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ABSTRACT 

Chromosomal translocations leading to formation of tumor type specific 
fusion oncogenes are frequently found in human cancers. The FET family 
genes (FUS, EWSR1 and TAF15) occur in translocations with genes encoding 
various transcription factors in sarcomas and leukemias. The resultant fusion 
genes encode chimeric protein products containing the N-terminal domain 
(NTD) of a FET family protein juxtaposed to the DNA binding domain of a 
transcription factor. The constitutively expressed fusion proteins act as 
abnormal transcription factors and are considered to be the primary initiating 
and driving factors of tumorigenesis. Myxoid liposarcoma (MLS) is defined 
by the t(12;16)(q13;p11) that cause the fusion of the FUS and DDIT3 genes 
and expression of a chimeric FUS-DDIT3 oncoprotein. The aim of this thesis 
was to functionally characterize the FUS-DDIT3 fusion oncoprotein and the 
normal FUS, EWS, TAF15 and DDIT3 counterparts. To understand the 
involvement of DDIT3 in cancer and other pathologies we defined the genes 
and cellular functions it regulates. We observed that DDIT3 may localize to 
both the cell cytoplasm and nucleus. Microarray analysis revealed that 
cytoplasmic or nuclear DDIT3 regulate distinct sets of target genes. 
However, cytoplasmic or nuclear DDIT3 control the same cellular functions 
of which cell migration, proliferation, apoptosis/survival and cell cycle were 
most clearly affected. The majority of target genes were repressed supporting 
a role for DDIT3 as a dominant negative factor that may sequester and block 
the action of cytoplasmic and nuclear transcription factors. Subcellular 
localization is likely to be an important regulatory mechanism for control of 
DDIT3 activity. We further studied the molecular function of the FUS, EWS 
and TAF15 N-terminal domains with focus on their involvement in protein-
protein interactions. The NTDs of FET proteins were found to bind the 
cytolinker plectin and FUS was shown to form complexes with plectin in the 
cell cytoplasm. Plectin expression was required for normal FUS function as 
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plectin knockout cells revealed a shift in FUS nucleo-cytoplasmic 
distribution and a deregulation of FUS function in gene expression. 
Furthermore, we identified a conserved motif of the FUS, EWS and TAF15 
NTDs that mediates interaction with full-length FET family proteins. The 
NTD of the FUS-DDIT3 fusion oncoprotein retained the capacity to bind 
wildtype FET proteins and disrupt their normal nuclear localization pattern. 
We also observed an involvement of wildtype FUS in the regulation of FUS-
DDIT3 target genes. Finally, several components of the human SWI/SNF 
complex were isolated by pull-down with the FUS NTD. The SWI/SNF 
subunits Brg1 and ARID1A were further confirmed to form complexes with 
FUS-DDIT3 as well as wildtype FUS in the nuclei of MLS cells. SWI/SNF 
complexes control gene expression by modulating nucleosome positioning 
and are key players in cellular differentiation processes. Aberrant activity of 
SWI/SNF has further been linked with development of various cancers. 
Interaction with SWI/SNF is thus likely to be important for the impact of 
FUS-DDIT3 on gene regulation, differentiation processes and the 
transformed state of MLS. 

Keywords: FUS-DDIT3, FUS, EWS, TAF15, DDIT3, myxoid liposarcoma, 
plectin, SWI/SNF. 
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1  INTRODUCTION 

1.1 Cancer 
Cancer is one of our most common diseases and a major cause of death in the 
Western world. The disease is primarily associated with increased age, but is 
found in all age groups including children and young adults [1]. Cancer is a 
heterogeneous group of diseases in which abnormal cells accumulate without 
control and are able to spread to other sites of the body. The abnormal cells 
have lost their ability to assemble and create tissue of normal form and 
function and instead form tumors with less organized architecture [2]. 
Tumors can be either benign or malignant. Benign tumors constitute the 
majority of diagnosed cases and are not classified as cancer as they generally 
are slow growing, localized and non-invasive masses. Benign tumors are 
rarely harmful to the host unless they cause pressure on vital organs or 
secretion of excess hormones. In contrast, malignant tumors invade 
surrounding tissue and spread to distant sites by the seeding of metastases 
from the primary tumor. The vast majority of tumor-related deaths are 
associated with malignant tumors and more specifically metastasis.  

Tumors can arise from tissues derived from any of the embryonic germ layers 
and there are examples of tumors originating from almost every cell type in 
the human body. The most common human malignant tumors originate from 
epithelia and are classified as carcinomas. These tumors are further separated 
in two main categories were squamous cell carcinomas are derived from the 
epithelia lining body surfaces and organs while adenocarcinomas originate 
from glandular epithelia. As the largest group of human malignancies 
carcinomas account for 80% of all cancer-related deaths in the Western 
world. In Sweden, the most common tumor types are carcinomas of the 
breast for women and carcinomas of the prostate for men representing almost 
one third of cancer cases. The remaining malignancies arise from non-
epithelial tissue. Sarcomas originate in mesenchymal cell types and are 
derived from connective tissue e.g. bone, fat, connective tissue and muscle. 
Sarcomas make up less then 1% of all clinically diagnosed cases of human 
malignant tumors [3]. However, the group is highly heterogeneous and 
consists of numerous histological subtypes making diagnosis and treatment 
challenging. Cancer may also form from the blood forming hematopoietic 
tissues. Leukemias are the malignant growth of non-pigmented blood cells 
that move freely in the circulation. Lymphomas are tumors of the lymphoid 
lineages that aggregate and form solid tumor masses most commonly found 
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in lymph nodes. Finally, the cells from the central or peripheral nervous 
system form neuroectodermal tumors and astrocytomas. 

Cancer treatment in its current form is heavily based on surgery, radiation 
and chemotherapy as well as hormone and immune therapy to a lesser extent. 
Advances in the design of targeted therapies have had great impact on the 
treatment of a few specific malignancies. Examples of targeted anti-tumor 
drugs used in the clinic are Iressa and Gleevec that target over expressed or 
constitutively activated tyrosine kinases [4]. 

1.1.1 Genetic aberrations in cancer 
When Theodor Boveri published his original discovery of chromosome 
aberrations in tumor cells in 1914, it was the start of a long relay of research 
that have engaged a rapidly increasing number of scientists approaching the 
cancer problem from the genetic viewpoint [5]. With the development of 
molecular technology the consequences of the chromosome rearrangements 
discovered by Boveri and his followers has been revealed in detail for many 
tumor types. This research first led to the discovery and definition of 
oncogenes [6, 7]. Cellular oncogenes encode proteins that have important key 
functions in the regulation of many basic functions of cells. Mutations 
causing oncogenic activation change, or increase the biological activities of 
the resulting oncoproteins [8]. The oncogenes are thus considered as 
dominant acting genes since only one of the two gene copies in each cell has 
to be activated by mutation.  The hundreds of oncogenes described today can 
be divided into groups based on their biological activities. Oncogenes are 
represented at all levels of cellular regulation for example growth factors, 
their receptors, cell-cell contact, signal transduction, transcription and RNA 
processing factors, chromatin modifiers and regulators of apoptosis.  
Continued research showed that in most tumor types, one activated oncogene 
was not enough for full malignant transformation but several activated 
oncogenes were required.  Furthermore, experiments with fusion hybrid cells 
between normal and tumor cells of different types indicated the existence of 
genes that suppressed the tumor phenotype even when oncogenes were active 
in the cells [9, 10]. A number of tumor suppressor genes have subsequently 
been identified. In contrast to the dominantly acting oncogenes, the activity 
of tumor suppressor genes has to be eliminated and thus, in most cases both 
copies of a tumor suppressor gene have to be eliminated for a phenotypic 
change. A few dominant mutations have, however been reported where a 
mutated protein block the activity also of the remaining normal allele. Some 
tumor suppressor genes have been reported to be silenced in tumor cells by 
epigenetic mechanisms rather than regular DNA mutations. Tumor 
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suppressor genes are commonly classified into gatekeepers and caretakers, 
where gatekeepers, such as the RB gene, have functions that regulate cell 
proliferation and differentiation whereas caretakers such as TP53 maintain 
the integrity of the genome [8]. 

1.1.2 Cancer hallmarks 
Carcinogenesis is a multistep process that initiates in a single normal cell and 
transforms its progeny into malignant counterparts by sequential genetic 
changes [2, 11, 12]. It has been proposed that 8 major alterations in cell 
physiology are required for development of a fully transformed malignant 
tumor [8, 13]. Thus, despite cancer being a group of genetically 
heterogeneous disorders there seems to be a common set of anti-cancer 
defense systems that need to be circumvented for a cell to obtain a fully 
malignant phenotype. The 8 characteristics suggested being essential for 
malignant human tumors, or the hallmarks of cancer, are as follows: 

• Sustaining proliferative signaling 
• Evading growth suppressors 
• Activating invasion and metastasis 
• Enabling replicative immortality 
• Inducing angiogenesis 
• Resisting cell death 
• Avoiding immune destruction 
• Deregulating cellular energetics 

The mechanism, order and time scale of how these characteristics are 
acquired varies between different tumor types. 

1.2 Fusion oncogenes 
Recurrent balanced chromosomal rearrangements have been identified in 
almost every tumor type [14]. Chromosomal translocations leading to the 
formation of fusion genes are the most commonly encountered balanced 
rearrangements. Approximately 700 different fusion oncogenes are currently 
reported in human neoplasms [15]. Fusion genes are considered to be primary 
abnormalities and tumor initiating factors. 

Balanced chromosome rearrangements may be formed by two alternative 
mechanisms and result in one of two types of cancer promoting gene fusions 
[16]. The first mechanism involves break points located upstream of coding 
regions and the fusion of an intact protein coding region with the regulatory 
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sequences of another gene. This process, sometimes referred to as promoter 
swapping, results in the constitutive overexpression of a normally strictly 
regulated tumor promoting 3’ partner gene and is common in hematological 
malignancies. For example, in Burkitt lymphoma chromosomal 
translocations place the MYC gene on chromosome 8 under the control of a 
promoter region normally driving the expression of one of three 
immunoglobulin (Ig) chains [17, 18]. The regulatory elements of the Ig genes 
cause constitutive expression of the MYC protein promoting proliferation 
and development of lymphoma. The second mechanism involves fusion of 
break points located within the protein coding regions of two genes resulting 
in a hybrid gene and the production of a chimeric fusion protein. The classic 
example of a translocation producing a hybrid gene is the t(9;22)(q34;q11) 
that manifests as the Philadelphia chromosome, a cytogenetic hallmark of 
chronic myeloid leukemia (CML) and other leukemias [14]. The 
translocation causes the fusion of coding regions from the BRC and ABL1 
genes and the production of the BCR-ABL1 fusion protein [19, 20]. ABL1 is 
a tyrosine kinase that in the context of the fusion protein is hyper active and 
continuously triggers down stream signaling pathways and promote 
leukemia. The expression of both types of fusion genes is mainly regulated 
by the promoter region contributed by the 5’ partner. In addition, the 5’ and 
3’ untranslated regions (UTRs) that may regulate stability and translation of 
mRNA are combined in an abnormal way. 

There are several observations suggesting that translocation derived fusion 
genes are important factors for initiation and maintenance of tumor 
development: 

• Fusion genes generally show a high degree of tumor type specificity 
and are frequently associated with only on type of malignancy 
suggesting that their products interact with distinct differentiation 
controlling gene programs and cell types. 

• In some tumor types fusion genes are frequently found to be the only 
cytogenetic change in tumors and most probably represent primary 
abnormalities and tumor initiating factors. 

• Effective treatment of malignancies carrying balanced translocations 
are in some tumor types associated with a decrease in the fusion gene 
product. 

• Many fusion genes have been shown to transform cells in culture and 
induce tumors of the same type that is observed in human cases in 
transgenic mice. 
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• Experimental depletion of fusion gene products in vitro cause tumor 
cell death, reduced tumorigenicity, decreased proliferation and/or 
differentiation. 

The above findings have established fusion genes as key players in the 
development of human malignancies and enabled their use as important 
diagnostic and prognostic markers. 

