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chapter 1

Cancer development and progression 

Cancer is the second most common cause of death in Europe, affecting over three million 
people each year, underscoring the need for a better understanding of this disease to 
allow the development of novel therapeutic approaches (www.who.int). In the last century 
considerable progress has been made in the field of cancer research, as illustrated by the 
characterization of key cancer-associated phenomena often described as the “Hallmarks 
of Cancer”, which are fundamentally driven by the loss of tumor-suppressive genes and 
aberrant activation of proto-oncogenes (Figure. 1) 1–3. Even though the development of 
cancer including both the tumor-initiation and progression phase can, to a large degree, 
be encapsulated by these unifying concepts, our molecular understanding of non-genetic 
aberrancies underlying the pathogenesis of this disease remains relatively limited.
Before attempting to understand the complex process of malignant transformation it is 
relevant to highlight the intricate nature of normal development and tissue homeostasis. 
These well-orchestrated processes involve the proliferation, migration and differentiation 
of billions of cells, resulting in the proper formation of organs and organ-systems, which 
themselves consist of a variety cell-types. These diverse facets of normal development are 
meticulously controlled, since aberrant activation could readily result in developmental 
defects and result in disease pathogenesis. Despite the existence of many failsafe mechanisms, 
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improper activation of otherwise tightly controlled processes such as proliferation can occur, 
resulting in the development a variety of human diseases. 
The most reductive and fundamental definition of cancer is typically formulated as the 
unrestrained proliferation of atypical cells, resulting in the formation of a malignant mass or 
tumor. Although technically correct, this definition fails to acknowledge the full complexity of 
cancer development and progression which, similar to normal tissue development, requires 
interaction and communication between distinct cell types in the tumor-niche1. The initial 
phase of tumor-development is characterized by the acquisition of the ability to proliferate 
indefinitely, whilst avoiding cell-death and growth inhibitory signals. In addition, tumor cells 
are characterized by genomic instabilities and metabolic changes. After the initial mass has 
formed, tumor cells attract nutrients by inducing angiogenesis and modulate the immune-
system to avoid immune-destruction or create a pro-oncogenic inflammatory environment. 
The final stage of tumor-progression, termed metastasis, in which cells disseminate 
throughout the body to form secondary tumors at distant sites is the cause of 90% of cancer 
associated deaths4. Metastasis is a multistage process in which cancer cells invade local 
tissue, intravasate into blood vessels, survive in the circulation, enter distant tissues, and 
form a secondary tumor5. Tumor-initiation, progression and metastasis are characterized by 
the aberrant activation of a number of signaling pathways and transcription factors. 
A limited set of cell signaling pathways convey extra-cellular signals through activation of 
transmembrane receptors and intra-cellular kinases to DNA-binding transcription factors 
which activate specific transcriptional programs in the nucleus. Throughout the entire 
signaling cascade proteins are susceptible to mutational activation/amplification in the 
case of oncogenes, and mutational inactivation/deletion in the case of tumor-suppressor 
genes, resulting in continued growth signaling and the evasion of growth inhibitory and pro-
apoptotic signals6 Acquisition of genetic aberrancies is considered to be the founding event in 
tumorigenesis, and as such research to identify the genetic causes of cancer have long formed 
the cornerstone of cancer research7. Intracellular protein kinases were amongst the first bona 
fide oncogenes to be identified such as SRC (v-Src Avian Sarcoma (Schmidt-Ruppin A-2) Viral 
Oncogene Homolog), c-ABL (v-Abl Abelson Murine Leukemia Viral Oncogene Homolog) 
and KRAS (Kirsten Rat Sarcoma Viral Oncogene Homolog)6. Overactive signaling may also 
occur through mutation and amplification of receptor tyrosine kinases (RTKs) including the 
Epidermal growth factor receptor (EGFR) and the human EGFR-related 2 (HER2), the latter of 
which is the target of copy number amplification in a specific subtype of breast cancer8. For a 
long time oncogenes dominated the field, until cell fusion experiments between normal and 
malignant cells revealed the dominance of the non-malignant cell, suggesting the presence 
of tumor-suppressor genes. This observation ultimately resulted in the identification of a 
subset of bona fide tumor-suppressor genes such as the retinoblastoma (pRB)  gene and 
TP539. 
In recent years, large scale sequencing efforts have uncovered the contribution of a larger 
spectrum of structural genomic rearrangements, rare driver mutations and alterations in 
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non-coding regions to various stages the oncogenic process. These studies have also started 
to identify the mutational evolution and intra-tumor heterogeneity of human cancers, 
thereby greatly improving our knowledge of cancer development10. Although pushed to 
the background by the “oncogene revolution”, the field of cancer metabolism is now also 
gaining renewed appreciation with the discovery that oncogenic signaling pathways and 
mutations herein, including Ras, Hif1 and p53, have significant effects on the metabolic-
state of cancer cells11. Mutations targeting key genes in specific metabolic pathways can also 
have a profound effect on cellular transformation as is most clearly exemplified by recurrent 
mutations observed in isocitrate dehydrogenase 1 (IDH1) and IDH2 which drive oncogenesis 
in glioblastoma multiforme and various leukemias12,13. 
However, genetic aberrancies targeting signaling pathways predominantly contribute 
to primary tumor formation and may be of lesser importance in the final stages of cancer 
progression and metastatic spread, as is suggested by the apparent lack of differences in the 
mutational landscape between matched primary and metastatic patient tumor samples14,15. 
In agreement with this notion, the tumor associated mutational landscape has primarily 
been linked to tumor-cell intrinsic hallmarks of cancer related to the ability to proliferate 
whilst avoiding growth inhibitory cues, differentiation signals and cell death, traits that arise 
early in the oncogenic process1. Tumor-cell intrinsic processes are thus critically affected by 
mutations, and a large number can be effectively targeted by small molecule inhibitors16. 
However, resistance can rapidly develop to most of these drugs treatments17. Moreover, 
drivers of late stage tumor-progression promoting metastasis, which ultimately result in 
cancer-associated deaths, are not often targeted by small molecule inhibitors, illustrating 
the need for novel therapeutic targets 18,19. 
The ability to metastasize and form a secondary tumor at a distant site appears to be 
limited to a small number of cancer cells, underscoring the heterogeneous nature of cells 
within the primary tumor10,44,45. This functional heterogeneity is further underscored by 
observations that only a selected subset of tumor cells actually have the capacity to form 
tumors when serially transplanted in mice, suggesting that a functional hierarchy exists 
within tumors that may reflect those observed in non-malignant development of the 
corresponding tissue10. This idea has been largely driven by observations in hematopoietic 
cancers where a specific population leukemic stem cells appears to drive tumorigenesis46. 
More recently, tumor initiating cells (often termed “cancer stem cells”) have been observed 
in solid malignancies such as breast cancer and colorectal cancer47. The cancer stem cell 
hypothesis explains various aspects of therapeutic resistance observed in a wide variety of 
tumors, as targeting the rapidly dividing bulk of the tumor might not be sufficient for durable 
remission. This warrants the closer investigation of therapeutic approaches focused on 
eliminating these rare cell populations that appear to drive tumorigenesis. In addition to a 
hierarchical organization, tumor heterogeneity and therapy resistance can also be partially 
explained by clonal evolution, where depending on the selective pressure a limited number 
of tumorigenic clones survive, giving rise to new outgrowth 10. Recently, a unifying theory was 
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proposed that merges the cancer stem cell hypothesis with observations of clonal evolution, 
stating that there is plasticity in the stem cell state which is determined by epigenome, the 
tumor-microenvironment and genetic diversity 10.

