-domain-containing 1, PBS: phosphate-buffered saline, BSA: bovine 
serum albumin, mRNA: messenger ribonucleic acid, cDNA: complementary deoxyribonucleic acid, qRT-PCR: 
quantitative reverse transcription polymerase chain reaction, Ct: threshold cycle, SD: standard deviation, 
F1Inh.: FOXO1 Inhibitor AS1842856 
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Figure 29: Influence of FOXO inhibition on FOXO1 mRNA expression. 

Cells were treated with FOXO1 inhibitor AS1842856 for 24 h and 48 h at concentrations 0.1 µM and 1.0 µM. 
DMSO was used as control. Total RNA and cDNA were produced as written in chapter in 2.4.1 and 
expression levels were measured by qRT-PCR, which was analyzed by the comparative Ct method. Primers 
detecting FOXO1 were employed. RPL13A was used as reference gene. The data are displayed as the mean 
of the mRNA ratio ± SD. As a result, FOXO1 mRNA expression of UMM cells did not change significantly after 
incubation with the FOXO1 inhibitor AS1842856 for 24 h and 48 h. FOXO1: Subclass "O" of the forkhead box 
(FOX) family of transcription factors 1, DMSO: dimethyl sulfoxide, PBS: phosphate-buffered saline, BSA: 
bovine serum albumin, mRNA: messenger ribonucleic acid, cDNA: complementary deoxyribonucleic acid, 
qRT-PCR: quantitative reverse transcription polymerase chain reaction, Ct: threshold cycle, SD: standard 

deviation, F1Inh.: FOXO1 Inhibitor AS1842856 
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Figure 30: Influence of FOXO inhibition on p21 mRNA expression. 

Cells were treated with FOXO1 inhibitor AS1842856 for 24 h and 48 h at concentrations 0.1 µM and 1.0 µM. 
DMSO was used as control. Total RNA and cDNA were produced as written in chapter in 2.4.1 and 
expression levels were measured by qRT-PCR, which was analyzed by the comparative Ct method. Primers 
detecting p21 were employed. RPL13A was used as reference gene. The data are displayed as the mean of 
the mRNA ratio ± SD. Conclusively, p21 mRNA expression of UMM cells did not change significantly after 
incubation with the FOXO1 inhibitor AS1842856 for 24 h and 48 h.FOXO1: subclass "O" of the forkhead box 
(FOX) family of transcription factors 1, DMSO: dimethyl sulfoxide, PBS: phosphate-buffered saline, BSA: 
bovine serum albumin, mRNA: messenger ribonucleic acid, cDNA: complementary deoxyribonucleic acid, 
qRT-PCR: quantitative reverse transcription polymerase chain reaction, Ct: threshold cycle, SD: standard 

deviation, F1Inh.: FOXO1 Inhibitor AS1842856. 



66 
 

3.7 FOXO inhibition does not modulate the sensitivity of MM 

cell lines to Bortezomib  
 

In this experiment, UMM-2, UMM-3 and UMM-4 cells were first treated with 

different concentrations of FOXO1-inhibitor AS1842856 (0.1 µM and 1.0 µM) and 

consecutively with several concentrations of Bortezomib (Selleckchem) (0.625 nM, 

1.25 nM, 2.5 nM, 5 nM and 10 nM). DMSO was used as control. The number of 

treated cells was calculated and cells were recounted 5 days after treatment. The 

aim of this experiment was to investigate if FOXO inhibition modulates the 

sensitivity of MM cell lines to Bortezomib. As a result, UMM-2 cells treated with 

DMSO, 0.1 µM or 1.0 µM AS1842856 did not show a significant cell number 

difference after 5 days of incubation (Figure 31a). This indicates that FOXO 

inhibition via AS1842856 does not increase the sensitivity of UMM-2 cells to 

Bortezomib treatment. Furthermore, UMM-3 and UMM-4 cells treated with 5.0 nM 

and 10 nM Bortezomib and 1.0 µM AS1842856 presented in average only 

unsignificantly more surviving cells than UMM-3 / UMM-4 cells treated with 5.0 nM 

and 10 nM Bortezomib and DMSO or 0.1 µM AS1842856 (Figure 31 b / c). 