1.2.1 The FET group of fusion oncogenes 
The FET group of fusion oncogenes is found primarily in sarcomas and 
leukemias were they are considered primary tumor initiating and driving 
factors. By definition, all fusion genes of this group contain 5’ parts derived 
from one of the FET family genes FUS, EWSR1 or TAF15 (Section 1.2.3). 
The FET gene fragments are juxtaposed to one of several alternative 
transcription factor-encoding genes (Figure 1). The fusion genes show a high 
degree of tumor type specificity and in many cases they are the only genetic 
abnormality detectable by cytogenetic analysis [3]. The fusion gene products 
invariably consist of an N-terminal domain (NTD) derived from one of the 
FET proteins fused with the DNA binding domain from the transcription 
factor partner. The NTD of the FET proteins and the transcription factor 
domain are both required for full transforming activity of FET fusion proteins 
in cultured cells and mouse models [21, 22]. However, in some tumor types 
the 5’ parts of the FET family genes are exchangeable and included in variant 
fusion genes indicating a similar function of the FET NTDs in tumorigenesis 
(Figure 1). The functional overlap of FET NTDs in cell transformation has 
been further demonstrated in experimental assays [21]. The FET NTDs share 
a high degree of sequence homology and are mainly composed of a 
degenerated repetitive sequence enriched for SYGQ. The domains probably 
have an intrinsically disordered structure and have been reported to form 
protein-protein interactions and mediate transactivation [21, 23-26]. In 
summary, the FET fusion proteins are considered to be abnormal 
transcription factors that cause aberrant regulation of downstream genes [27]. 

1.2.2 FUS-DDIT3 
The t(12;16)(q13;p11) chromosome translocation is highly specific for 
myxoid liposarcoma [28-30] and involves an in-frame fusion of the 5’ parts 
of FUS/TLS with the entire coding region of DDIT3/CHOP [31-33]. The 
resultant FUS-DDIT3 (TLS-CHOP) fusion gene encodes a chimeric protein 
product were the central and C-terminal RRM and RGG domains of FUS are 
lost and replaced by the full-length DDIT3 protein (Figure 2). FUS-DDIT3 is 
a nuclear protein that is considered an abnormal transcription factor  
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Figure 1. The FET group of fusion oncogenes. The 5’ parts of the FET family 
genes FUS, EWSR1 and TAF15 are fused to genes encoding various transcription 
factors (middle column). The respective fusion genes are found in the tumor types 
indicated in the right column. Observe the high degree of tumor type specificity 
for each FET fusion gene. Additional fusion genes involving the FET family genes 
exist. 

with the FUS NTD constituting a strong transcriptional activation domain 
fused to the dimerizing and DNA binding elements of DDIT3 [26]. The 
DDIT3 part retains its capacity to form dimers with other C/EBP family 
proteins but FUS-DDIT3 has distinct functions in comparison to wildtype 
DDIT3 and does not induce growth arrest [34]. Several potential target genes 
of FUS-DDIT3 have been identified by use of in vitro and in vivo systems 
[35-38]. In addition, FUS-DDIT3 interacts with splicing factors and inhibits 
alternative splicing [39]. 

Identifying the primary cell type(s) that support the expression of FUS-
DDIT3 (and related FET fusion proteins) is important to understand their 
tumorigenic effects. Few permissive cell type(s) that support FUS-DDIT3 
expression and transformation has been identified. FUS-DDIT3 has the 
capacity to transform murine fibroblasts and pre-adipocytes in vitro and these 
cells also establish tumors in nude mice when expressing the fusion protein 
[21, 40]. Transformation requires the dimerization and DNA binding 
domains of DDIT3 and the FUS NTD (or alternatively the EWS NTD). 
Transformation of primary cells by FUS-DDIT3 has been demonstrated in 
mouse mesenchymal progenitor cells (MPCs) that form MLS like tumors 
when introduced in SCID mice [38]. The causal role of FUS-DDIT3 in MLS 
development has been further demonstrated in transgenic mice [41]. Despite 
ubiquitous expression of FUS-DDIT3 in all tissues these mice only 
developed MLS like tumors confined to adipose tissue [41]. Transgenes with 
stable DDIT3 expression did not develop tumors, establishing that the NTD  
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Figure 2. The FUS-DDIT3 fusion oncoprotein. The MLS associated 
t(12;16)(q13;p11) cause the in frame fusion of FUS with DDIT3 and the 
expression of the FUS-DDIT3 fusion oncoprotein. Several FUS-DDIT3 (and 
EWSR1-DDIT3) transcripts have been identified due to different break points in 
the wildtype genes and alternative splicing [42-44]. However, no difference in 
transforming capabilities in vitro or in clinical outcome has been observed for 
variant FUS-DDIT3 fusion proteins [37, 42, 45]. The type II FUS-DDIT3 protein 
(shown above) is produced by the fusion of exons 1-5 of FUS with exons 2-4 of 
DDIT3 and found in two thirds of MLS cases [3, 43]. The fusion protein contains 
175 residues of the intrinsically disordered FUS NTD fused with the entire DDIT3 
protein. In addition, a varying number of amino acids encoded by the normally 
untranslated region (5’ UTR) of DDIT3 exons 2 and 3 are included in the 
different types of FUS-DDIT3. Abbreviations for the regions of FUS are SYGQ: 
serine-tyrosine-glycine-glutamine rich; RGG: arginine-glycine-glycine repeat; 
RRM: RNA recognition motif; Znf: zinc finger. Abbreviations for DDIT3 are 
UTR: untranslated region; TAD: transcriptional activation domain; BR: basic 
region; LZ: leucine zipper. Protein regions were defined by UniProt-KB and 
drawn to scale. 

of FUS is required for the transformation both in vitro and in vivo [22]. A 
second transgenic model of MLS have been established were FUS-DDIT3 
expression is driven by a mesodermally restricted promoter, however, this 
model require inactivation of p53 [46]. It should be further noted that no 
experimental setting has been reported that enable FUS-DDIT3 mediated 
transformation of human cells. 

FUS-DDIT3 inhibit the development and terminal differentiation of murine 
adipocytes by dimerization with C/EBPβ and cancelling the induction of 
downstream transcription factors e.g. C/EBPα [40, 47]. This results in a cell 
population of partially committed pre-adipocytes that may progress to MLS. 
Transgenic mice have further demonstrated that FUS-DDIT3 blocks 
adipogenesis and that repression of PPARγ is a critical step for tumor 
formation in this setting [48, 49]. However, in addition to blocking 
adipogenesis FUS-DDIT3 also promote an adipocyte like phenotype when 
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expressed in unrelated primitive sarcoma cells [50]. MLS may thereby 
develop from cell types distinct from pre-adipocytes, which may explain the 
preference of human MLS for non-adipose tissue. 

In summary, the ability of FUS-DDIT3 to promote liposarcoma development 
has so far been associated with deregulated transcriptional control of gene 
expression and interference with adipocytic differentiation. 

1.2.3 FUS, EWS and TAF15 
The FUS/TLS, EWS and TAF15/TAFII68/TAF2N/RBP56 proteins are 
members of the FET protein family. The genes encoding FUS/TLS 
(fused/translocated in sarcoma) and EWS (EWSR1; Ewing sarcoma 
breakpoint region 1) were identified by their involvement in chromosomal 
translocations characteristic of myxoid liposarcoma and Ewing sarcoma 
respectively [31, 32, 51]. TAF15 (TBP associated factor 15) was later 
discovered as a subunit of transcription factor IID (TFIID) and by homology 
with FUS and EWSR1 [52-54]. TAF15 undergoes translocation in extra 
skeletal myxoid chondrosarcoma [55-57], establishing that all human FET 
family members are proto-oncogenes. FUS, EWS and TAF15 are abundantly 
expressed in nearly all human fetal and adult tissues examined [54, 58-61]. In 
agreement, the 5’ flanking sequences of FET genes have features associated 
with housekeeping genes, e.g. the presence of CpG islands and the lack of 
TATA boxes [59-62]. 

The FET family proteins are grouped by extensive sequence homology and 
analogous domain architecture (Figure 3) and likely originate from the same 
ancestor gene [61, 63]. The proteins contain an N-terminal domain (NTD) 
with a degenerate repeat sequence rich in serine-tyrosine-glycine-glutamine 
(SYGQ), a central RNA recognition motif (RRM), a C-terminal RanBP2 type 
zinc finger and several regions with repeats of arginine-glycine-glycine 
(RGG) [63, 64]. The NTDs of FET proteins have been reported to function as 
strong transcriptional activation domains [23, 24, 26] in related oncogenic 
fusion proteins and experimental systems. However, the function of the NTD 
in the context of wildtype FET proteins is poorly defined. The RRM is the 
most conserved domain within the FET family [63] and a common feature of 
RNA binding proteins [65]. RNA recognition motifs are approximately 90 
amino acids in size and form a four-stranded anti-parallel β -sheet with two 
closely associated α -helices [65]. The central strands of the β -sheet harbors 
two conserved motifs termed ribonucleoprotein domain 1 and 2 (RNP1 and 
RNP2) that in conjunction with other structural elements of the RRM defines 
the sequence specificity and affinity of RNA binding [65]. The RRM of FET  
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Figure 3. The FET family proteins. Schematic illustration of FUS, EWS and 
TAF15 domain structure defined by UniProtKB/Swiss-Prot [64] (P35637, 
Q01844, Q92804) and Tan and Manley 2009 [66]. Numbers indicate amino acid 
residues. Arrowheads indicate frequent break points in fusion oncoproteins and 
truncation points of recombinant proteins used for protein-protein interaction 
studies in paper II-IV. Protein regions are drawn to scale. 

proteins have characteristic features with atypical amino acid substitutions at 
conserved residue positions in RNP1 and an extended loop structure between 
α-helix 1 and β -strand 2 [31, 52]. Following their identification, the FET 
proteins were shown to bind RNA in vitro [31, 52, 67, 68] and FUS was later 
confirmed to interact with RNA in vivo [69]. The mechanism of RNA 
recognition and binding is poorly defined but involve both the RRM and 
RGG domains [69, 70]. FET proteins preferentially bind RNA with 
homopolymeric regions of G or U and a GGUG binding motif has been 
reported for FUS [52, 67, 68, 70]. RNA recognition may also involve 
structural features as FET proteins bind G-quadruplex structures and AU rich 
stem loops [71-73]. 

FET proteins have been implicated in several aspects of gene regulation and 
may couple transcription with subsequent processing and transport of RNA 
products [63]. The FET proteins are implicated in transcriptional control by 
interaction with TFIID and RNAPII [52, 74]. TFIID consists of TATA 
binding protein (TBP) and various TBP associated factors (TAFs) that bind 
the TATA box in gene promoters followed by RNAPII recruitment. The FET 
proteins associate with different TFIID complexes and may promote specific 
functions. Furthermore, the FET proteins bind subunits of RNAPII [52, 74, 
75] and TAF15 is incorporated in the RNAPII preinitiation complex in vitro 
[52]. FET proteins also interact with several specific activators and 
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repressors. FUS has been reported to interact with nuclear hormone receptors 
[76] and to act as a co-activator of the NF-κβ family member p65 [77]. FUS 
and EWS interact with the POU domain factors Brn-3a and Oct4 and 
modulate their capacity for transactivation [78-80]. Furthermore, all FET 
proteins interact with SF1 [81] and Runx transcription factors [82]. The FET 
proteins subsequently influence gene promoter activity by interacting with 
the general co-activators p300 and CBP. EWS mediated transcriptional 
activation is in some cases dependent on interaction with p300 or CBP [83, 
84] and FUS down-regulates CCND1 expression by inhibiting p300 and CBP 
histone acetyltransferase activity [85]. The recruitment of FET proteins to 
endogenous regulatory sequences may involve protein-protein interactions 
(as the above mentioned). However, FUS has also been reported to bind 
specific ssDNA response elements in promoter regions [86] and is recruited 
to the CCND1 promoter by a novel mechanism involving ncRNAs [85]. In 
addition to the involvement in RNAPII mediated transcription FUS has been 
reported to repress transcription by RNA polymerase III (RNAPIII) that 
transcribes small structural and catalytic RNAs [87]. The FET proteins may 
thus control production of several functional classes of RNA. 