Spatiotemporal control of gene expression networks by transcription factors

Many signaling cascades converge on transcription factors which integrate environmental 
signals and translate these into transcriptional responses. As the effectors of oncogenic 
pathways transcription factors are an exciting therapeutic target for anti-cancer therapies, 
potentially affecting multiple hallmarks of cancer progression 1,2. 
The nuclear hormone receptor class of transcription factors is an example where targeting 
has been demonstrated to be very effective in the treatment of various hormone-driven 
cancers. Nuclear hormone receptors such as the progesterone receptor (PR) and the estrogen 
receptor (ER) bind their respective ligand in the cytoplasm and subsequently translocate to 
the nucleus to initiate transcription of target genes 20. In 75% of breast cancers estrogen, 
through binding to the ER, drives oncogenic transcriptional events that can effectively be 
targeted by antagonists that occupy the ER ligand binding domain, such as tamoxifen. 
Endocrine therapy in the form of tamoxifen is one of the most successful targeted therapeutic 
approaches to date 20,21. 
In contrast to nuclear hormone receptors, the lack of ligand binding domains make classical 
transcription factors challenging therapeutic targets20. To enable effective targeting of 
transcription factors in the future it is imperative to expand our knowledge as to how 
oncogenic multi-protein transcriptional complexes promote tumor development. 
Before addressing the biological function of transcription factors, it is crucial to understand 
how transcriptional regulation and target gene specificity is achieved. The super-family of 
DNA-specific transcriptional regulators is the single largest group of proteins encoded in the 
human genome, constituting around 10% of the total number of genes 22. The importance 
of spatiotemporal integration of environmental signals by transcription factors is especially 
striking during early embryonic body plan development when controlled expression of 
homeobox (HOX) transcription factors results in the activation of specific gene regulatory 
networks that ultimately determine cell fate 23. Transcription factors therefore control highly 
specific transcriptional programs and how this is achieved remains the subject of intense 
investigation. 
In order to achieve target gene specificity each family of transcription factors contains distinct 
DNA-binding domains that recognize degenerate 6-12bp DNA-motifs. The relatively low DNA 
sequence specificity implies that there are a large number of potential genome-wide binding 
sites for each individual transcription factor, suggesting that additional levels of regulation 
control target gene specificity 24. Additional specificity in DNA-binding can be achieved 
through cooperative binding of transcription factors and co-factors, effectively increasing 
the DNA-sequence specificity and altering the combined DNA-binding affinity. Cooperative 
binding often requires a protein-protein interaction between transcription factors and binding 
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to adjacent sites on the DNA, resulting in a non-linear or synergistic effect on transcriptional 
output (Figure 2). A well-studied example of transcription factor cooperative binding is the 
combined transcriptional regulation of pluripotency genes by SOX2 and OCT4, which when 
binding as a protein complex recognize a highly specific DNA-sequence 25,26.
In addition to cooperative binding, additive binding can occur which does not require a 
direct protein-protein interaction between transcription factors or the spatial proximity of 
bound sites. Additive binding results in a graded output which proportional to the occupancy 
of individual transcription factors in the target gene promoter or enhancer (Figure 2). 
Through this modular action, additive and cooperative binding of transcription factors 
results in tight control of gene expression, by necessitating the spatiotemporally concurrent 
activation of distinct factors24. Even with this additional level of transcriptional control 
combinatorial binding cannot solely explain transcriptional regulation of target genes. The 
coupling of chromatin immunoprecipitation (ChIP) with next-generation sequencing (ChIP-