Conclusively, FOXO inhibition does not modulate the sensitivity of MM cell lines 

UMM-2, -3, and -4 to Bortezomib. As Bortezomib has an impact on the ubiquitin-

proteasome pathway, a role of FOXO in this pathway in Multiple Myeloma cell 

lines is also unlikely. 
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b  

c  

 

Figure 31: FOXO inhibition does not modulate the sensitivity of Multiple Myeloma cell lines to Bortezomib.  

Cells were counted using the Vi-cell XR cell viability analyzer (Beckman Coulter) and treated with different 
concentrations of FOXO1- inhibitor AS1842856. DMSO was used as control. Consecutively, cells were treated 
with several concentrations of Bortezomib (0.625 nM, 1.25 nM, 2.5 nM, 5 nM and 10 nM, Selleckchem, x-
axis). The number of cells was recounted 5 days after treatment. For analysis, DMSO treated cells were set as 
100 % (y-axis). As a result, FOXO inhibition does not increase the sensitivity of UMM cells to Bortezomib 
treatment, since the surviving cell number did not change significantly. DMSO: dimethyl sulfoxide 
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4. Discussion 
 

In this present work, we found that neoplastic cells maintained the FOXO 

expression profile of their normal counterparts. Thus, PCs and MM cells both 

express high levels of the transcription factor FOXO3, which is mainly known as a 

tumor suppressor (Farhan et al. 2017). Furthermore, we investigated the 

subcellular localization of FOXO3 in MM cell lines, which was very heterogenous 

among and within the different cell lines. On the contrary, we showed that β-

catenin is mostly located in the nucleus in MM cell lines. Moreover, we found that 

UMM cell lines are not sensitive to FOXO inhibition by the small molecular weight 

inhibitor AS1842856, as the threshold of AS1842856 was shown to be in earlier 

publications at around 1 µM (Zou et al. 2014). Therefore, FOXOs do not play a 

role in MM maintenance. Furthermore, we showed that FOXO inhibition via 

AS1842856 does neither modulate the expression of PRDM1 protein and PRDM1 

mRNA, nor the expression of FOXO1 mRNA and p21 mRNA. Finally, we found 

that FOXO inhibition does not modulate the sensitivity of UMM cell lines to 

Bortezomib, which is a proteasome inhibitor used for MM treatment (Chen et al. 

2011). 

 

4.1 The subcellular localization of FOXO3 in MM cell lines is 

very heterogenous 
 

Using analysis of gene expression profiling data we found that MM cells express 

FOXO3 at levels similar to normal PCs. With the help of immunofluorescence 

staining we determined the subcellular localization of FOXO3 in MM cell lines. We 

could show that the subcellular distribution of FOXO3 is very heterogenous and 

varies among and within MM cell lines. As the localization of FOXO3 transcription 

factors in the nucleus is one indicator of their activity, FOXO3 demonstrates a 

different activity in the indicated cell lines. But how is the subcellular localization of 

FOXO regulated? FOXO1 subcellular localization is controlled by insulin and other 

growth factors mediated phosphorylation of several phosphorylation sites 

regulating nuclear export, nuclear import and transcriptional activity (Armoni et al. 

2006). Armoni et al. transfected HEK (human embryonic kidney) 293 cells with 
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expression vectors for FLAG-tagged wild-type or mutant FOXO1 and performed 

immunofluorescence staining with anti-Flag primary antibody to simulate FOXO1 

translocation in adipocytes. The goal was to correlate FOXO1 effects with its 

cellular localization by investigating the subcellular distribution of wild type FOXO1 

and various mutants. They found that in the basal state wild-type FOXO1 was 

transported from the cytoplasm to the nucleus and was excluded from it upon 

insulin stimulation. Hence, it can be concluded that FOXOs are regulated through 

a pathway that uses insulin as a stimulus. In this regard, one of the most important 

pathways is the Protein Kinase B / Akt (PKB / Akt) pathway, whose stimulation 

leads to phosphorylation and localization of FOXOs in the cytoplasm (Liang u. 

Slingerland 2003). Consequently, the PKB / Akt pathway may be overexpressed in 

MM cells displaying a high FOXO3 immunofluorescence signal in the cytoplasm. 