The FET family proteins are further implicated in RNA processing and 
transport. FET proteins are found in complexes of RNA and heterogeneous 
nuclear ribonucleoproteins (hnRNPs) that assemble on pre-mRNAs during 
transcription [21, 88-90] and FUS and EWS are subunits of spliceosomes 
assembled on pre-mRNAs in vitro [89, 91]. The FET proteins have been 
reported to interact with various splicing factors and to modulate alternative 
splicing of pre-mRNAs. [92-95]. Furthermore, FUS and EWS bind SR 
splicing factors and YB-1 by their C-terminal domain (CTD) while their 
NTD interacts with RNAPII. By this mechanism FET proteins may function 
to connect splicing factors to the transcription machinery [75, 96-98]. Recent 
studies analyzing the interaction of FET proteins with endogenous RNAs 
have revealed a large repertoire of bound transcripts and preferential 
interaction with splice sites [73, 99, 100]. In addition to pre-mRNA splicing, 
FET proteins have been implicated in miRNA processing by their interaction 
with the Drosha complex [101, 102]. The FET proteins are involved in RNA 
transport over the nuclear barrier and delivery of mRNA to various cellular 
compartments supporting local translation [69, 103-105]. 

FET proteins have been implicated in maintenance of genomic integrity, 
DNA damage repair and recombination as they promote homologous DNA 
pairing and DNA D-loop formation in vitro [106-108]. In agreement, FUS 
and EWSR1 knockout mice display genomic instability, decreased meiotic 
recombination, defective B-lymphocyte development and enhanced 
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sensitivity to ionizing radiation. Furthermore, FUS and EWS are both 
phosphorylated in response to DNA damage [109, 110] and EWS controls 
alternative splicing of genes involved in DNA repair and genotoxic stress 
signaling [111]. FUS activity in transcriptional regulation is controlled by 
ncRNAs induced by DNA damage [85]. 

In addition to their role as proto-oncogenes FUS and TAF15 are mutated in 
amyotrophic lateral sclerosis (ALS) and other neurodegenerative diseases 
[112-115]. In the case of FUS, several mutations are clustered in the proximal 
CTD and interfere with transportin mediated nuclear import leading to 
increased levels and aggregation of FUS in the cytosol [116]. 

In summary, the FET proteins are ubiquitously expressed factors involved in 
several aspects of gene regulation and the maintenance of genomic integrity. 
The development of malignancies and neurodegenerative disorders 
underscore the importance of intact FET protein function. 

1.2.4 DDIT3 
DDIT3 (DNA-damage-inducible transcript 3) also known as GADD153 
(growth arrest and DNA damage-inducible protein GADD153) or CHOP 
(C/EBP-homologous protein) is a key factor in cellular stress response. 
DDIT3 was identified by its transcriptional induction upon growth arrest and 
DNA damage and later shown to be regulated by oxidative stress, 
endoplasmatic reticulum (ER) stress, hypoxia, and nutrient deprivation [117-
121]. In response to stress conditions DDIT3 expression is up regulated at the 
level of transcription, mRNA stability and translation [121-124]. 

The DDIT3 protein (Figure 2) is a basic leucine zipper (bZIP) transcription 
factor belonging to the CCAAT-enhancer-binding protein (C/EBP) family. 
C/EBP proteins bind DNA as homo- or hetero-dimers formed with C/EBP 
family members or other bZIP factors and regulate target genes involved in 
several cellular functions e.g. proliferation, differentiation and metabolism 
[125]. DDIT3 deviates from other C/EBP proteins as it is unable to form 
homodimers and that two proline residues disrupt its DNA binding basic 
region. DDIT3 function as a dominant-negative factor by binding other 
C/EBP factors and forming heterodimers that are unable to bind consensus 
C/EBP sites in gene promoters [126]. In line with this, the majority of DDIT3 
regulated target genes are repressed [127]. However, under stress conditions 
DDIT3-C/EBP heterodimers can bind a different DNA sequence in promoter 
regions and activate target genes [128]. The transactivation activity of DDIT3 
is also enhanced in response to stress by serine phosphorylation [129, 130]. 
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DDIT3 can also regulate transcription by forming dimers with other bZIP 
containing proteins or interact with other types of transcription factors by an 
intrinsically disordered N-terminal region [131-134]. 

Expression of DDIT3 promotes induction of cell-cycle arrest at the G1/S 
transition and ER stress associated apoptosis [34, 135]. DDIT3 has been 
implicated in the stress responses leading to apoptosis of insulin producing β-
cells in mouse models of diabetes and in neurodegenerative disorders [121, 
136, 137]. Furthermore, DDIT3 is involved in cell differentiation and inhibit 
adipogenesis and osteoblast differentiation [138, 139]. Finally, DDIT3 is also 
a proto-oncogene by its involvement in chromosomal translocations and gene 
amplifications in liposarcoma [31, 140, 141]. 

1.3 Myxoid liposarcoma 
Myxoid liposarcoma (MLS) is the second most common subtype of 
liposarcoma and represent approximately 10% of all adult soft tissue 
sarcomas. The highest incidence of MLS is between 40-60 years of age with 
disease presentation approximately a decade earlier then other liposarcoma 
subtypes. Furthermore, MLS is the most common liposarcoma subtype in 
patients younger than 20 years. Primary MLS tumors occur predominantly in 
deep soft tissues of the extremities and the majority of cases arise in the 
musculature of the thigh. The tumor mass is composed of uniform round to 
oval shaped primitive non-lipogenic mesenchymal cells and small signet-ring 
lipoblasts. The tumor also contains a prominent myxoid stroma and a 
characteristic plexiform capillary network [3, 50]. In addition to the 
histological criteria, MLS is defined by presence of the t(12;16)(q13;p11) in 
90% of cases or the rare t(12;22)(q13;q12) leading to gene fusion of FUS or 
EWSR1 with DDIT3. Additional cytogenetic abnormalities are rarely 
observed in MLS. 

MLS has a high tendency to recur locally and one third of patients develop 
distant metastases. Compared to sarcomas with similar histology MLS 
metastases presents mainly in unusual soft tissue locations (e.g. 
retroperitoneum) or bone (e.g. spine) and seem to settle in lung with low 
efficiency. A significant number of patients presents with multifocal disease, 
however, tumors at different sites are of monoclonal origin as demonstrated 
by analysis of FUS-DDIT3 or EWSR1-DDIT3 fusion genes [3]. A subset of 
MLS tumors has areas with primitive round cell morphology that lack 
intervening myxoid stroma and is associated with metastasis and significantly 
poorer prognosis. A gradual transition from myxoid to round cell 
morphology is commonly observed and the different compartments harbor 
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the same recurrent chromosomal translocations. High histological grade 
(generally defined as ≥5% round cell areas), multifocal disease, presence of 
necrosis, and TP53 overexpression are predictors of unfavorable outcome in 
MLS [3, 45, 142]. Recently, activation of the PI3K/Akt pathway in MLS by 
PIK3CA mutation or alternative mechanisms has been associated with an 
increase in round cell morphology and poor prognosis [143, 144]. 

Fine needle biopsies are generally used for histological diagnosis that may be 
further aided by detection of FUS-DDIT3 or EWSR1-DDIT3 fusion genes or 
transcripts with FISH or RT-PCR respectively [42, 44, 45, 145]. Treatment of 
MLS relies mainly on surgery sometimes combined with radiation while 
chemotherapy is used for advanced cases [146, 147]. The possible benefit of 
treating MLS with PPARγ agonists and the DNA binding alkaloid trabectedin 
have been investigated [46, 148-151]. 
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2 AIMS 

The overall objective of this thesis was to functionally characterize the MLS-
associated FUS-DDIT3 fusion oncoprotein and the normal FUS, EWS, 
TAF15 and DDIT3 counterparts. 

The specific aims included to (1) define the molecular function of the FUS, 
EWS and TAF15 N-terminal domains with focus on their involvement in 
protein-protein interactions; (2) characterize the target gene repertoire and 
cellular function of the FUS and EWS fusion partner DDIT3. 

 

The main aims of paper I-IV were as follows: 

Paper I – To identify target genes and cellular functions of the DDIT3 
transcription factor and define the significance of DDIT3 subcellular 
localization. 

Paper II – To study the functional role of an identified protein-protein 
interaction involving FUS and the cytolinker protein plectin. 

Paper III – To characterize an interaction of the FUS N-terminal domain 
with the full-length FET family proteins and its significance for FUS-DDIT3 
function. 

Paper IV – To study the interaction of FUS-DDIT3 and FUS with the Brg1 
and ARID1A subunits of the hSWI/SNF chromatin-remodeling complex. 
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3 MATERIAL AND METHODS 

The myxoid liposarcoma derived cell lines 402-91, 1765-92 and 2645-94 [33, 
35] as well as HT1080 fibrosarcoma cells and genetically modified subclones 
of this cell line [50, 127, 152, 153] were used for molecular analyses. In 
addition, human F470 fibroblasts [154], HEK293 and HeLa cells were 
utilized. The Raji lymphoma cell line was used for large-scale protein 
extractions utilized in GST pull-down experiments. The liposarcoma derived 
GOT3 cell line [140] was used for studies of DDIT3 (paper I). Primary 
fibroblasts from wildtype and plectin knockout mice [155] were used for 
protein and RNA analyses (paper II). 

The results presented in this thesis are based on multiple molecular and cell 
biological methods including: cell culture and experimentation, cloning of 
EGFP/RFP/GST fusion constructs, recombinant protein expression and 
affinity chromatography, GST pull-down, cell fractionation, co-
immunoprecipitation, RNA interference, microarray, real-time quantitative 
PCR, SDS-PAGE and immunoblot analysis, flow cytometry, liquid 
chromatography-mass spectrometry, cell transfection, immunofluorescence, 
co-localization, in situ proximity ligation assays, fluorescence microscopy, 
laser scanning confocal microscopy and protein sequence analysis. 

The various methods used are described in detail in papers I-IV or in the 
included references and will not be further explained here. 
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4 RESULTS AND DISCUSSION 

4.1 Paper I 
 
Subcellular localization and gene regulatory function of DDIT3 
 
DDIT3, also known as GADD153 or CHOP, encodes a basic leucine zipper 
transcription factor of the dimer forming C/EBP family. DDIT3 is known as 
a key regulator of cellular stress response, but its target genes and functions 
are not well characterized. DDIT3 was initially described as a nuclear 
transcription factor, but later reports suggest that DDIT3 can be expressed in 
the cytoplasm [156, 157]. Here we show that GOT3 sarcoma cells and 
normal human fibroblasts accumulate cytoplasmic DDIT3 under tunicamycin 
and etoposide induced stress conditions. Many studies reporting nuclear 
localization of DDIT3 are made with cells transfected or transduced with 
DDIT3 expression plasmids or virus vectors. Transfection of fibroblasts and 
GOT3 cells with a DDIT3-EGFP expression vector also showed nuclear 
expression of the recombinant protein, indicating that these cells are capable 
of nuclear DDIT3 localization. With these results we hypothesized that 
transfection-induced stress could result in a nuclear DDIT3 expression. 
However, transient transfections of GOT3 cells with a GFP expression 
plasmid caused no change in the localization of endogenous DDIT3. We 
conclude that ER stress and genotoxic stress caused cytoplasmic 
accumulation of DDIT3 in the human cell types analyzed in this study. 
The observation that DDIT3 can be expressed both in the cytoplasm and the 
nuclei has to be accounted for when biological functions of this protein is 
studied.  Here, we applied a genome wide microarray based expression 
analysis to identify DDIT3 target genes and functions. By analyzing cells 
carrying tamoxifen inducible DDIT3 expression constructs 
(DDIT3morEGFP) we show distinct gene expression profiles for cells with 
cytoplasmic and nuclear localized DDIT3.  
 