Figure 2. General transcriptional regulation and chromatin structure. 
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seq) and chip-arrays (ChIP-chip) has enabled the evaluation of transcription factor binding 
on a genome-wide level. These studies have revealed widespread binding of transcription 
factors throughout the genome occupying thousands of sites. In addition to transcription 
start site (TSS) proximal elements such as the core-promoter, more distal elements can be 
identified such as enhancers, which contribute to transcriptional activation24. Though distal 
from a linear perspective, recent advances in 3D genome biology has revealed that physical 
association between enhancers and gene-proximal elements occurs on a large scale and at 
great distance resulting in topologically distinct transcriptional domains (Figure 2)27. Even 
though regulatory elements are present throughout the genome, the ability of transcription 
factors to bind these domains and activate transcription in a specific cell-type is determined 
by a set of specific modifications on the DNA or histone level affecting the chromatin-
state28. These dynamic alterations in the DNA termed epigenetic modifications affect the 
transcriptional output without changing the genetic code. Promoter DNA-methylation is 
generally considered to confer a repressive chromatin-state, and has been demonstrated 
to contribute to the silencing of crucial tumor-suppressive genes such as BRCA1 in breast 
cancer29–31. The regulatory dynamics of histone modifications are intricate and have been 
proposed to resemble a “histone-code”32. Through the actions of specific enzymes a number 
of reversible post-translational modifications including phosphorylation, acetylation and 
methylation may be deposited on a variety of amino-acid residues on the tails of histone H3 
and H432. These distinct modifications mark specific genomic regions including enhancers 
(H3K4me1), transcription start sites (H3K4me3) and gene bodies (H3K36me3). Moreover, 
most histone modifications can be directly linked to the chromatin-state by marking sites of 
active/open chromatin  (H3K27ac), repressed/condensed chromatin (H3K27me3) or poised 
chromatin (H3K4me3 + H3K27me3). The latter arises when active transcriptional marks such 
as H3K4me3 co-occur with repressive epigenetic marks such as H3K27me3, and is related to 
genes that are poised to be activated (Figure 2)33. Together these chromatin modifications 
direct transcription factor binding and target gene activation. 
Based on the ability to bind to condensed chromatin, transcription factors can be separated 
into two distinct classes, the “pioneer” and the “opportunistic” transcription factors. Pioneer 
factors are able to bind to condensed chromatin and alter the site specific chromatin-state 
whereas opportunistic transcription factors can only bind to pre-conditioned sites of active 
chromatin 34. An example of the relationship between pioneer and opportunistic transcription 
factors can be found in ER-positive breast cancer where the forkhead box (FOX) transcription 
factor FOXA1 has been demonstrated to be indispensable for ER function by actively opening 
the chromatin prior to ER binding 35. 

Transcription factors in the development and progression of cancer

A relatively restricted group of oncogenic transcription factors are aberrantly activated in 
human cancers and can contribute to all aspects of in the hallmarks of cancer biology36. The 
six original hallmarks of cancer include four processes that affect the tumor-initiating phase 
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of cancer-development, including the evasion of apoptosis, resistance to growth inhibition, 
unlimited replicative capacity and self-sufficient growth signaling2. These traits are per 
definition cell intrinsic and relate to the cancer cells’ ability to proliferate indefinitely whilst 
avoiding apoptosis and growth inhibitory and differentiation signals 2 (Figure 1). These four 
hallmarks thus contribute to the earliest events in oncogenesis (Figure 3A) and can be driven 
by the ectopic activation or inactivation of quintessential oncogenic transcription factors 
such as c-MYC and p53, respectively37,38. In contrast, the remaining two hallmarks, related 
to the ability to induce angiogenesis and invade/metastasize, contribute to later stages of 
tumor progression when the tumor acquires the ability to induce angiogenesis to provide 
nutrients and ultimately gains the capacity to invade local tissue and metastasize (Figure 
1)1,2. These two multifaceted processes rely on the complex interaction between the tumor 
and distinct cell types in the tumor niche. Reactivation of developmental programs that 
control cell migration and angiogenesis during embryogenesis and wound healing can occur 
in tumors through aberrant activation of selected transcription factors. These developmental 
transcription factors by virtue of their restricted expression in adult tissues provide excellent 
drug targets to inhibit tumor induced angiogenesis and metastasis as unwanted effects on 
non-malignant tissues would be minimized.