Importantly, the deregulation of the PI3K signaling pathway is a distinctive feature 

of human cancer, which might occur in a majority of tumors (Vivanco u. Sawyers 

2002). On the contrary, the PKB / Akt pathway may be inhibited or down-regulated 

in MM cells showing high nuclear FOXO3 expression. PI3K-AKT activity is 

regulated by the tumor suppressor phosphatase and tensin homolog (PTEN), that 

dephosphorylates phosphatidylinositol-3,4,5-trisphosphate (PIP3) to 

phosphatidylinositol-4,5-bisphosphate (PIP2). In turn, PIP3 activates the AKT 

pathway (Zhang et al. 2017). Conclusively, an inactivation of PTEN in MM cells 

could increase phosphorylation of FOXOs and therefore lead to localization of 

FOXO into the cytoplasm. Moreover, Armoni et al. used a DNA binding defective 

mutant H215R, that displayed similar results compared to the wild-type protein. 

However, the T24A / S256A / S319A mutant, which was not responsive to PKB / 

Akt phosphorylation, was not distributed into the cytoplasm in response to insulin 

(Armoni et al. 2006). Therefore, high nuclear FOXO3 levels could exist due to 

mutated variants of FOXO3, that don’t respond to PKB / AKT mediated 

phosphorylation. Furthermore, a stronger activation of the PKB / AKT pathway in 

MM cells and therefore a stronger expression of FOXO3 in the cytoplasm could 

exist due to the upregulated metabolism in tumor cells. This phenomenon is an 

essential part of the Warburg effect. According to the Warburg effect, tumor cells 

own an increased glucose metabolism compared to regular cells (Liberti u. 

Locasale 2016). As insulin leads to an increased glucose uptake in cells, it might 

simultaneously serve as a helper to supply the tumor cell with glucose and as a 
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stimulus for the PKB / AKT pathway (Saltiel u. Kahn 2001). Interestingly, FOXO1 

also prevents pancreatic beta cells from proliferation in states of insulin resistance. 

In turn, the down-regulation of insulin secretion leads to less glucoses uptake in 

the tumor cells and might therefore have a tumor suppressive function (Kitamura 

et al. 2002). Therefore, there exists a mutual inhibition of insulin secretion and 

FOXO activity (Figure 32, attachments).  

Besides, the adenosine monophosphate-activated protein kinase (AMPK) pathway 

works antagonistically to the PKB / AKT pathway regarding the regulation of 

FOXO3 subcellular localization (Sanchez et al. 2014). For instance, the AMPK 

pathway promotes nuclear FOXO3 localization into skeletal muscle cells and 

therefore serves as a counterpart to the PKB / AKT pathway. The AMPK pathway 

results in FOXO deacetylation and activation by regulating the activity of the 

histone deacetylases sirtuin protein 1 and 3 (SIRT1 and SIRT3). Contrarily to 

SIRTs, the histone acetyl transferase p300 acetylates FOXO3 and FOXO4 and 

mediates the localization of FOXO to the cytoplasm. FOXO3 located in the 

cytoplasm can then be degraded by the murine double minute 2 (Mdm2) and the 

ubiquitin–proteasome system (Figure 33, attachments) (Sanchez et al. 2014). 

Conclusively, an up- or down-regulation of the AMPK pathway or parts of that 

pathway could be a reason for the heterogeneity of FOXO3 subcellular localization 

in MM cell lines. For example, an overexpression of SIRT1 and SIRT3 could lead 

to a higher nuclear FOXO3 expression, whereas an upregulation of p300 could 

lead to a lower nuclear FOXO3 expression. Furthermore, parts of the AMPK 

pathway could be mutated in a gain of function or loss of function manner. 

Moreover, there could exist a multiplication or a deletion of the corresponding 

chromosome parts.  

Furthermore, the key nuclear export protein CRM1 (chromosome region 

maintenance 1) was shown to be necessary in MM cells to transport cargo 

proteins with leucine-rich nuclear export sequences from the nucleus to the 

cytoplasm. The CRM1-cargo complex passes through the nuclear core complex 

out of the nucleus. Subsequently, after RanGAP-catalyzed GTP hydrolysis, the 

cargo is released. CRM1-regulated shuttling is closely controlled and therefore 

enables a regulation of activation or repression of transported proteins by specific 

stimuli. Cargo proteins include tumor suppressors and regulatory proteins, such as 
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p53, p21, p27, FOXO and NF-kB (Tai et al. 2014). Importantly, the usually strictly 

regulated transport process can be deregulated in cancer cells. Transcription 

factors like FOXO can bona fide fulfill their tumor suppressive functions when 

located in the nucleus. However, in cancer cells they are often functionally 

damaged or distributed to the cytoplasm. Of note, CRM1 remains the only known 

export protein for these tumor suppressors, shuttling them from the nucleus to the 