Analysis of microarray data from cells expressing cytoplasmic 
DDIT3morEGFP revealed 94 genes that were regulated at least 3-fold 
compared to their expression in morEGFP expressing cells. Genes regulated 
by cytoplasmic DDIT3 were obviously not direct targets. We speculate that 
cytoplasmic DDIT3 could bind and sequester other BZIP transcription factors 
and prevent their nuclear localization. Of the 94 genes, 33 genes were 
upregulated and 61 downregulated. 32 genes were selected and validated 
using reverse transcription quantitative real-time PCR analysis. Ontology 
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analysis of identified target genes showed that the functional categories 
cellular movement, cell death, cellular development, and cellular growth and 
proliferation were the most significantly affected. Twenty of 94 regulated 
genes for cytoplasmic DDIT3 were annotated to the functional category 
cellular movement. To experimentally address the hypothesis that DDIT3 
negatively regulates migration, we used a modified scratch wound migration 
assay. Migration was inhibited with 48% (P < 0.01) for DDIT3morEGFP 
expressing HT1080 cells compared to morEGFP expressing cells. DDIT3 
regulation of several migration/movement-associated genes may provide 
mechanistic explanations for the impaired migration. For example, DSTN, 
which encodes an actin depolymerizing protein, was downregulated in 
DDIT3 expressing cells. 
 
After 2 hours, 45 genes were regulated. Eight hours after DDIT3 
translocation, several initially regulated genes were back to their initial 
expression levels, but replaced by other response genes. In total 52 genes 
were regulated 8 hours after DDIT3 translocation. Functional analysis among 
the 2 hours response genes for nuclear DDIT3 showed the top categories cell 
death, cellular development, cellular growth and proliferation and cell cycle. 
Cell death, gene expression, cellular development, and cell cycle were the 
most significant categories enriched among the 8 hours response genes of 
nuclear DDIT3.  Our results and ontogeny analysis suggest that nuclear 
DDIT3 controls cell growth. Forced expression of DDIT3 was reported to 
induce a G1 cell cycle arrest [158] and our experimental system recapitulated 
this effect when the protein was translocated to the nuclei.  Several of the 
regulated genes reported here may execute the growth arrest but further 
investigations are needed to dissect the mechanism. In addition to the 94 
genes regulated by cytoplasmic DDIT3, 84 more genes were regulated 2-fold 
or more by nuclear translocation of DDIT3. Moreover, these genes were in 
the same functional categories as the first 94 genes regulated by cytoplasmic 
DDIT3. This shows that nuclear translocation steps up and modulates 
functions already affected by cytoplasmic DDIT3.  
 
In summary, we show that DDIT3 may be expressed both as a cytoplasmic 
and nuclear protein. Further, we show that cells expressing cytoplasmic and 
nuclear DDIT3 have distinct gene expression profiles, but that the target 
genes belong to the same functional categories. 
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4.2 Paper II 
 
Plectin is required for FUS subcellular localization and function 
 
In this paper we screened for protein-protein interactions involving the FUS 
NTD. The cytolinker plectin was isolated from a cell extract by its affinity for 
the FUS NTD in a GST pull-down assay and identified by mass spectrometry 
(MS) and immunoblot (IB). The N-terminal of EWS and TAF15 also bound 
plectin showing that the interaction is conserved for all human FET family 
proteins, at least under in vitro conditions. 

Plectin is a high-molecular weight protein belonging to the Plakin family that 
control cytoskeleton organization and mechanical properties of cells [159-
161]. Plectins involvement in cellular structure is reflected in interactions 
with actin, microtubule, intermediate filaments and cellular junctions [160-
162]. Furthermore, Plectin mutations are associated with Epidermolysis 
bullosa (EB) were the structural integrity of the skin and the neuromuscular 
system is compromised [163]. Plectin also acts as a scaffold for proteins 
involved in signaling pathways suggesting that it also supports functions not 
directly related to cellular structure [164-166]. Furthermore, plectin is located 
at focal adhesion complexes and interacts with RACK1 [160, 167, 168], 
observations that are shared with the FET family proteins [58, 104]. 

In support of the results from pull-down we observed a partial co-localization 
of GFP tagged FUS and immunolabeled plectin in the cytoplasm of fixed 
HT1080 fibrosarcoma cells. The degree of co-localization was modest and 
we further analyzed fixed HT1080 cells by an in situ proximity ligation assay 
(PLA) with FUS and plectin specific antibodies. Quantification of PLA 
signals subsequently demonstrated complex formation of FUS and plectin in 
the cell cytoplasm. 

With regard to plectin function we hypothesized that the FUS-plectin 
interaction was important for the stability, localization and/or function of 
FUS in the cytoplasm. To address the functional importance of the FUS-
plectin interaction we compared FUS expression levels and subcellular 
localization in wildtype and plectin knockout mouse fibroblasts [155]. 
Analysis of FUS by immunofluorescence did not show any clear visual 
difference between wildtype and knockout cells. However, subcellular 
fractionation experiments revealed that the cytoplasmic to nuclear ratio of 
FUS was higher in cells lacking plectin. The total expression level of FUS 
protein was unaffected suggesting that the subcellular distribution FUS was 
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altered. FUS has been reported to shuttle between the nucleus and cytoplasm 
and participate in cellular transport of mRNA [69, 103-105]. The fact that 
FUS localization was altered in the absence of plectin prompted us to 
investigate FUS mediated gene regulation. We analyzed the expression levels 
of Ash1l, Med12 and Shock2 transcripts, which have been reported to interact 
with FUS [103], and found all to be up regulated in plectin knockout cells. 
The specific accumulation of FUS bound transcripts in plectin deficient cells 
may be caused by feedback regulation when transport of mRNA molecules is 
compromised. Alternatively, the change in FUS subcellular distribution may 
cause deregulation of FUS transcriptional activity in the nucleus. FUS and 
the other FET family proteins have been reported to associate with a 
substantial repertoire of transcripts [73], therefore, our observed deregulation 
of gene expression in plectin deficient cells probably extend beyond the 
transcripts evaluated in our study. Furthermore, several plectin isoforms exist 
that have different subcellular localization [169] and may recruit FET family 
proteins and associated mRNAs to various sites depending on the 
requirements of different cell types. 

Mutations in FUS are causative of the neurodegenerative disorders ALS and 
FTLD [112-114] and linked to altered FUS nucleo-cytoplasmic transport, 
accumulation of FUS in the cytoplasm and subsequent formation of FUS 
immunoreactive inclusions that may constitute abnormal stress granules 
(SGs) [112, 113, 116, 170, 171]. Plectins involvement with the cytoskeleton 
and that stress granule assembly involves the microtubule network [172, 173] 
prompted us to investigate plectins role in the formation of SGs and the 
recruitment of FUS to SGs. However, SGs formed under oxidative stress 
conditions were not labeled by plectin specific antibodies in fixed cells. In 
addition, the number and morphology of SGs as well as the recruitment of 
FUS to SGs was unaffected in plectin knockout cells. 

In summary, our results indicate that plectin functions as a scaffold that 
facilitate transport and targeting of FUS and associated mRNAs. The 
significance of the FUS-plectin interaction in relation to pathologies caused 
by plectin and FUS mutation warrant further investigation. 
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4.3 Paper III 
 
The NTD of FUS, EWS and TAF15 bind full-length FET proteins 
 
The FET group of fusion oncogenes found in human sarcomas and leukemias 
encode fusion oncoproteins that are considered as primary tumor initiating 
and driving factors. Their fusion protein products invariably consists of an N-
terminal domain (NTD) from one of the FET family proteins FUS, EWS or 
TAF15, juxtaposed to the DNA binding domains from one of more than ten 
alternative transcription factor partners. The fusion oncoproteins act as 
abnormal transcription factors that cause aberrant regulation of target genes. 
The roles of the FET NTDs are not clear and structure modelling suggests 
that their structures are intrinsically disordered indicating possible functions 
as mediators of protein-protein interactions [174].  
 
To search for proteins that bind FET NTDs, bacterially expressed GST 
tagged FUS NTD (residues 1-175) EWS NTD (residues 1-264) and TAF15 
NTD (residues 1-201) were used as baits to immobilize proteins from Raji 
cell extracts. SDS-PAGE analysis revealed three prominent protein bands at 
77, 68 and 61kDa specifically retained by all FET NTDs. Mass spectrometry 
analysis revealed That these band represented full length EWS (p77), TAF15 
(p68) and FUS (p61). Immunoblot analysis confirmed the protein identities 
and their specific enrichment. Testing the binding quality with increasing salt 
concentrations showed a robust binding up to 1 molar NaCl. Co-
immunoprecipitation studies confirm that the three FET NTDs are capable of 
binding all full length FET proteins both in homo or hetero complexes and 
that at least one of the FET fusion oncoproteins forms complexes with all 
three FET proteins.   
 
Recruitment and hetero complex formation of normal FET proteins to 
promoters targeted by oncogenic FET proteins may thus be an important part 
in deregulation of target genes. This model was tested by knock down 
experiments of FUS and oncogenic FUS-DDIT3 in myxoid liposarcoma 
cells.  The normal FET proteins are known to bind and regulate thousands of 
mRNAs as well as other RNA classes. They interact with also with DNA and 
act at many regulatory steps of gene expression. This makes any attempt to 
probe their functions and effects on specific genes and RNAs problematic. 
Our results, however, suggest that interaction with the normal FUS protein is 
involved in FUS-DDIT3 deregulation of target genes.   
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To map binding structures in the NTD parts, we studied the binding of FET-
proteins to truncated recombinant FUS NTD baits. The results show that the 
FET NTDs contain a novel FET Binding Motif, FETBM1 that is necessary 
for binding of the full-length FET family proteins. The FETBM1 appears to 
be conserved among mammalians and is also present in Zebra fish FET 
proteins. FETBM1 contains specifically placed tyrosine residues that have 
been reported to facilitate homotypic complex formation of FUS [175]. A 
detailed study of the sequence requirement of the transactivating and 
transforming activity of EWS NTD further pointed out the importance of the 
tyrosine residues and underscored the potential effects of their 
phosphorylation [24] The identification of FETBMI is also important as it 
provides a sequence and structure that can be targeted in screens for future 
drugs. Modulation of the FETBM1 binding may be of importance, not only 
for the FET oncogene caused malignancies but also for neurodegenerative 
diseases caused by aggregation of FET proteins. 
 
The FETBMI1 parts are not capable of self-binding since recombinant 
proteins containing only the NTDs fail to bind immobilized NTD fragments. 
This observation prompted a search for target sequences/ structures in the 
full-length FET proteins. A pull down assay with the FUS NTD as a bait 
against recombinant truncation mutants of FUS showed minor decreases in 
binding as increasing C-terminal parts were deleted. Deletion of amino acids 
176-284 resulted in a major loss of binding indicating that this part contains a 
target structure for FETBM1. Alignment experiments with this part of FUS 
against TAF15 and EWS failed to highlight any specific region or sequence 
segment that was common for the three FET proteins. Instead we speculate 
that several parts of the FET proteins that contain stretches rich in G and 
RGG repeats may form structures that bind FETBM1. This also implies that 
many other proteins containing the common RGG repeats may be capable of 
binding the FET NTDs. Further studies are needed to test this hypothesis. 
 
We conclude that the FET proteins forms homo and hetero complexes and 
that a novel motif FETBM1 is necessary for the binding. The binding 
function is retained in the FET fusion oncoproteins and at least one of them 
binds all the normal FET proteins. This binding is most probably also 
important for the transcription factor activities of the FET fusion 
oncoproteins. The FETBM1 motif and binding to full-length FET proteins 
has also implications for the pathogenesis of some neurodegenerative 
diseases. 
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4.4 Paper IV 
 
FUS and FUS-DDIT3 interact with the human SWI/SNF complex 
 
The FET family proteins FUS, EWS and TAF15 [63, 176] are ubiquitously 
expressed pre-dominantly nuclear proteins involved in transcription and RNA 
processing [63, 176]. Each of the FET proteins contain an enigmatic N-
terminal domain (NTD) that invariably is expressed in the FET fusion 
oncoproteins and required for their oncogenic activity [21, 22]. The aim of 
this work was to identify proteins binding to the FET NTDs allowing a 
further insight into the contribution of these domains to the oncogenic 
activities of the FET fusion oncogenes. 
 
A bacterially expressed GST tagged construct containing FUS residues 1-175 
bound several high-molecular weight proteins in pull down assays. Mass 
spectrometry analysis of excised protein bands revealed peptides derived 
from ARID1A (BAF250a), Brg1 (SMARCA4), Brm (SMARCA2), BAF170 
(SMARCC2) and BAF155 (SMARCC1). The identity of ARID1A and Brg1 
was further confirmed by immunoblot. ARID1A, Brg1, Brm, BAF170 and 
BAF155 are all components of the large SWI/SNF multi subunit complex 
that control gene expression by ATP driven repositioning of nucleosomes 
[177, 178]. SWI/SNF thus control the activity of multiple genes by 
modulation of chromatin structure that determines the access of numerous 
DNA binding factors. SWI/SNF complexes also provide a link between 
chromatin remodeling and tumor suppression [179]. Interaction with 
SWI/SNF is thus likely to be an important aspect of wild type FUS and FUS-
DDIT3 activities in gene regulation. 
 