(A) Primary Tumour (B) Vascularization
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Figure 3. Schematic overview of the metastatic process. 
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Dissemination of cancer cells throughout the human body (metastasis) is highly relevant in 
the the development of cancer since in a majority of cases, death does not stem from the 
primary tumor mass, but results from secondary metastatic lesions invading distant tissues19. 
Nevertheless, the majority of the current research and therapeutics have been focused on 
targeting the primary tumor18. In order to improve future cancer treatment, it is vital to gain 
deeper understanding of the factors involved in the initiation and progression of metastasis. 
In order to disseminate throughout the body, cells from the primary tumor need to overcome 
a number of natural barriers which greatly diminish the efficiency of the metastatic process39. 
In the early phase of tumor progression angiogenesis is induced to fuel tumor growth by 
providing for its metabolic needs (Figure 3B)40. This process is generally driven by an 
imbalance in the oxygen requirements of the primary tumor and subsequent activation 
of hypoxia-inducible factors (HIF), most notably HIF-141. HIF-1 stabilization under hypoxic 
conditions results in the transcriptional induction of a large number of pro-angiogenic factors 
such as vascular endothelial growth factor (VEGF) and the VEGF receptor-1 (Flt-1)41. It has 
recently become apparent that tumor-induced vascularization is not solely mediated by HIF-
1 and is not only restricted to hypoxic conditions. Transcription factors such as ETS-1, induce 
tumor angiogenesis and their expression correlates with microvessel density in a variety of 
cancer types 42. In addition to its nutrient providing function, the process of vascularization 
also provides an escape route for metastatic cancer cells 43. Motile cells dissociating from the 
primary tumor, can breakdown extra-cellular matrix (Figure 3, C), invade local tissue, and 
cross into the bloodstream in a process called intravasation (Figure 3, D)43. These metastatic 
cells must subsequently survive in the circulatory system (Figure 3, E) avoid clearance by 
the immune-system, extravasate (Figure 3, G) and enter foreign microenvironment before 
being able to form a secondary lesion  (Figure 3, H-I) 1,44.  
In addition to the hallmarks of cancer, facilitating processes have been described including 
the epithelial-to-mesenchymal transition (EMT), a developmental process that has been 
linked to tumor metastasis, therapy resistance and cancer stem cell properties in epithelial 
tumors 48. Cells undergoing an EMT enter a process of de-differentiation where epithelial 
cells lose epithelial markers and transition into a mesenchymal state. This process results in 
profound phenotypic changes including the loss of cell-cell adhesion, the loss of cell polarity, 
attainment of fibroblast-like morphology and the acquisition of migratory and invasive 
properties (Figure 3J) 48. EMT and its counterpart, mesenchymal-epithelial transition 
(MET), are essential during embryonic development controlling aspects of gastrulation, 
neural crest formation and heart development 48. In addition to its developmental role, EMT 
contributes to wound repair in adult tissues after injury, which may result in organ fibrosis 
when overactivated48. In recent years, EMT has also been demonstrated to occur in cancers 
of epithelial origin where it has been connected to increased cancer metastasis and has been 
shown to endow tumor cells with cancer stem cell properties 49–51. Cancer cells thus exploit 
this developmental process and as a result acquire a more invasive and metastatic phenotype 
that additionally has been linked with resistance to cell death, resistance to chemotherapy, 
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and immunosuppression 48,52. Similar to developmental EMT, this process is also associated 
with loss of the epithelial markers, E-cadherin, ZO-1 and β-catenin and increased expression 
of mesenchymal markers such as vimentin, fibronectin and N-cadherin. TGF-β is the classic 
EMT-inducing cytokine eliciting a broad transcriptional response that contributes to EMT on 
multiple levels, including the induction of specific microRNAs (miR-200c) and transcription 
factors (SNAI1). In addition to TGF-β, a small number of developmental transcription factors 
have been demonstrated to induce EMT in cancer including TWIST-1, ZEB1, ZEB2, SNAIL, 
SLUG, FOXC2, GOOSECOID and KFL8 48–50,53. Despite the fact that these transcription factors 
belong to distinct transcription factor families and elicit specific transcriptional responses, 
an overlapping EMT signature has been derived containing genes that are markers and 
mediators of this process 53. The majority of EMT-inducing transcription factors are direct 
or indirect repressors of CDH1 (E-cadherin) expression, such as SNAIL and SLUG that are 
E-box transcription factors binding repressive elements in the CDH1 promoter. In contrast, 
the concomitant increase in mesenchymal markers upon induction of EMT remains poorly 
defined. In addition to alterations in surface marker expression, EMT transcription factors 
have been demonstrated to induce a tumor initiating/cancer stem cell state. In immortalized 
human mammary epithelial (HMEC) cells, this is illustrated by the increased capacity of post-
EMT cells to form mammospheres, a suspension culture condition that enriches for tumor 
initiating cells, and increased tumorigenicity in mice 49. The tumor initiating state in these 
cells has been linked to the high expression of CD44 and loss of CD24. However, it has to be 
noted that the validity of the EMT-cancer stem cell paradigm in other cell types and cancers 
has been questioned as a lack of correlation between EMT markers and stem cell properties 
is often observed 54. It thus remains to be determined whether EMT and cancer stem cell 
processes are intrinsically connected and occur in either a sequential or a parallel manner, 
the latter of which would suggest that the stem cell promoting aspects of EMT transcription 
factors can be separated from the phenotypic ones. 