cytoplasm (Tai et al. 2014). Therefore, an upregulation of CRM1 could lead to an 

increased export of tumor suppressors like FOXOs. Interestingly, tumor sizes in 

pancreatic cancer, osteosarcoma and ovarian cancer correlate with CRM1 

expression. The quite new group of SINE (selective inhibitors of nuclear export) 

drugs abrogate a great part of CRM1’s transport functions, and therefore maintain 

the proper localization of tumor suppressors in the nucleus. By using 

immunofluorescence staining it was shown that the nuclear localization of FOXO1 

and FOXO3 in cycling MM1S cells was much higher in cells treated for 16 hours 

with KPT-185 (a SINE) compared to the control group (Tai et al. 2014). Thus, 

different expression levels of the nuclear export protein CRM1 could also be the 

reason, why MM cell lines demonstrate a heterogenous distribution pattern of 

FOXO3. As a continuitation of this present work, treatment of MM cells with a 

SINE and with a control group as reference could be performed. Using 

immunofluorescence staining, the nuclear localization of FOXO could be re-

evaluated. 

 

4.2  FOXO3 and β-catenin are partly co-located in the 

nucleus 
 

With the help of immunofluorescence staining we could show that the subcellular 

distribution of FOXO3 in MM cell lines is very heterogenous. However, β-catenin 

was generally located majorly in the nuclei. Interestingly, β-catenin small 

interfering RNA treatment was proven to reduce the growth of MM tumors in a 

mouse model. This suggests nuclear β-catenin as a negative influence on the 

disease’s progress and as a promising target in MM therapy (Ashihara et al. 

2009). In further research, MM cell lines could be treated with β-catenin small 

interfering RNA and FOXO3 subcellular localization could be controlled upon β-
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catenin suppression. As FOXO3 is mainly known as a tumor suppressor (Farhan 

et al. 2017), a subcellular shift of FOXO3 from the cytoplasm to the nucleus would 

be expected. Furthermore, the nuclear co-localization of FOXO3 and β-catenin 

was found to promote metastasis in colon cancer (Yan u. Lackner 2012). In 90% 

of colorectal cancers β-catenin accumulates in the nucleus, which leads to the 

transcription of WNT-pathway target genes possessing key roles in tumor growth. 

Interestingly, β-catenin works as a transcriptional co-activator of FOXO3a in 

colorectal cancer cells (Tenbaum et al. 2012). Therefore, FOXO3 might not play a 

tumor suppressive role in some cancers, including colorectal cancer. In this 

context, AKT inhibitors were applied to colon tumor cells with different levels of 

nuclear β-catenin. In cells that presented a high nuclear expression of FOXO3a 

and β-catenin this treatment lead to resistance to apoptosis and promotion of the 

metastatic program. Tumor cells with low nuclear β-catenin underwent apoptosis 

and were partially responding to this therapy. However, when resistant cells with 

high levels of β-catenin were concomitantly treated with WNT pathway inhibitors 

such as a tankyrase inhibitor, these cells demonstrated enhanced apoptosis and 

metastases were impaired. This implicates that there exists a crosstalk between 

the AKT and the WNT pathway in terms of pathogenesis and progression of 

certain neoplasia. Importantly, this might also play a role in personalized 

treatment. Patients with a dual elevation of nuclear FOXO3a and β-catenin would 

not take profit from treatment with P13K-AKT inhibitors (Yan u. Lackner 2012). 

Furthermore, personal analysis of tumor cells could be performed to determine the 

best matching therapie with AKT or WNT pathway inhibitors. Further research 

could include the correlation of nuclear FOXO3 and β-catenin co-localization in 

different stages of MM to find out more about a tumor suppressive or proto-

oncogenic function of FOXO3. Moreover, PRDM1, a predominant tumor 

suppressor (Boi et al. 2015; Küçük et al. 2011), was shown to inhibit  Wnt / β-

catenin signaling by using the Wnt inhibitor Dickkopf-1 (Dkk1) (Wang et al. 2013). 

As FOXO1 mediates PRDM1 in cHL (Vogel et al. 2014), a regulation of the WNT / 

β -catenin pathway via FOXO / PRDM1 and Dkk1 could be possible in MM. 