SWI/SNF complexes display variable subunit composition but always 
contain one of two mutually exclusive ATPases, designated Brg1 and Brm, 
responsible for SWI/SNF catalytic activity [177, 178]. The protein expression 
levels of ARID1A, Brg1 and Brm in the myxoid liposarcoma cell lines 402-
91, 1765-92 and 2645-94 were examined by immunoblot. ARID1A and Brg1 
were expressed in all MLS cell lines tested. Brm was not detected or of low 
abundance in 402-91 and 2645-94 cells. The preferential expression of BRG1 
containing SWI/SNF complexes is associated with and necessary for 
maintenance of stemness in stem cells [180, 181] and this configuration of 
SWI/SNF in MLS cell is compatible with the low differentiated features of 
these cells. The interaction of FUS-DDIT3 with the SWI/SNF complex may 
thus affect differentiation of the muscle resident mesenchymal stem cells that 
most likely are the cell of origin for MLS cases. FUS-DDIT3 has been shown 
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to induce a pre-adipocytic differentiation but also block terminal adipocyte 
differentiation. This effect may depend on interactions with the SWI/SNF 
complex. Indeed, Brg1 and ARID1A containing complexes have been linked 
with adipogenesis and myogenesis [182-185], differentiation programs that 
are highly relevant to development of MLS. Further analysis of the SWI/SNF 
composition in MLS cells are planned and may reveal important information 
concerning the origin and nature of MLS tumors. 
 Although numerous mutations or deletion of SWI/SNF subunits have been 
reported in cancers, oncogenic transformation does not result from complete 
inactivation of SWI/SNF but rather is driven by aberrant activity [179, 186-
188]. It is thus possible that aberrant protein-protein interactions, as those 
formed with FUS-DDIT3, affect SWI/SNF activity and/or targeting and 
cause the gene expression pattern behind the transformed state. 
 
The 402-91 and 2645-94 cell lines were analyzed by in situ proximity 
ligation assay (PLA) with combinations of FUS or DDIT3 specific antibodies 
together with antibodies for Brg1 or ARID1A. The formation of PLA signals 
identified nuclear complexes containing FUS and Brg1 or FUS and ARID1A 
as well as complexes of the FUS-DDIT3 fusion oncoprotein with Brg1 or 
ARID1A. These results confirm that FUS-DDIT3 binds SWI/SNF complexes 
or parts thereof in MLS cells.  
 
Pull-down experiments with serially truncated FUS NTD constructs showed 
that amino acids 31-66 of FUS are required for binding of the SWI/SNF 
components. This sequence contains the previously defined FETBM1 motif 
that mediates interaction with wildtype FET proteins (Paper III). It is thus 
possible that the FUS NTD binding of SWI/SNF components is indirect 
through the binding of the wild type FET proteins. FUS and its previously 
reported interaction partners as well as SWI/SNF subunits bind nucleic acids 
[63] making a DNA or RNA dependent binding plausible. However, DNase 
or RNase treatment did not cancel the interaction of ARID1A or Brg1 with 
FUS NTD thus ruling out this possibility. 
 
In summary, the FUS NTD binds core components of the SWI/SNF complex 
in vitro and in vivo and this interaction provides new understanding of how 
FUS-DDIT3 may interact with core components of differentiation and gene 
regulatory systems. The identification FETBM1 as a required motif for 
binding of SWI/SNF components is an important and necessary step towards 
screens for novel drugs targeting MLS and other FET protein associated 
diseases. 
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5 CONCLUSIONS 

The main findings of this thesis are concluded as follows: 

Stress induced DDIT3 may localize to both the cell cytoplasm and nucleus 
and regulate gene expression. Cytoplasmic and nuclear DDIT3 control 
distinct gene repertoires, but the target genes are associated with the same 
cellular functions. The majority of target genes were repressed supporting a 
dominant negative function of DDIT3 in transcriptional regulation. 
Subcellular localization is an important regulatory mechanism for control of 
DDIT3 activity. In the context of tumor development it is interesting that 
only the nuclear DDIT3 block cell-cycle progression. However, the pathways 
that control DDIT3 localization remain to be elucidated (Paper I).  

We show that the NTD of FUS interacts with the cytolinker protein plectin in 
the cell cytoplasm. Plectin is required for normal nucleo-cytoplasmic 
distribution of FUS and absence of plectin caused altered expression levels of 
FUS bound mRNAs. We propose that plectin serves as a scaffold for FUS in 
the cytoplasm and facilitate transport and targeting of FUS associated 
mRNAs. The precise mechanism by which the FUS-plectin interaction 
influence FUS function and its possible impact on FUS and plectin linked 
pathologies remains to be investigated (Paper II). 

The NTD of FUS, EWS and TAF15 contain a conserved motif that mediates 
interaction with the full-length FET family proteins. The FUS-DDIT3 fusion 
oncoprotein retains the capacity to bind normal FET proteins and disrupt 
their nuclear localization pattern. Our results further suggest an involvement 
of FUS in the regulation of FUS-DDIT3 target genes. (Paper III). 

The NTD of FUS interact with Brg1, ARID1A and several other subunits of 
the nucleosome remodeling SWI/SNF complex. Furthermore, Brg1 and 
ARID1A form complexes with both normal FUS and FUS-DDIT3 in the 
nuclear compartment of myxoid liposarcoma cells. Our results suggest that 
aberrant interaction of FUS-DDIT3 with SWI/SNF subunits cause 
deregulation of gene expression and contribute to tumorigenesis of MLS. 
However, the significance of the binding between FUS-DDIT3 and SWI/SNF 
subunits needs to be addressed by additional experiments (Paper IV). 



Christer Thomsen 

 37 

ACKNOWLEDGEMENTS 

I would like to express my sincere gratitude to everyone who, in one way or 
the other, has contributed to this thesis. 

I would especially like to thank: 

My supervisor, Professor Pierre Åman, for generously sharing his rich 
knowledge and deep insights in the world of science and, not least, being a 
constant source of positive thinking. I also thank you for letting me pursue 
my own (sometimes less successful) ideas and for your support towards the 
end when the going got rough. 

Professor Göran Stenman, for offering his support and advice, as well as 
sharing funny anecdotes. 

Present and former members of the Åman lab, in particular Pernilla 
Grundevik, Emma Jonasson, Soheila Dolatabadi, Carola Andersson, Anita 
Olofsson and Christoffer Bento, for creating an excellent working 
environment and making this an enjoyable time. A special thank you to 
Anders Ståhlberg and Mattias Andersson for all your support and 
constructive ideas. 

All my friends and colleagues from the time at the Lundberg Laboratory for 
Cancer Research and the Sahlgrenska Cancer Center for your collegial 
contribution and assistance as well as great parties, coffee breaks and other 
social activities. I would especially like to thank Marta Persson, Fredrik 
Persson, Ywonne Andrén and André Fehr for being such good and supportive 
colleagues. 

Britten, for taking care of our mutual interests when I am not able to, and for 
excellent cooking. Bosse, now I will finally have time to read all the great 
books you have given me. 

All my friends outside the lab. You know how important you are to me and I 
look forward to spending many more happy moments with you! Sara, thank 
you for always laughing at nerdy jokes about science and academia. 

My wonderful family: My mother Jytte and my father Erik and my big sister 
Christina for believing in me and supporting me always. 



Molecular analysis of the FET family fusion oncoprotein FUS-DDIT3 

 38 

Dax, Tuffen, Yngwe and Sofus who have kept me company for many hours 
of hard work and are now  roaming the heavenly hunting grounds together. 

Finally and most important: Elisabet and the new family member that we are 
expecting. Life would mean nothing without the two of you. Thank you for 
being so patient. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This work was supported by grants from the Swedish Cancer Society, 
BioCARE - a National Strategic Research Program at University of 
Gothenburg, Assar Gabrielssons Research Foundation, Johan Jansson 
Foundation for Cancer Research and the Wilhelm and Martina Lundgren 
Foundation for Scientific Research. 

  



Christer Thomsen 

 39 

REFERENCES 
1. Boyle, P. and B. Levin, World cancer report 20082008, Lyon: IARC 

Press. 
2. Weinberg, R.A., The biology of cancer2007, New York ; London: 

Taylor & Francis. 
3. Fletcher, C.D.M., K.K. Unni, and F. Mertens, Pathology and genetics 

of tumours of soft tissue and bone2002, Lyon: IARC Press ; Oxford : 
Oxford University Press [distributor]. 

4. Noble, M.E., J.A. Endicott, and L.N. Johnson, Protein kinase 
inhibitors: insights into drug design from structure. Science, 2004. 
303(5665): p. 1800-5. 

5. Boveri, T., Concerning the origin of malignant tumours by Theodor 
Boveri. Translated and annotated by Henry Harris. Journal of cell 
science, 2008. 121 Suppl 1: p. 1-84. 

6. Nowell, P.C. and D.A. Hungerford, Chromosome studies on normal 
and leukemic human leukocytes. Journal of the National Cancer 
Institute, 1960. 25: p. 85-109. 

7. Bishop, J.M., Enemies within: the genesis of retrovirus oncogenes. 
Cell, 1981. 23(1): p. 5-6. 

8. Hanahan, D. and R.A. Weinberg, Hallmarks of cancer: the next 
generation. Cell, 2011. 144(5): p. 646-74. 

9. Stanbridge, E.J., Suppression of malignancy in human cells. Nature, 
1976. 260(5546): p. 17-20. 

10. Klein, G., et al., Hybrid cells derived from fusion of TA3-Ha ascites 
carcinoma with normal fibroblasts. 1. Malignancy, karyotype, and 
formation of isoantigenic variants. Journal of the National Cancer 
Institute, 1973. 50(5): p. 1259-68. 

11. Vogelstein, B. and K.W. Kinzler, The multistep nature of cancer. 
Trends in genetics : TIG, 1993. 9(4): p. 138-41. 

12. Nowell, P.C., The clonal evolution of tumor cell populations. 
Science, 1976. 194(4260): p. 23-8. 

13. Hanahan, D. and R.A. Weinberg, The hallmarks of cancer. Cell, 
2000. 100(1): p. 57-70. 

14. Mitelman, F., B. Johansson, and F. Mertens, The impact of 
translocations and gene fusions on cancer causation. Nat Rev 
Cancer, 2007. 7(4): p. 233-45. 

15. Mitelman, F., B. Johansson, and F. Mertens, Mitelman Database of 
Chromosome Aberrations and Gene Fusions in Cancer. 
http://cgap.nci.nih.gov/Chromosomes/Mitelman, 2012. 

16. Rowley, J.D., Chromosome translocations: dangerous liaisons 
revisited. Nat Rev Cancer, 2001. 1(3): p. 245-50. 

17. Rabbitts, T.H., Chromosomal translocations in human cancer. 
Nature, 1994. 372(6502): p. 143-9. 



Molecular analysis of the FET family fusion oncoprotein FUS-DDIT3 

 40 

18. Adams, J.M., et al., Cellular myc oncogene is altered by chromosome 
translocation to an immunoglobulin locus in murine plasmacytomas 
and is rearranged similarly in human Burkitt lymphomas. 
Proceedings of the National Academy of Sciences of the United 
States of America, 1983. 80(7): p. 1982-6. 

19. Groffen, J., et al., Philadelphia chromosomal breakpoints are 
clustered within a limited region, bcr, on chromosome 22. Cell, 
1984. 36(1): p. 93-9. 

20. Heisterkamp, N., et al., Localization of the c-ab1 oncogene adjacent 
to a translocation break point in chronic myelocytic leukaemia. 
Nature, 1983. 306(5940): p. 239-42. 

21. Zinszner, H., R. Albalat, and D. Ron, A novel effector domain from 
the RNA-binding protein TLS or EWS is required for oncogenic 
transformation by CHOP. Genes Dev, 1994. 8(21): p. 2513-26. 