TGF-β signaling: the basics

The transforming growth factor beta (TGF-β) signaling pathway is an important mediator 
of both oncogenic and tumor-suppressive signals in cancer and acts in conjunction with 
tissue-specific transcription factors. In addition to the archetypal member TGF-β1 and its 
two additional isoforms TGF-β2 and TGF-β3 the TGF super-family includes the subfamilies 
of BMP and activin ligands, each with their dedicated receptor complex55. TGF-β exerts its 
action by binding to the TGF-β type II receptor (TβR-II), subsequent recruitment of the TGF-β 
type I receptor (TβR-I), resulting in phosphorylation of TβR-I followed by oligomerization, 
stabilization and activation of this serine/threonine receptor kinase complex55. The activation 
of the heteromeric TβR-I/TβR-II complex results in the phosphorylation of receptor associated 
SMA/mothers against decapentaplegic homolog (MAD) transcription factors (SMAD), SMAD2 
and SMAD3. These subsequently interact with the mediator SMAD, SMAD4 and translocate 
into the nucleus to activate transcription55. In addition the canonical pathway, TGF-β can 
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also initiate non-canonical signaling which has been demonstrated to activate intracellular 
pathways including ERK, PI3K/AKT, JNK/p38 and Rho-like GTPase signaling. The latter of 
which has been shown to be required for TGF-β mediated dissolution of tight junctions, a 
prerequisite for EMT 72. 
The SMAD protein family consists of nine members in vertebrates and can be subdivided into 
receptor-SMADs (R-SMADs), inhibitory-SMADs (I-SMADs) that are pathway restricted; and the 
mediator SMAD, SMAD4 that is shared within the TGF-β super-family. Whereas SMAD4 and 
the R-SMADs are involved in transcriptional activation, I-SMADs (SMAD6 and SMAD7) act in a 
negative feedback loop to abrogate signaling in part by competing for binding to the receptor 
complex with R-SMADs. In the TGF-β signaling pathway SMAD2 and SMAD3 function as the 
dedicated R-SMADs. These ~60kDa proteins consist of an N-terminal and C-terminal Mad 
homology domain (MH1 and MH2), that are connected by a proline-rich linker sequence56,57. 
The MH1 domain is involved in nuclear import and DNA-binding, whereas the MH2 domain 
mainly mediates protein-protein interactions between SMADs as well as a large number of 
distinct transcription factors 56,57. Although SMAD4 and most R-SMADs (except for SMAD2) 
have the ability to bind DNA, the affinity of these SMADs for their consensus DNA-motif 
(CAGA/GTCT) is very weak 57. This low DNA-affinity and limited sequence specificity means 
that complex formation with additional transcription factors is required to achieve selective 
target gene activation 58. Indeed, R-SMADs have been demonstrated to interact with a large 
number of transcription factors including FOXH1, HNF4α, and FOXO59–62 This necessity to 
form protein complexes with distinct transcription factors means that the transcriptional 
activation of target genes is greatly dependent on cell type-specific factors, resulting in a 
highly contextual response to activation of the TGF-β signaling pathway. Genome-wide 
analysis of SMAD3 binding in embryonic stem cells, pro-B-cells and myoblasts has revealed 
that SMAD3 co-occupies genomic loci with the tissue specific master transcription factors 
OCT4, PU.1 and MYOD1, respectively 62. It has been demonstrated that these factors physically 
interact with, and actively recruit SMAD3 to their respective genomic sites, resulting in 
a context dependent response to TGF-β determined by master transcription factors62. 
Moreover, ectopic expression of MYOD1 in embryonic stem cells was sufficient to partially 
redirect SMAD3 binding and alter TGF-β responses 62. Thus, in specific stem/progenitor cell 
types where master transcription factors act as pioneer transcription factors and determine 
the chromatin landscape, TGF-β responses can greatly depend on the expression of a single 
transcription factor that is essential for cell-fate. However, it is unclear whether this paradigm 
applies to more differentiated cells and cancer cells 63. In fully differentiated keratinocytes, 
single gene studies have demonstrated that SMAD3 recruitment to subsets of genes requires 
distinct transcription factors. For example, SMAD3/FOXO partnering induces CDKN1A61, 
whereas SMAD3/AP1 partnering induces SERPINE1 in the same cell type64. In support of 
this notion, ChIP-seq analysis of SMAD2/3 and HNF4α, a master transcription factor in 
hepatocytes, has been demonstrated to overlap only partially (~30%), strongly suggesting 
that additional factors determine SMAD binding. Moreover, activation of the vitamin D 
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receptor (VDR) has been demonstrated to impair the TGF-β mediated fibrotic response in 
hepatic stellate cells by reducing SMAD3 occupancy at VDR bound sites and inhibiting the 
pro-fibrotic gene expression 65. 
In cancer cells, a cell type-specific master transcription factor, as defined in non-malignant 
cells, might be absent as multiple oncogenic transcription factors act simultaneously 
during cancer development and progression. In the absence of a single master factor, 
TGF-β responses and SMAD3 genome-wide occupancy in cancer are likely to be determined 
by multiple factors. Despite the prominent role TGF-β plays in cancer, our knowledge on 
contextual target gene activation through R-SMADs remains limited. Genome-wide analysis 
of SMAD4 binding by ChIP-seq analysis coupled with gene expression profiling in ovarian 
cancer cells has revealed that a TGF-β/SMAD4 signature can be utilized to stratify patients 
into groups with distinct disease outcomes, indicating that this global approach can be 
informative66. In an analogous manner, SMAD3 binding has been studied in breast cancer 
cell lines, resulting in the identification of a tumor-suppressive TGF-β signature 67. Recently, 
thyroid transcription factor 1 (TTF-1 or NKX2.1), a lung epithelial specific transcription factor, 
has been demonstrated to inhibit TGF-β induced EMT in lung adenocarcinoma cells by 
competing with SMAD3 for SMAD4 binding and subsequently inducing TTF-1/SMAD3 specific 
target genes through cooperative binding to chromatin 68.
Moreover, additional factors affecting the chromatin-state including DNA-methylation 
and histone modifications might influence the distribution of SMAD binding. Interestingly, 
the distribution of SMAD3 binding also appears to differ between cell types and has been 
demonstrated to occur mostly in promoter regions and exons in human ES cells, whereas 
it is restricted to distal enhancers in ES-derived endoderm69. SMAD proteins can also 
interact directly with specific histone marks and affect the chromatin-state. In embryonic 
stem cells, SMAD3 activated by Nodal signaling can be specifically recruited to the poised 
chromatin-mark H3K9me3 by interacting with TRIM33 and thus influencing the expression 
of master regulators of stem cell differentiation70. In neural stem cells, the H3K27me3 
histone demethylase JMJD3 is recruited to SMAD3 bound sites which is required to activate 
TGF-β target genes regulating neural differentiaion71. The outcome of canonical TGF-β is 
thus strongly determined by the expression of tissue specific transcription factors and the 
chromatin landscape. 