However, in our experiments FOXO repression by the FOXO1 inhibitor 

AS1842856 did not modulate PRDM1 expression in UMM-cells, so that other 

possibilities of FOXO inhibition should be tested. Furthermore, Essers et al. found 

that β-catenin directly ties to FOXO and subsequently enhances the transcriptional 
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activity of FOXO. Of note, cells that were exposed to oxidative stress 

demonstrated an ameliorated FOXO activity and the association of β-catenin and 

FOXO was enhanced. This undermined a particularly important function of β-

catenin in terms of FOXO activity under oxidative stress. On one side, β-catenin 

modifies the transcriptional activity of FOXO, which in turn might lead to tumor 

suppression. On the other side, the β-catenin-TCF interaction stimulates cell cycle 

progression and deregulates β-catenin-TCF-signaling, which plays an important 

role in the development of malignancies (Essers et al. 2005). Several factors such 

as insulin signaling and oxidative stress could shift the balance between the cell-

cycle progressive TCF or the cell-cycle arresting FOXO (Essers et al. 2005). As 

oxidative stress would lead to more FOXO3 activity, FOXO3 would either have a 

proto-oncogenic role and link oxidative stress to malignant cell transformation or 

serve as a helper to battle malignant cell development by leading to transcription 

of cell protective genes. Interestingly, oxidative stress and FOXO3 activity were 

also linked to each other in the context of hematopoiesis. FOXO3 deficient mice, 

contrarily to wild-type mice, died quickly due to severe anemia, after having been 

exposed to erythroid oxidative stress. Importantly, FOXO3 expression as well as 

FOXO3 nuclear localization and transcriptional activity were enhanced during 

regular erythroid cell development. However, FOXO3 deficient erhythrocytes 

responded with faster cell death and signs of oxidative stress as they showed less 

expression of reactive oxygen species (ROS) disposing enzymes (Marinkovic et 

al. 2007). Therefore, FOXO3 seems to be crucial for sufficient haematopoesis and 

to have a cell protective function. As β-catenin enhances the transcriptional activity 

of FOXO especially under oxidative stress (Essers et al. 2005), the interplay of β-

catenin and FOXO3 could play a role in regular hematopoeisis, too. The assumed 

proto-oncogenic function of β-catenin, leaving out the enhancement of FOXO 

activity, could result in tumorigenesis in FOXO3 defiecient mice, while wild type 

mice should be unaffected.   

 

4.3 FOXO inhibition does not influence PRDM1α expression 

in MM cell lines 
 

We found that FOXO repression by the small molecular weight inhibitor 

AS1842856 does not significantly modulate the expression of PRDM1, the master 
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regulator of PC differentiation (Vrzalikova et al. 2012). Since the FOXO1 inhibitor 

AS1842856 is not completely specific, it also  partially inhibits other FOXOs like 

FOXO3 and FOXO4  (Ikeda u. Toyoshima 2017; Nagashima et al. 2010). Yet, 

AS1842856 might not inhibit FOXOs completely. To further clarify the role of 

FOXOs regarding PRDM1 expression in MM, RNA interference or Clustered 

Regularly Interspaced Short Palindromic Repeats (CRISPR) / Cas approaches are 

warranted. Furthermore, the role of FOXOs in MM could ressemble the role of 

FOXO in other B-cell derived malignancies. Recently, it was shown that FOXO3 

suppresses Myc-driven lymphomagenesis in transgenic mice (Vandenberg et al. 

2016). Furthermore, FOXO3 and PRDM1 induction down regulates cell 

proliferation in natural killer (NK) cell lines as the chromosome region 6q21 is one 

of the most deleted areas in natural killer cell neoplasms and encodes FOXO3 and 

PRDM1 (Karube et al. 2012). Like in NK cells, a simultaneous deletion or 

dysfunction of both transcription factors caused by a chromosomal deletion, could 

influence the pathogenesis of MM as well. Furthermore, this would imply, that 

FOXOs do not induce PRDM1α, but that the chromosomal gene loci are damaged.  

Moreover, further experiments displayed that FOXO3 selectively inhibited the 

proliferation of NK cell lines, whereas PRDM1 also inhibited the proliferation of T-

cell lines, B-cell lines, myeloid cell lines and epithelial cell lines. This showed a 

lineage-specific growth inhibition of FOXO3, which was further associated with the 

Akt activation status (Karube et al. 2012). Therefore, like in other cell lines, the 

function of FOXO in MM may not imply growth inhibition or tumor suppression and 

might also work independently from PRDM1.  