22. Perez-Losada, J., et al., Liposarcoma initiated by FUS/TLS-CHOP: 
the FUS/TLS domain plays a critical role in the pathogenesis of 
liposarcoma. Oncogene, 2000. 19(52): p. 6015-22. 

23. Bertolotti, A., B. Bell, and L. Tora, The N-terminal domain of human 
TAFII68 displays transactivation and oncogenic properties. 
Oncogene, 1999. 18(56): p. 8000-10. 

24. Ng, K.P., et al., Multiple aromatic side chains within a disordered 
structure are critical for transcription and transforming activity of 
EWS family oncoproteins. Proc Natl Acad Sci U S A, 2007. 104(2): 
p. 479-84. 

25. Lee, K.A., Ewings family oncoproteins: drunk, disorderly and in 
search of partners. Cell Res, 2007. 17(4): p. 286-8. 

26. Sanchez-Garcia, I. and T.H. Rabbitts, Transcriptional activation by 
TAL1 and FUS-CHOP proteins expressed in acute malignancies as a 
result of chromosomal abnormalities. Proc Natl Acad Sci U S A, 
1994. 91(17): p. 7869-73. 

27. Goransson, M., et al., The myxoid liposarcoma FUS-DDIT3 fusion 
oncoprotein deregulates NF-kappaB target genes by interaction with 
NFKBIZ. Oncogene, 2009. 28(2): p. 270-8. 

28. Turc-Carel, C., et al., Cytogenetic studies of adipose tissue tumors. II. 
Recurrent reciprocal translocation t(12;16)(q13;p11) in myxoid 
liposarcomas. Cancer genetics and cytogenetics, 1986. 23(4): p. 291-
9. 

29. Limon, J., et al., Recurrent chromosome translocations in 
liposarcoma. Cancer genetics and cytogenetics, 1986. 22(1): p. 93-4. 

30. Sreekantaiah, C., et al., Cytogenetic findings in liposarcoma 
correlate with histopathologic subtypes. Cancer, 1992. 69(10): p. 
2484-95. 

31. Crozat, A., et al., Fusion of CHOP to a novel RNA-binding protein in 
human myxoid liposarcoma. Nature, 1993. 363(6430): p. 640-4. 



Christer Thomsen 

 41 

32. Rabbitts, T.H., et al., Fusion of the dominant negative transcription 
regulator CHOP with a novel gene FUS by translocation t(12;16) in 
malignant liposarcoma. Nat Genet, 1993. 4(2): p. 175-80. 

33. Aman, P., et al., Rearrangement of the transcription factor gene 
CHOP in myxoid liposarcomas with t(12;16)(q13;p11). Genes 
Chromosomes Cancer, 1992. 5(4): p. 278-85. 

34. Barone, M.V., et al., CHOP (GADD153) and its oncogenic variant, 
TLS-CHOP, have opposing effects on the induction of G1/S arrest. 
Genes & development, 1994. 8(4): p. 453-64. 

35. Thelin-Jarnum, S., et al., Identification of genes differentially 
expressed in TLS-CHOP carrying myxoid liposarcomas. 
International journal of cancer. Journal international du cancer, 1999. 
83(1): p. 30-3. 

36. Kuroda, M., et al., Induction of a secreted protein by the myxoid 
liposarcoma oncogene. Proceedings of the National Academy of 
Sciences of the United States of America, 1999. 96(9): p. 5025-30. 

37. Schwarzbach, M.H., et al., Comparable transforming capacities and 
differential gene expression patterns of variant FUS/CHOP fusion 
transcripts derived from soft tissue liposarcomas. Oncogene, 2004. 
23(40): p. 6798-805. 

38. Riggi, N., et al., Expression of the FUS-CHOP fusion protein in 
primary mesenchymal progenitor cells gives rise to a model of 
myxoid liposarcoma. Cancer research, 2006. 66(14): p. 7016-23. 

39. Rapp, T.B., et al., RNA splicing mediated by YB-1 is inhibited by 
TLS/CHOP in human myxoid liposarcoma cells. J Orthop Res, 2002. 
20(4): p. 723-9. 

40. Kuroda, M., et al., Oncogenic transformation and inhibition of 
adipocytic conversion of preadipocytes by TLS/FUS-CHOP type II 
chimeric protein. The American journal of pathology, 1997. 151(3): 
p. 735-44. 

41. Perez-Losada, J., et al., The chimeric FUS/TLS-CHOP fusion protein 
specifically induces liposarcomas in transgenic mice. Oncogene, 
2000. 19(20): p. 2413-22. 

42. Bode-Lesniewska, B., et al., Relevance of translocation type in 
myxoid liposarcoma and identification of a novel EWSR1-DDIT3 
fusion. Genes, chromosomes & cancer, 2007. 46(11): p. 961-71. 

43. Panagopoulos, I., et al., A novel FUS/CHOP chimera in myxoid 
liposarcoma. Biochemical and biophysical research communications, 
2000. 279(3): p. 838-45. 

44. Powers, M.P., et al., Detection of myxoid liposarcoma-associated 
FUS-DDIT3 rearrangement variants including a newly identified 
breakpoint using an optimized RT-PCR assay. Modern pathology : an 
official journal of the United States and Canadian Academy of 
Pathology, Inc, 2010. 23(10): p. 1307-15. 



Molecular analysis of the FET family fusion oncoprotein FUS-DDIT3 

 42 

45. Antonescu, C.R., et al., Prognostic impact of P53 status, TLS-CHOP 
fusion transcript structure, and histological grade in myxoid 
liposarcoma: a molecular and clinicopathologic study of 82 cases. 
Clinical cancer research : an official journal of the American 
Association for Cancer Research, 2001. 7(12): p. 3977-87. 

46. Charytonowicz, E., et al., PPARgamma agonists enhance ET-743-
induced adipogenic differentiation in a transgenic mouse model of 
myxoid round cell liposarcoma. The Journal of clinical investigation, 
2012. 122(3): p. 886-98. 

47. Adelmant, G., J.D. Gilbert, and S.O. Freytag, Human translocation 
liposarcoma-CCAAT/enhancer binding protein (C/EBP) homologous 
protein (TLS-CHOP) oncoprotein prevents adipocyte differentiation 
by directly interfering with C/EBPbeta function. The Journal of 
biological chemistry, 1998. 273(25): p. 15574-81. 

48. Perez-Mancera, P.A., et al., Fat-specific FUS-DDIT3-transgenic 
mice establish PPARgamma inactivation is required to liposarcoma 
development. Carcinogenesis, 2007. 28(10): p. 2069-73. 

49. Perez-Mancera, P.A., et al., FUS-DDIT3 prevents the development of 
adipocytic precursors in liposarcoma by repressing PPARgamma 
and C/EBPalpha and activating eIF4E. PLoS One, 2008. 3(7): p. 
e2569. 

50. Engstrom, K., et al., The myxoid/round cell liposarcoma fusion 
oncogene FUS-DDIT3 and the normal DDIT3 induce a liposarcoma 
phenotype in transfected human fibrosarcoma cells. Am J Pathol, 
2006. 168(5): p. 1642-53. 

51. Delattre, O., et al., Gene fusion with an ETS DNA-binding domain 
caused by chromosome translocation in human tumours. Nature, 
1992. 359(6391): p. 162-5. 

52. Bertolotti, A., et al., hTAF(II)68, a novel RNA/ssDNA-binding 
protein with homology to the pro-oncoproteins TLS/FUS and EWS is 
associated with both TFIID and RNA polymerase II. EMBO J, 1996. 
15(18): p. 5022-31. 

53. Tora, L., A unified nomenclature for TATA box binding protein 
(TBP)-associated factors (TAFs) involved in RNA polymerase II 
transcription. Genes & development, 2002. 16(6): p. 673-5. 

54. Morohoshi, F., et al., Cloning and mapping of a human RBP56 gene 
encoding a putative RNA binding protein similar to FUS/TLS and 
EWS proteins. Genomics, 1996. 38(1): p. 51-7. 

55. Attwooll, C., et al., Identification of a novel fusion gene involving 
hTAFII68 and CHN from a t(9;17)(q22;q11.2) translocation in an 
extraskeletal myxoid chondrosarcoma. Oncogene, 1999. 18(52): p. 
7599-601. 

56. Panagopoulos, I., et al., Fusion of the RBP56 and CHN genes in 
extraskeletal myxoid chondrosarcomas with translocation 
t(9;17)(q22;q11). Oncogene, 1999. 18(52): p. 7594-8. 



Christer Thomsen 

 43 

57. Sjogren, H., et al., Fusion of the EWS-related gene TAF2N to TEC in 
extraskeletal myxoid chondrosarcoma. Cancer research, 1999. 
59(20): p. 5064-7. 

58. Andersson, M.K., et al., The multifunctional FUS, EWS and TAF15 
proto-oncoproteins show cell type-specific expression patterns and 
involvement in cell spreading and stress response. BMC Cell Biol, 
2008. 9: p. 37. 

59. Plougastel, B., et al., Genomic structure of the EWS gene and its 
relationship to EWSR1, a site of tumor-associated chromosome 
translocation. Genomics, 1993. 18(3): p. 609-15. 

60. Aman, P., et al., Expression patterns of the human sarcoma-
associated genes FUS and EWS and the genomic structure of FUS. 
Genomics, 1996. 37(1): p. 1-8. 

61. Morohoshi, F., et al., Genomic structure of the human 
RBP56/hTAFII68 and FUS/TLS genes. Gene, 1998. 221(2): p. 191-8. 

62. Moller, E., et al., Bidirectionality and transcriptional activity of the 
EWSR1 promoter region. Oncol Rep, 2009. 21(3): p. 641-8. 

63. Tan, A.Y. and J.L. Manley, The TET family of proteins: functions 
and roles in disease. J Mol Cell Biol, 2009. 1(2): p. 82-92. 

64. Reorganizing the protein space at the Universal Protein Resource 
(UniProt). Nucleic acids research, 2012. 40(Database issue): p. D71-
5. 

65. Maris, C., C. Dominguez, and F.H. Allain, The RNA recognition 
motif, a plastic RNA-binding platform to regulate post-
transcriptional gene expression. The FEBS journal, 2005. 272(9): p. 
2118-31. 

66. Tan, A.Y. and J.L. Manley, The TET family of proteins: functions 
and roles in disease. Journal of molecular cell biology, 2009. 1(2): p. 
82-92. 

67. Ohno, T., et al., The EWS gene, involved in Ewing family of tumors, 
malignant melanoma of soft parts and desmoplastic small round cell 
tumors, codes for an RNA binding protein with novel regulatory 
domains. Oncogene, 1994. 9(10): p. 3087-97. 

68. Prasad, D.D., et al., TLS/FUS fusion domain of TLS/FUS-erg 
chimeric protein resulting from the t(16;21) chromosomal 
translocation in human myeloid leukemia functions as a 
transcriptional activation domain. Oncogene, 1994. 9(12): p. 3717-
29. 

69. Zinszner, H., et al., TLS (FUS) binds RNA in vivo and engages in 
nucleo-cytoplasmic shuttling. J Cell Sci, 1997. 110 ( Pt 15): p. 1741-
50. 

70. Lerga, A., et al., Identification of an RNA binding specificity for the 
potential splicing factor TLS. J Biol Chem, 2001. 276(9): p. 6807-16. 



Molecular analysis of the FET family fusion oncoprotein FUS-DDIT3 

 44 

71. Takahama, K., et al., Identification of RNA binding specificity for the 
TET-family proteins. Nucleic Acids Symp Ser (Oxf), 2008(52): p. 
213-4. 

72. Takahama, K., et al., Identification of Ewing's Sarcoma Protein 
(EWS) as a G-quadruplex DNA- and RNA-binding Protein. FEBS J, 
2011. 

73. Hoell, J.I., et al., RNA targets of wild-type and mutant FET family 
proteins. Nature structural & molecular biology, 2011. 

74. Bertolotti, A., et al., EWS, but not EWS-FLI-1, is associated with 
both TFIID and RNA polymerase II: interactions between two 
members of the TET family, EWS and hTAFII68, and subunits of 
TFIID and RNA polymerase II complexes. Mol Cell Biol, 1998. 
18(3): p. 1489-97. 