TGF-β signaling in cancer: Dr. Jekyll and Mr. Hyde

Although TGF-β is a potent growth inhibitory cytokine, paradoxically it can also promote 
many facets of tumor progression including metastasis and EMT73. This pathway, which is 
essential during development and adult tissue homeostasis regulates, a myriad of cellular 
processes including immunesuppression, angiogenesis, and wound healing 63. The effects 
TGF-β has on a given cell-type are highly dependent on the tumor-stage and cellular context 
and may control divergent aspects of cell biology such as extracellular matrix remodeling, 
migration, adhesion, proliferation, and differentiation 73. 
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The functional effects elicited in tumors of epithelial origin upon exposure to TGF-β is 
generally believed to vary with the course of cellular transformation 63,74. In the early stages 
of tumor development TGF-β acts as very potent tumor-suppressive cytokine through 
diverse mechanisms, foremost through its ability to inhibit cell proliferation. TGF-β mediated 
inhibition of proliferation is achieved through the transcriptional repression of the c-MYC 
oncogene by SMAD3 and ATF3, and transcriptional induction of the cell cycle inhibitory genes 
CDKN2B and CDKN1A by SMAD3 and FOXO 61,73,75. In addition to its anti-proliferative effects, 
TGF-β can suppress tumorigenesis by inducing differentiation, senescence, apoptosis or 
non-cell autonomous effects on the stroma 74. As an inhibitor of tumor progression the TGF-β 
pathway is naturally subject to mutational inactivation in the early stages of tumorigenesis 
in a variety of cancers including colorectal cancer, gastric cancer and ovarian cancer 74. 
Inactivation of the core TGF-β pathway in these tumors occurs mainly through inactivation of 
the TβR-II and SMAD4, which completely abrogates signaling. Interestingly, this complete loss 
of the pathway does not occur in all cancers. A number of human cancers including breast 
cancer, glioma and prostate cancer selectively lose the tumor-suppressive arm of the TGF-β 
response 73. This partial inactivation of the TGF-β pathway can occur though mutational 
inactivation, or the defective transcriptional induction of cell cycle inhibitors74. 
Once the tumor-suppressive arm of the TGF-β transcriptional response is lost in the later 
stages of tumor-progression, activation of this pathway has very potent tumor-promoting 
effects. TGF-β may act in a cell autonomous manner as has been demonstrated in glioma 
where the loss of PDGF-B promoter hypermethylation allows TGF-β to induce this powerful 
mitogen, resulting in increased proliferation and poor disease prognosis 54. Besides cell-
intrinsic effects, TGF-β signaling impacts on two hallmarks of cancer, the ability to induce 
angiogenesis and the ability to evade destruction of tumor cells by immune system 1. TGF-β 
acts as a powerful immunosuppressive cytokine, in part by acting on the development and 
function tumor infiltrating cytotoxic T-lymphocytes (CTL) and by inducing the expression of 
FOXP3 to promote the generation of immune-suppressive T-regulatory cells 76–78. Impairment 
of CTL function by TGF-β in an in vivo thymoma model was demonstrated to rely on the ATF1 
and SMAD3 mediated inhibition of cytolytic genes including granzymes and perforin77. 
One of the main mechanisms through which tumor-promoting effects of TGF-β have been 
proposed to be achieved is by induction of EMT. In mammary epithelial tumors TGF-β 
effectively induces EMT by increasing the expression of EMT-associated transcription factors 
such as SNAIL and ZEB1, which results in acquisition of typical EMT associated including 
increased cell migration, increased mammosphere formation and increased stem cell 
associated CD-marker expression (CD44high/CD24low) 49. In addition to EMT, an extensive 
variety of metastasis-promoting effects have been attributed to TGF-β, including the ability to 
increase cell migration, invasion and the induction of stem cell properties 74. Taken together, 
TGF-β has been demonstrated to influence nearly all the hallmarks of cancer, making targeting 
of this pathway a realistic therapeutic option in the treatment of advanced cancers. However, 
the equally potent tumor-suppressive function implies that TGF-β targeting therapeutics 
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would have to be highly personalized and tailored to prevent unwanted exacerbation of the 
disease.  Moreover, treatment would have to be restricted to those cancers that maintain 
intact TGF-β signaling during cancer progression such as breast cancer.