Additionally, Dominguez-Sola et al. could show that in GC B-cells FOXO1 binds to 

a genomic region 900 bp upstream of PRDM1β and that this binding leads to 

PRDM1 repression (Dominguez-Sola et al. 2015). Interestingly, these findings stay 

in contrast to the binding of FOXO1 to the PRDM1α promotor in cHL cells and the 

activation of PRDM1α as a result of this binding (Vogel et al. 2014). This inverse 

role of FOXOs could exist due to the different developmental stages of the two cell 

lines. While GC B-cells have not determined their final differentiation program, cHL 

cells have developed more into the direction of PC fate. Hence, even though both 

cell lines derive from B-cells, FOXOs could have different binding sites and 

functions. Conclusively, it could be expected that FOXO1 binds to the PRDM1α 

promotor and also activates PRDM1α in MM. However, a direct activation of 
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PRDM1α via FOXO could not be shown for MM so far. For further studies it would 

be possible to analyse the influence of FOXOs on PRDM1α promoter activity using 

a luciferase reporter assay. Moreover, for the investigation of the direct binding 

potential of FOXO to the PRDM1α promoter an electromobility shift assay (EMSA) 

could be performed. As the FOXO inhihibitor AS1842856 is not completely specific 

(Ikeda u. Toyoshima 2017; Nagashima et al. 2010), more specific FOXO1 or 

FOXO3 short hairpin RNA (shRNA) should be used to investigate the influence of 

FOXO down-regulation on PRDM1 expression. 

Conclusively, our data does not support the thesis of PRDM1 regulation via FOXO 

transcription factors, as it has been postulated for other B-cell derived cells and 

malignancies. However, further research methods were proposed to investigate a 

correlation of FOXO transcription factors with PRDM1 expression. 

 

4.4 FOXO inactivation by the small weight inhibitor 

AS1842856 does not modulate p21 mRNA expression 
 

We found that FOXO inactivation by the small molecular weight inhibitor 

AS1842856 did not modulate CDKN1A expression encoding for the protein p21 (Li 

et al. 2018), which is responsible for G1 cell cycle arrest (Cayrol et al. 1998). Yet, 

p21 was upregulated under ROS exposure in FOXO3 deficient erythroid precursor 

cells and therefore lead to cell cycle arrest. However, like mentioned above, faster 

cell death occurred due to less expression of ROS disposing enzymes (Marinkovic 

et al. 2007). Analog to this experiment, FOXO3 deficient MM cells could be put 

under oxidative stress, for example by applying superoxide anions, hydrogen 

peroxide or hydroxyle radicals (Birben et al. 2012). In case of a similiar reaction 

compared to erythroid precursor cells, an upregulation of p21 in FOXO3 deficient 

cells compared to the control group would be expected. Interestingly, knockdown 

of Sec8 lead to cell-cycle arrest at the G1 / S phase by inducing p21 via control of 

FOXO proteins (Tanaka u. Iino 2014). Sec8 was originally known as one of eight 

subunits of the exocyst complex, which plays an important role in membrane 

trafficking events in eurkaryotic cells (Liu u. Guo 2012). Moreover, in the oral 

squamous cell carcinoma cell line Ca9-22 Sec8 knockdown up-regulated FOXO1 

expression (Tanaka u. Iino 2014), but did not affect FOXO3 and FOXO4 
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expression. In the HSC3 cell line, another oral squamous cancer cell line, only 

FOXO4 was upregulated after Sec8 knockdown. In both cases,  Sec8 knockdown 

up-regulated the p21 mRNA level (Tanaka u. Iino 2014). 

Conclusively, the effect of multiple FOXO family members should be investigated 

in terms of p21 regulation. 

 

 

4.5 FOXO inactivation does not influence the efficacy of 

Bortezomib 
 

In our experiments, we found that FOXO inhibition does not modulate the 

sensitivity of MM cell lines UMM-2, UMM-3, and UMM-4 to Bortezomib. 

Bortezomib, which was one of the pioneer medical therapies in the treatment of 

MM, is a proteasome inhibitor, which leads to disruption of homeostasis between 

protein synthesis and destruction. Nevertheless, not all patients draw a benefit 

from this drug and diminished efficacy or even no efficacy have been reported 

(Narita et al. 2015). According to our experiments, the additional chemical FOXO 

suppression with the FOXO1 inhibitor AS1842856 does not imply a greater 

inhibition of cell growth proliferation than the treatment with only Bortezomib. 