75. Yang, L., H.A. Chansky, and D.D. Hickstein, EWS.Fli-1 fusion 
protein interacts with hyperphosphorylated RNA polymerase II and 
interferes with serine-arginine protein-mediated RNA splicing. J Biol 
Chem, 2000. 275(48): p. 37612-8. 

76. Powers, C.A., et al., TLS (translocated-in-liposarcoma) is a high-
affinity interactor for steroid, thyroid hormone, and retinoid 
receptors. Mol Endocrinol, 1998. 12(1): p. 4-18. 

77. Uranishi, H., et al., Involvement of the pro-oncoprotein TLS 
(translocated in liposarcoma) in nuclear factor-kappa B p65-
mediated transcription as a coactivator. J Biol Chem, 2001. 276(16): 
p. 13395-401. 

78. Thomas, G.R. and D.S. Latchman, The pro-oncoprotein EWS 
(Ewing's Sarcoma protein) interacts with the Brn-3a POU 
transcription factor and inhibits its ability to activate transcription. 
Cancer Biol Ther, 2002. 1(4): p. 428-32. 

79. Gascoyne, D.M., G.R. Thomas, and D.S. Latchman, The effects of 
Brn-3a on neuronal differentiation and apoptosis are differentially 
modulated by EWS and its oncogenic derivative EWS/Fli-1. 
Oncogene, 2004. 23(21): p. 3830-40. 

80. Lee, J., et al., Stimulation of Oct-4 activity by Ewing's sarcoma 
protein. Stem Cells, 2005. 23(6): p. 738-51. 

81. Zhang, D., A.J. Paley, and G. Childs, The transcriptional repressor 
ZFM1 interacts with and modulates the ability of EWS to activate 
transcription. J Biol Chem, 1998. 273(29): p. 18086-91. 

82. Li, X., M. Decker, and J.J. Westendorf, TEThered to Runx: novel 
binding partners for runx factors. Blood Cells Mol Dis, 2010. 45(1): 
p. 82-5. 

83. Rossow, K.L. and R. Janknecht, The Ewing's sarcoma gene product 
functions as a transcriptional activator. Cancer Res, 2001. 61(6): p. 
2690-5. 



Christer Thomsen 

 45 

84. Araya, N., et al., Cooperative interaction of EWS with CREB-binding 
protein selectively activates hepatocyte nuclear factor 4-mediated 
transcription. J Biol Chem, 2003. 278(7): p. 5427-32. 

85. Wang, X., et al., Induced ncRNAs allosterically modify RNA-binding 
proteins in cis to inhibit transcription. Nature, 2008. 454(7200): p. 
126-30. 

86. Tan, A.Y., et al., TLS/FUS (translocated in liposarcoma/fused in 
sarcoma) regulates target gene transcription via single-stranded 
DNA response elements. Proceedings of the National Academy of 
Sciences of the United States of America, 2012. 

87. Tan, A.Y. and J.L. Manley, TLS inhibits RNA polymerase III 
transcription. Mol Cell Biol, 2010. 30(1): p. 186-96. 

88. Calvio, C., et al., Identification of hnRNP P2 as TLS/FUS using 
electrospray mass spectrometry. RNA, 1995. 1(7): p. 724-33. 

89. Zhou, Z., et al., Comprehensive proteomic analysis of the human 
spliceosome. Nature, 2002. 419(6903): p. 182-5. 

90. Matlin, A.J., F. Clark, and C.W. Smith, Understanding alternative 
splicing: towards a cellular code. Nature reviews. Molecular cell 
biology, 2005. 6(5): p. 386-98. 

91. Rappsilber, J., et al., Large-scale proteomic analysis of the human 
spliceosome. Genome research, 2002. 12(8): p. 1231-45. 

92. Meissner, M., et al., Proto-oncoprotein TLS/FUS is associated to the 
nuclear matrix and complexed with splicing factors PTB, SRm160, 
and SR proteins. Exp Cell Res, 2003. 283(2): p. 184-95. 

93. Hallier, M., et al., The transcription factor Spi-1/PU.1 interacts with 
the potential splicing factor TLS. J Biol Chem, 1998. 273(9): p. 
4838-42. 

94. Knoop, L.L. and S.J. Baker, The splicing factor U1C represses 
EWS/FLI-mediated transactivation. The Journal of biological 
chemistry, 2000. 275(32): p. 24865-71. 

95. Leichter, M., et al., A fraction of the transcription factor TAF15 
participates in interactions with a subset of the spliceosomal U1 
snRNP complex. Biochimica et biophysica acta, 2011. 

96. Yang, L., L.J. Embree, and D.D. Hickstein, TLS-ERG leukemia 
fusion protein inhibits RNA splicing mediated by serine-arginine 
proteins. Mol Cell Biol, 2000. 20(10): p. 3345-54. 

97. Chansky, H.A., et al., Oncogenic TLS/ERG and EWS/Fli-1 fusion 
proteins inhibit RNA splicing mediated by YB-1 protein. Cancer Res, 
2001. 61(9): p. 3586-90. 

98. Yang, L., et al., Oncoprotein TLS interacts with serine-arginine 
proteins involved in RNA splicing. J Biol Chem, 1998. 273(43): p. 
27761-4. 

99. Ishigaki, S., et al., Position-dependent FUS-RNA interactions 
regulate alternative splicing events and transcriptions. Scientific 
reports, 2012. 2: p. 529. 



Molecular analysis of the FET family fusion oncoprotein FUS-DDIT3 

 46 

100. Rogelj, B., et al., Widespread binding of FUS along nascent RNA 
regulates alternative splicing in the brain. Scientific reports, 2012. 2: 
p. 603. 

101. Gregory, R.I., et al., The Microprocessor complex mediates the 
genesis of microRNAs. Nature, 2004. 432(7014): p. 235-40. 

102. Shiohama, A., et al., Nucleolar localization of DGCR8 and 
identification of eleven DGCR8-associated proteins. Experimental 
cell research, 2007. 313(20): p. 4196-207. 

103. Fujii, R. and T. Takumi, TLS facilitates transport of mRNA encoding 
an actin-stabilizing protein to dendritic spines. J Cell Sci, 2005. 
118(Pt 24): p. 5755-65. 

104. de Hoog, C.L., L.J. Foster, and M. Mann, RNA and RNA binding 
proteins participate in early stages of cell spreading through 
spreading initiation centers. Cell, 2004. 117(5): p. 649-62. 

105. Kanai, Y., N. Dohmae, and N. Hirokawa, Kinesin transports RNA: 
isolation and characterization of an RNA-transporting granule. 
Neuron, 2004. 43(4): p. 513-25. 

106. Baechtold, H., et al., Human 75-kDa DNA-pairing protein is 
identical to the pro-oncoprotein TLS/FUS and is able to promote D-
loop formation. The Journal of biological chemistry, 1999. 274(48): 
p. 34337-42. 

107. Bertrand, P., et al., Human POMp75 is identified as the pro-
oncoprotein TLS/FUS: both POMp75 and POMp100 DNA 
homologous pairing activities are associated to cell proliferation. 
Oncogene, 1999. 18(31): p. 4515-21. 

108. Guipaud, O., et al., An in vitro enzymatic assay coupled to 
proteomics analysis reveals a new DNA processing activity for 
Ewing sarcoma and TAF(II)68 proteins. Proteomics, 2006. 6(22): p. 
5962-72. 

109. Gardiner, M., et al., Identification and characterization of FUS/TLS 
as a new target of ATM. Biochem J, 2008. 415(2): p. 297-307. 

110. Klevernic, I.V., et al., Phosphorylation of Ewing's sarcoma protein 
(EWS) and EWS-Fli1 in response to DNA damage. Biochem J, 2009. 
418(3): p. 625-34. 

111. Paronetto, M.P., B. Minana, and J. Valcarcel, The ewing sarcoma 
protein regulates DNA damage-induced alternative splicing. 
Molecular cell, 2011. 43(3): p. 353-68. 

112. Vance, C., et al., Mutations in FUS, an RNA processing protein, 
cause familial amyotrophic lateral sclerosis type 6. Science, 2009. 
323(5918): p. 1208-11. 

113. Kwiatkowski, T.J., Jr., et al., Mutations in the FUS/TLS gene on 
chromosome 16 cause familial amyotrophic lateral sclerosis. 
Science, 2009. 323(5918): p. 1205-8. 



Christer Thomsen 

 47 

114. Lagier-Tourenne, C., M. Polymenidou, and D.W. Cleveland, TDP-43 
and FUS/TLS: emerging roles in RNA processing and 
neurodegeneration. Hum Mol Genet, 2010. 19(R1): p. R46-64. 

115. Ticozzi, N., et al., Mutational analysis reveals the FUS homolog 
TAF15 as a candidate gene for familial amyotrophic lateral 
sclerosis. American journal of medical genetics. Part B, 
Neuropsychiatric genetics : the official publication of the 
International Society of Psychiatric Genetics, 2011. 156B(3): p. 285-
90. 

116. Dormann, D., et al., ALS-associated fused in sarcoma (FUS) 
mutations disrupt Transportin-mediated nuclear import. EMBO J, 
2010. 

117. Fornace, A.J., Jr., et al., Mammalian genes coordinately regulated by 
growth arrest signals and DNA-damaging agents. Molecular and 
cellular biology, 1989. 9(10): p. 4196-203. 

118. Carlson, S.G., et al., Regulation of the C/EBP-related gene gadd153 
by glucose deprivation. Molecular and cellular biology, 1993. 13(8): 
p. 4736-44. 

119. Guyton, K.Z., Q. Xu, and N.J. Holbrook, Induction of the 
mammalian stress response gene GADD153 by oxidative stress: role 
of AP-1 element. The Biochemical journal, 1996. 314 ( Pt 2): p. 547-
54. 

120. Wang, X.Z., et al., Signals from the stressed endoplasmic reticulum 
induce C/EBP-homologous protein (CHOP/GADD153). Molecular 
and cellular biology, 1996. 16(8): p. 4273-80. 

121. Oyadomari, S. and M. Mori, Roles of CHOP/GADD153 in 
endoplasmic reticulum stress. Cell death and differentiation, 2004. 
11(4): p. 381-9. 

122. Luethy, J.D. and N.J. Holbrook, Activation of the gadd153 promoter 
by genotoxic agents: a rapid and specific response to DNA damage. 
Cancer research, 1992. 52(1): p. 5-10. 

123. Jackman, J., I. Alamo, Jr., and A.J. Fornace, Jr., Genotoxic stress 
confers preferential and coordinate messenger RNA stability on the 
five gadd genes. Cancer research, 1994. 54(21): p. 5656-62. 

124. Jousse, C., et al., Inhibition of CHOP translation by a peptide 
encoded by an open reading frame localized in the chop 5'UTR. 
Nucleic acids research, 2001. 29(21): p. 4341-51. 

125. Ramji, D.P. and P. Foka, CCAAT/enhancer-binding proteins: 
structure, function and regulation. The Biochemical journal, 2002. 
365(Pt 3): p. 561-75. 

126. Ron, D. and J.F. Habener, CHOP, a novel developmentally regulated 
nuclear protein that dimerizes with transcription factors C/EBP and 
LAP and functions as a dominant-negative inhibitor of gene 
transcription. Genes Dev, 1992. 6(3): p. 439-53. 



Molecular analysis of the FET family fusion oncoprotein FUS-DDIT3 

 48 

127. Jauhiainen, A., et al., Distinct cytoplasmic and nuclear functions of 
the stress induced protein DDIT3/CHOP/GADD153. PLoS One, 
2012. 7(4): p. e33208. 

128. Ubeda, M., et al., Stress-induced binding of the transcriptional factor 
CHOP to a novel DNA control element. Molecular and cellular 
biology, 1996. 16(4): p. 1479-89. 

129. Maytin, E.V., et al., Stress-inducible transcription factor 
CHOP/gadd153 induces apoptosis in mammalian cells via p38 
kinase-dependent and -independent mechanisms. Experimental cell 
research, 2001. 267(2): p. 193-204. 

130. Wang, X.Z. and D. Ron, Stress-induced phosphorylation and 
activation of the transcription factor CHOP (GADD153) by p38 
MAP Kinase. Science, 1996. 272(5266): p. 1347-9. 