Breast cancer development 

The value of appropriate classification of specific cancer-types to improve therapeutic 
approaches has long been recognized and has proven valuable in cancers that are 
heterogeneous in nature. This heterogeneity does not only occur between different cells 
within a tumor as outlined previously, but also occurs between cancer of the same organ. 
This heterogeneity is most apparent in breast cancer, where a large number of histological 
and molecular subtypes have been identified. 
Breast cancer is the most common cancer overall in Europe (13%) and is the most diagnosed 
cancer in females in Europe (29%) accounting for the largest percentage of cancer related 
deaths in women 79. Only a small portion of these are due to a genetic predisposition associated 
with mutations in BRCA1, BRCA2, CHEK2 and a limited number of additional genes 80. In order 
to understand the origin of different breast cancer subtypes it is important to discuss the 
normal mammary gland and cell-types herein. The branching network that constitutes the 
mammary gland can be separated into ductal and lobular/aveolar structures (Figure 4) , the 
latter of which arise during pregnancy 81. Within the mammary gland two distinct epithelial 
cell types can be distinguished, the myoepithelial cell-type (basal) and the luminal cell-type 
both of which can be derived from a single mammary stem cell during development, which i 
mice has been demonstrated to give rise to the entire mammary gland (Figure 4)82,83. In adult 
tissues, bipotent stem cells have recently been identified 84. Interestingly, it has recently been 
demonstrated that overexpression of two distinct transcription factors, SLUG and SOX9 is 
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Figure 4. Schematic representation of breast tissues and cell types herein. 
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sufficient to generate mammary stem cells from differentiated luminal cells, capable of fully 
regenerating the mammary gland 85. 
In breast cancer 17 subtypes that can be identified on a histological level 86. On a global 
level the initial distinction is made between neoplasms that have remained in situ (those 
that have not penetrated the basement membrane and invaded local tissue) and more 
aggressive tumors that have invaded healthy tissue termed invasive/infiltrating breast 
cancer types. Both in situ and invasive breast cancers can be further subdivided based on 
their ductal or lobular appearance. Within the invasive breast cancer types, invasive ductal 
carcinoma is the most commonly diagnosed accounting for 70-80% of cases, with invasive 
lobular carcinoma making up 10-15% 86. Based on their level of differentiation and mitotic 
index these subtypes can be further subclassified into three grades, which strongly correlate 
with disease outcome. In addition to morphological characteristics, additional molecular 
markers have been incorporated into the classification system, most prominently the 
important hormone receptors ER and PR and the receptor-tyrosine kinase HER2 86. The 
advent of gene expression profiling has resulted in a separate classification system, solely 
based on specific gene expression signatures. Based on these molecular subtypes breast 
cancer has been stratified into Basal-like, Luminal A, Luminal B, Her2-enriched, claudinlow 
and normal-like  86,87. These signatures predict patient outcome and are believed to reflect 
the cell of origin. In this respect the claudinlow subtype is of particular interest as it closely 
reflects the gene expression pattern found in mammary stem cells and associates with EMT 
characteristics. More recently, the molecular subtypes of breast cancer have been further 
refined into ten distinct groups based on a combinatorial approach combining genomic and 
transcriptome profiling 90. These studies highlight the vast heterogeneity of breast cancer and 
call for a personalized approach to patient treatment 91. As mentioned previously a limited 
group of transcription factors have been demonstrated to regulate cancer development and 
progression. There is however a need to identify novel regulators of cancer progression which 
may be used as prognostic markers or therapeutic targets. Transcription factors that control 
aspects of normal development provide good candidates particularly when ectopically 
expressed in cancer.  