Therefore, FOXO1 does not influence the proteasome function in MM cells and 

does not affect the treatment of Bortezomib. As Bortezomib interferes with the 

ubiquitin-proteasome pathway, a role of FOXO in this pathway is also unlikely. 

Furthermore, another work mechanism of Bortezomib is the upregulation of 

NOXA, a pro-apoptotic protein. NOXA is supposed to interfere with the anti-

apoptotic proteins of the BCL-2 subfamily Bcl-XL and BCL-2, which leads to 

apoptosis of malignant cells. Additionally, Bortezomib suppresses the NF-κB 

signaling pathway inducing the down-regulation of its anti-apoptotic target genes 

(Chen et al. 2011). As FOXO inhibition does not influence the efficacy of 

Bortezomib, FOXO might also not influence the NOXA and NF-κB pathway. 

However, FOXO1 was shown to regulate the activity of the transcription factors 

STAT3 and NF-κB. Furthermore, FOXO1 down-regulated myc-expression (Vogel 

et al. 2014), which is a direct target gene of the NF-κB pathway.  
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Moreover, in childhood T-ALL (T-cell acute lymphoblastic leukemia) NOXA was 

proven to be an important mediator of FOXO3-induced apoptosis. In this context, 

NOXA was suggested to function as a mitochondrial sensitizer to apoptosis 

(Ausserlechner et al. 2013). Therefore, selective NOXA and FOXO3 inhibtion by 

siRNA should further be investigated also in MM cell lines.    
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5. Summary 
 

Multiple Myeloma is a blood cancer deriving from malignant, monoclonal plasma 

cells. The transcription factor subclass “O” of the forkhead box (FOX) family of 

transcription factors 3 (FOXO3), which is mostly known as a tumor suppressor, 

showed an elevated expression level in Multiple Myeloma cells compared to 

plasma cells. Furthermore, Positive-regulatory-domain containing 1 (PRDM1), the 

master regulator of plasma cell differentiation, was shown in recent studies to be 

directly regulated by subclass “O” of the forkhead box (FOX) family of transcription 

factors 1 (FOXO1) in classical Hodgkin Lymphoma. Therefore, the goal of my 

doctoral thesis was to investigate the role of FOXO transcription factors in the 

pathogenesis and maintenance of Multiple Myeloma. For our experiments we used 

the Multiple Myeloma cell lines UMM-2, UMM-3, and UMM-4 which were kindly 

given to us by the Institute of Pathology, University of Ulm, Ulm, Germany. Using 

immunofluorescence staining we investigated the subcellular distribution of 

FOXO3, as well as the nuclear co-localization of FOXO3 and β-catenin, which had 

been shown to promote metastasis in colorectal cancer. Furthermore, we 

investigated the sensitivity of Multiple Myeloma cell lines to chemical FOXO 

depletion by the small molecular weight inhibitor AS1842856. Moreover, 

AS1842856 was used to determine the impact of FOXO transcription factors on 

PRDM1 protein expression via immunoblot and on PRDM1, FOXO1 and CDKN1A 

messenger ribonucleic acid (mRNA) expression using quantitative reverse 

transcription polymerase chain reaction (qRT-PCR). Moreover, cell viability assays 

were used to explore if FOXO inhibition modulates the sensitivity of Multiple 

Myeloma cell lines to Bortezomib.  

We found that the subcellular distribution pattern of FOXO3 in Multiple Myeloma 

cell lines is very heterogenous and varies strongly among and within cell lines. As 

subcellular localization of FOXOs is regulated by the AKT / Protein Kinase B 

(PKB) pathway, whose activation leads to the export of FOXOs from the nucleus 

to the cytoplasm, this pathway could be over- or underregulated. Important 

mechanisms could be the inactivation of the tumor suppressor phosphatase and 

tensin homolog (PTEN) or the increased / decreased function of the AMPK 

pathway, which works antagonistically to the AKT / PKB pathway. Furthermore, β-



79 
 

catenin was preferably localized in the nucleus in all used Multiple Myeloma cell 

lines. As β-catenin was found to work as a transcriptional co-activator of FOXO3a 

in other neoplasia, FOXO3 might be modulated by β-catenin in Multiple Myeloma, 

too. As in earlier studies oxidative stress was shown to enhance FOXO3 activity 

via β-catenin activation, FOXO3 would either have a proto-oncogenic role and link 

oxidative stress to malignant cell transformation or serve as a helper to battle 

malignant cell development by leading to transcription of cell protective genes. 