131. Ubeda, M., M. Vallejo, and J.F. Habener, CHOP enhancement of 
gene transcription by interactions with Jun/Fos AP-1 complex 
proteins. Molecular and cellular biology, 1999. 19(11): p. 7589-99. 

132. Chen, B.P., C.D. Wolfgang, and T. Hai, Analysis of ATF3, a 
transcription factor induced by physiological stresses and modulated 
by gadd153/Chop10. Molecular and cellular biology, 1996. 16(3): p. 
1157-68. 

133. Singh, V.K., et al., Intrinsically disordered human C/EBP 
homologous protein regulates biological activity of colon cancer 
cells during calcium stress. Journal of molecular biology, 2008. 
380(2): p. 313-26. 

134. Horndasch, M., et al., The C/EBP homologous protein CHOP 
(GADD153) is an inhibitor of Wnt/TCF signals. Oncogene, 2006. 
25(24): p. 3397-407. 

135. Zinszner, H., et al., CHOP is implicated in programmed cell death in 
response to impaired function of the endoplasmic reticulum. Genes & 
development, 1998. 12(7): p. 982-95. 

136. Song, B., et al., Chop deletion reduces oxidative stress, improves 
beta cell function, and promotes cell survival in multiple mouse 
models of diabetes. The Journal of clinical investigation, 2008. 
118(10): p. 3378-89. 

137. Araki, E., S. Oyadomari, and M. Mori, Impact of endoplasmic 
reticulum stress pathway on pancreatic beta-cells and diabetes 
mellitus. Experimental biology and medicine, 2003. 228(10): p. 
1213-7. 

138. Batchvarova, N., X.Z. Wang, and D. Ron, Inhibition of adipogenesis 
by the stress-induced protein CHOP (Gadd153). The EMBO journal, 
1995. 14(19): p. 4654-61. 

139. Shirakawa, K., et al., CCAAT/enhancer-binding protein homologous 
protein (CHOP) regulates osteoblast differentiation. Molecular and 
cellular biology, 2006. 26(16): p. 6105-16. 



Christer Thomsen 

 49 

140. Persson, F., et al., Characterization of the 12q amplicons by high-
resolution, oligonucleotide array CGH and expression analyses of a 
novel liposarcoma cell line. Cancer Lett, 2008. 260(1-2): p. 37-47. 

141. Panagopoulos, I., et al., Fusion of the EWS and CHOP genes in 
myxoid liposarcoma. Oncogene, 1996. 12(3): p. 489-94. 

142. Haniball, J., et al., Prognostic factors and metastatic patterns in 
primary myxoid/round-cell liposarcoma. Sarcoma, 2011. 2011: p. 
538085. 

143. Demicco, E.G., et al., Involvement of the PI3K/Akt pathway in 
myxoid/round cell liposarcoma. Modern pathology : an official 
journal of the United States and Canadian Academy of Pathology, 
Inc, 2012. 25(2): p. 212-21. 

144. Barretina, J., et al., Subtype-specific genomic alterations define new 
targets for soft-tissue sarcoma therapy. Nature genetics, 2010. 42(8): 
p. 715-21. 

145. Narendra, S., et al., DDIT3 gene break-apart as a molecular marker 
for diagnosis of myxoid liposarcoma--assay validation and clinical 
experience. Diagnostic molecular pathology : the American journal 
of surgical pathology, part B, 2011. 20(4): p. 218-24. 

146. Engstrom, K., et al., Irradiation of myxoid/round cell liposarcoma 
induces volume reduction and lipoma-like morphology. Acta 
oncologica, 2007. 46(6): p. 838-45. 

147. Katz, D., et al., Efficacy of first-line doxorubicin and ifosfamide in 
myxoid liposarcoma. Clinical sarcoma research, 2012. 2(1): p. 2. 

148. Grosso, F., et al., Efficacy of trabectedin (ecteinascidin-743) in 
advanced pretreated myxoid liposarcomas: a retrospective study. 
The lancet oncology, 2007. 8(7): p. 595-602. 

149. Forni, C., et al., Trabectedin (ET-743) promotes differentiation in 
myxoid liposarcoma tumors. Mol Cancer Ther, 2009. 8(2): p. 449-57. 

150. Debrock, G., et al., A phase II trial with rosiglitazone in liposarcoma 
patients. British journal of cancer, 2003. 89(8): p. 1409-12. 

151. Demetri, G.D., et al., Induction of solid tumor differentiation by the 
peroxisome proliferator-activated receptor-gamma ligand 
troglitazone in patients with liposarcoma. Proceedings of the 
National Academy of Sciences of the United States of America, 
1999. 96(7): p. 3951-6. 

152. Rasheed, S., et al., Characterization of a newly derived human 
sarcoma cell line (HT-1080). Cancer, 1974. 33(4): p. 1027-33. 

153. Andersson, M.K., et al., The multifunctional FUS, EWS and TAF15 
proto-oncoproteins show cell type-specific expression patterns and 
involvement in cell spreading and stress response. BMC cell biology, 
2008. 9: p. 37. 

154. Thelin-Jarnum, S., et al., The myxoid liposarcoma specific TLS-
CHOP fusion protein localizes to nuclear structures distinct from 
PML nuclear bodies. Int J Cancer, 2002. 97(4): p. 446-50. 



Molecular analysis of the FET family fusion oncoprotein FUS-DDIT3 

 50 

155. Andra, K., et al., Targeted inactivation of plectin reveals essential 
function in maintaining the integrity of skin, muscle, and heart 
cytoarchitecture. Genes Dev, 1997. 11(23): p. 3143-56. 

156. Cui, K., et al., Novel interaction between the transcription factor 
CHOP (GADD153) and the ribosomal protein FTE/S3a modulates 
erythropoiesis. J Biol Chem, 2000. 275(11): p. 7591-6. 

157. Lorz, C., et al., Paracetamol-induced renal tubular injury: a role for 
ER stress. J Am Soc Nephrol, 2004. 15(2): p. 380-9. 

158. Barone, M.V., et al., CHOP (GADD153) and its oncogenic variant, 
TLS-CHOP, have opposing effects on the induction of G1/S arrest. 
Genes Dev, 1994. 8(4): p. 453-64. 

159. Sonnenberg, A. and R.K. Liem, Plakins in development and disease. 
Exp Cell Res, 2007. 313(10): p. 2189-203. 

160. Wiche, G., Role of plectin in cytoskeleton organization and 
dynamics. J Cell Sci, 1998. 111 ( Pt 17): p. 2477-86. 

161. Na, S., et al., Plectin contributes to mechanical properties of living 
cells. Am J Physiol Cell Physiol, 2009. 296(4): p. C868-77. 

162. Andra, K., et al., Not just scaffolding: plectin regulates actin 
dynamics in cultured cells. Genes Dev, 1998. 12(21): p. 3442-51. 

163. Pfendner, E., F. Rouan, and J. Uitto, Progress in epidermolysis 
bullosa: the phenotypic spectrum of plectin mutations. Exp Dermatol, 
2005. 14(4): p. 241-9. 

164. Osmanagic-Myers, S., et al., Plectin-controlled keratin 
cytoarchitecture affects MAP kinases involved in cellular stress 
response and migration. J Cell Biol, 2006. 174(4): p. 557-68. 

165. Osmanagic-Myers, S. and G. Wiche, Plectin-RACK1 (receptor for 
activated C kinase 1) scaffolding: a novel mechanism to regulate 
protein kinase C activity. J Biol Chem, 2004. 279(18): p. 18701-10. 

166. Gregor, M., et al., Plectin scaffolds recruit energy-controlling AMP-
activated protein kinase (AMPK) in differentiated myofibres. J Cell 
Sci, 2006. 119(Pt 9): p. 1864-75. 

167. Andra, K., et al., Plectin-isoform-specific rescue of hemidesmosomal 
defects in plectin (-/-) keratinocytes. J Invest Dermatol, 2003. 120(2): 
p. 189-97. 

168. Seifert, G.J., D. Lawson, and G. Wiche, Immunolocalization of the 
intermediate filament-associated protein plectin at focal contacts and 
actin stress fibers. European journal of cell biology, 1992. 59(1): p. 
138-47. 

169. Rezniczek, G.A., et al., Plectin 5'-transcript diversity: short 
alternative sequences determine stability of gene products, initiation 
of translation and subcellular localization of isoforms. Human 
molecular genetics, 2003. 12(23): p. 3181-94. 

170. Bosco, D.A., et al., Mutant FUS Proteins that Cause Amyotrophic 
Lateral Sclerosis Incorporate into Stress Granules. Hum Mol Genet, 
2010. 



Christer Thomsen 

 51 

171. Gal, J., et al., Nuclear localization sequence of FUS and induction of 
stress granules by ALS mutants. Neurobiol Aging, 2010. 

172. Ivanov, P.A., E.M. Chudinova, and E.S. Nadezhdina, Disruption of 
microtubules inhibits cytoplasmic ribonucleoprotein stress granule 
formation. Exp Cell Res, 2003. 290(2): p. 227-33. 

173. Nadezhdina, E.S., et al., Microtubules govern stress granule mobility 
and dynamics. Biochim Biophys Acta, 2010. 1803(3): p. 361-71. 

174. Dyson, H.J. and P.E. Wright, Intrinsically unstructured proteins and 
their functions. Nat Rev Mol Cell Biol, 2005. 6(3): p. 197-208. 

175. Kato, M., et al., Cell-free formation of RNA granules: low complexity 
sequence domains form dynamic fibers within hydrogels. Cell, 2012. 
149(4): p. 753-67. 

176. Law, W.J., K.L. Cann, and G.G. Hicks, TLS, EWS and TAF15: a 
model for transcriptional integration of gene expression. Brief Funct 
Genomic Proteomic, 2006. 5(1): p. 8-14. 

177. Hargreaves, D.C. and G.R. Crabtree, ATP-dependent chromatin 
remodeling: genetics, genomics and mechanisms. Cell research, 
2011. 21(3): p. 396-420. 

178. Phelan, M.L., et al., Reconstitution of a core chromatin remodeling 
complex from SWI/SNF subunits. Molecular cell, 1999. 3(2): p. 247-
53. 

179. Wilson, B.G. and C.W. Roberts, SWI/SNF nucleosome remodellers 
and cancer. Nature reviews. Cancer, 2011. 11(7): p. 481-92. 

180. Ho, L., et al., An embryonic stem cell chromatin remodeling complex, 
esBAF, is essential for embryonic stem cell self-renewal and 
pluripotency. Proceedings of the National Academy of Sciences of 
the United States of America, 2009. 106(13): p. 5181-6. 

181. Ho, L. and G.R. Crabtree, Chromatin remodelling during 
development. Nature, 2010. 463(7280): p. 474-84. 

182. Caramel, J., et al., The requirement for SNF5/INI1 in adipocyte 
differentiation highlights new features of malignant rhabdoid tumors. 
Oncogene, 2008. 27(14): p. 2035-44. 

183. Pedersen, T.A., et al., Cooperation between C/EBPalpha TBP/TFIIB 
and SWI/SNF recruiting domains is required for adipocyte 
differentiation. Genes & development, 2001. 15(23): p. 3208-16. 

184. Forcales, S.V., et al., Signal-dependent incorporation of MyoD-
BAF60c into Brg1-based SWI/SNF chromatin-remodelling complex. 
The EMBO journal, 2012. 31(2): p. 301-16. 

185. de la Serna, I.L., K.A. Carlson, and A.N. Imbalzano, Mammalian 
SWI/SNF complexes promote MyoD-mediated muscle differentiation. 
Nature genetics, 2001. 27(2): p. 187-90. 

186. Wang, X., et al., Oncogenesis caused by loss of the SNF5 tumor 
suppressor is dependent on activity of BRG1, the ATPase of the 
SWI/SNF chromatin remodeling complex. Cancer research, 2009. 
69(20): p. 8094-101. 



Molecular analysis of the FET family fusion oncoprotein FUS-DDIT3 

 52 

187. Bultman, S.J., et al., Characterization of mammary tumors from Brg1 
heterozygous mice. Oncogene, 2008. 27(4): p. 460-8. 

188. Glaros, S., et al., Targeted knockout of BRG1 potentiates lung cancer 
development. Cancer research, 2008. 68(10): p. 3689-96. 

 

 