Further research could include the correlation of nuclear FOXO3 and β-catenin co-

localization in different stages of Multiple Myeloma to find out more about a tumor 

suppressive or proto-oncogenic function of FOXO3. Furthermore, we found that 

UMM-2, UMM-3 and UMM-4 cell lines were not sensitive to FOXO inhibition by the 

FOXO1 inhibitor AS1842856, indicating that FOXOs do not play a role in Multiple 

Myeloma maintenance. Moreover, FOXO down-regulation via the FOXO1 inhibitor 

AS1842856 did not lead to a significant change of PRDM1 protein expression and 

PRDM1, FOXO1 and p21 mRNA expression in Multiple Myeloma cell lines. For 

further investigation, ribunucleic acid  (RNA) interference or Clustered Regularly 

Interspaced Short Palindromic Repeats (CRISPR) / Cas approaches should be 

used to reevaluate these results.  

Additionally, we found that FOXOs do not modulate the sensitivity to Bortezomib in 

Multiple Myeloma cell lines. As Bortezomib interferes with the ubiquitin-

proteasome pathway, a role of FOXO in this pathway is also unlikely. Furthermore, 

in earlier studies Bortezomib was shown to upregulate NOXA, a pro-apoptotic 

protein, and to suppress the NF-κB signaling pathway. As the influence of FOXOs 

on the NF-κB signaling pathway in Multiple Myeloma cell lines has not been 

proven so far, it should be further investigated. 

Conclusively, despite the investigation of FOXO transcription factors for multiple 

decades, their complete working mechanisms and functions are still not 

completely understood. In this present work, FOXO transcription factors could not 

be classified as tumor suppressors or proto-oncogenes in Multiple Myeloma cell 

lines. However, many insights have been gained, suggesting FOXO transcription 

factors as further important targets of investigation in the battle against Multiple 

Myeloma. 
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7.3 Figure 32 
 

 

 

 

 

 

 

 

Figure 32: Conceptual model of insulin secretion and FOXO activity. FOXO: subclass "O" of the forkhead box 
(FOX) family of transcription factors. FOXO1: subclass "O" of the forkhead box (FOX) family of transcription 
factors 1. 
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7.4 Figure 33 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33: Antagonistic pathways: FOXO transcription factors are regulated by both, the P13K / AKT and the 
AMPK pathway. 

This figure displays the antagonistic roles of the P13K / AKT and the AMPK pathway in skeletal muscle cells. 
On one side, FOXOs are phosphorylated at the phosphorylation sites Thr32 and Ser253 / 315. Subsequently, 
the protein 14-3-3 binds to the FOXO protein mediating its nuclear export and proteasome degradation. On 
the other side, the AMPK pathway phosphorylates FOXO at the phosphorylation sites Ser413 and Ser588 and 
therfore activates FOXO3. Furthermore, the AMPK pathway regulates the histone deacetylases proteins 
SIRT1 and SIRT3, which leads to FOXO deacetylation and activation. On the contrary, the histone 
acetyltransferase p300 acetylates FOXO and therefore induces FOXO inactivation and nuclear export. FOXO: 
subclass "O" of the forkhead box (FOX) family of transcription factors, P13K: phosphoinositide 3-kinase, 
AMPK: adenosine monophosphate-activated protein kinase,  FOXO3: subclass "O" of the forkhead box (FOX) 
family of transcription factors 3, SIRT1: sirtuin protein 1, SIRT3: sirtuin protein 3, IRS1: insulin receptor 
substrate 1, PIP2: phosphatidylinositol 4,5-bispho- sphate, PIP3: phosphatidylinositol 3,4,5-triphosphate, 
PDK1: phosphoinositide-dependent kinase 1 (Sanchez et al. 2014) by permission from: Springer Nature. 
Cellular and Molecular Life sciences, FoxO transcription factors: their roles in the maintenance of skeletal 
muscle homeostasis, Anthony M.J. Sanchez, Robin B. Candau, Henri Bernardi, © 2013. 
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