Keeping your SOX on for development and cancer progression 

The SRY-related HMG box (SOX) transcription factors constitute a family of transcription 
factors that control many aspects of embryonic development92. The SOX family of 
transcription factors consists of 20 members in most vertebrates and can be subdivided 
into eight groups93. In addition to their developmental role, SOX transcription factors have 
also been demonstrated to play a role in adult tissue homeostasis by controlling cellular 
differentiation and by maintaining adult tissue stem cell populations. Within the SOX 
family of transcription factors SOX2 is one of the quintessential stem cell marker, which 
has been demonstrated to be essential in a wide variety of adult stem and progenitor cell 
populations including neural stem cells and dermal papilla cells in hair follicles92,94,95. Distinct 
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SOX transcription factors have also been described to mark specific stem cell populations 
such as SOX9 (liver, intestinal stem cells, mammary stem cells), SOX10 (neural crest stem 
cells),  SOX17 (fetal hematopoietic stem cells), SOX8 and SOX15 (muscle satellite cells), and 
SOX4 (intestinal stem cells)92,96. SOX factors are not merely markers of stem cell populations, 
ectopic expression of a number of SOX family members in differentiated cells has been shown 
to contribute to cellular reprogramming. The most prominent example of this capacity is 
the ability of SOX2 to generate induced pluripotent stem cells (iPSCs) when co-expressed 
with OCT4, KLF4 and C-MYC 97. Similarly, SOX17 expression in adult committed progenitor 
cells of the hematopoietic system has been demonstrated to be sufficient to induce a fetal 
hematopoietic stem cell state 98. The role of SOX2 during iPSC generation can be replicated by 
the closely related transcription factors, SOX1 and SOX3, suggesting a level of redundancy 99. 
SOX transcription factors may also act in a sequential manner, as has been shown for SOX2, 
SOX3 and SOX11 in neural stem cell (NSC) differentiation, where consecutive recruitment to 
pre-primed sites is required for NSC differentiation to more differentiated neural cells 100,101. 
SOX factors can thus act in complementary, sequential or redundant manners. The latter 
explains why developmental defects in SOX knockout animals are less severe than could 
reasonably be expected from the widespread expression during development. This is 
exemplified in SOX4 knockout animals which die after 14.5 days of embryonic development 
due to impaired cardiac development, whereas combined deletion with the other two SOXC 
family members, SOX11 and SOX12, results in loss of neural and mesenchymal progenitors 
and death after 8.5 days in utero 102–104. Taken together, these findings demonstrate that 
SOX transcription factors are essential factors during embryonic development and control 
generation and maintenance of multiple adult stem and progenitor cell populations. 
As important regulators of cell fate, a number of SOX transcription factors are aberrantly 
activated in human cancer to promote tumor progression. An excellent example of this 
ability to contribute to tumorigenesis was recently described for SOX2 in skin squamous cell 
carcinoma where SOX2 specifically marks the cancer stem cell population and controls their 
function. Moreover, conditional depletion of this factors significantly reduced carcinogen-
induced tumor formation 105. Interestingly, SOX4 is overexpressed in a wide variety of human 
cancers and controls diverse aspects of tumor development and progression, where it may 
act as a tumor-suppressor or tumor-promoter depending on the cellular context106. The role 
of SOX4 has been extensively reviewed in Chapter 2 of this thesis. However, subsequent 
to the publication of this review additional additional oncogenic properties have been 
attributed to SOX4, further underscoring the important role of this transcription factor in 
cancer development and progression. In addition to TGF-β107–111, parathyroid hormone112, 
prostaglandins113,114 and ovarian hormones115,116, have all be shown to induce SOX4 mRNA 
expression117. In addition genome-wide expression studies have demonstrated that SOX4 
can be induced in response to the activation several important developmental and cancer-
associated signaling pathways including WNT-signaling in epithelial stem cells118, hypoxia/
HIF1α signaling in vascular endothelial cells119, TNF-α signaling in epidermal keratinocytes120, 
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and retinoic acid/RORα signaling in a hepatocellular carcinoma cells121. These findings 
indicate that the elevated expression of SOX4 observed in cancer can be the result of aberrant 
activation of oncogenic signaling pathways .
The importance of SOX4 expression for both normal development, tissue homeostasis and 
cancer was recently highlighted by the generation of a hypomorphic SOX4 mouse (overall 
decreased expression in SOX4)122. Reduced SOX4 expression was observed to result in 
accelerated aging as well as decreased cancer incidence122. Moreover, when conditionally 
deleted in stratified epithelia, reduced SOX4 expression was shown to be correlated 
with increased stem cell quiescence and reduced sensitivity to carcinogen induced skin 
carcinogenesis, which was linked to transcriptional control of DNA-repair and cell cycle 
genes. These findings show that reduction of SOX4 expression can directly impact on adult 
tissue homeostasis and tumorigenesis 122. Moreover, the hypomorphic SOX4 mouse can be 
utilized to identify additional developmental defects previously obscured by the embryonic 
lethality of this transcription factor. 
In the hematopoietic system ectopic expression of SOX4 is sufficient for cellular transformation 
and development of leukemia 106. In acute lymphoid leukemia (ALL) SOX4 was demonstrated 
to activate pro-survival signaling by transcriptionally inducing components of the PI3K/PKB 
and MAPK signaling pathways, contributing to development of B-ALL 123. In B-ALL carrying 
the BCR-ABL translocation SOX4 has been shown to induce tumor progression through 
the induction of TCF7l1 124. In non-transformed B-cells, comprehensive analysis of SOX4 
transcriptional targets revealed that SOX4 induces the expression of RAG genes as well 
as CK1, thereby controlling crucial aspects in B-cells development by modulating WNT-
signaling and rearrangements in the immunoglobulin heavy chain region 125. In adult T-cell 
leukemia, induction of SOX4 under the control of the transcription factor FRA-2 and JUND, 
has been demonstrated to result in the transcriptional regulation of  GCKR, NAP1 and HDAC8, 
thus contributing to tumor cell growth 126. In addition to its role in lymphatic leukemia, SOX4 
acts as an oncogene in tumors of the myeloid lineage106. In AML, SOX4 has been shown to be 
transcriptionally repressed by the tumor-suppressive transcription factor C/EBPα. When C/
EBPα is mutationally inactivated SOX4 expression increases bestowing a specific leukemia 
initiating cell fate on AML cells 127. 
In solid tumors SOX4 has recently been demonstrated to contribute to tumor progression 
by inducing EMT. In prostate cancer SOX4 expression was shown to be induced by the ETS-
related transcription factor ERG, and SOX4 was demonstrated to induce EMT, and increasing 
cell migration and invasion128. Moreover, in prostate cancer cell lines, SOX4 was found to be 
essential for TGF-β induced EMT and SOX4 expression correlated with decreased time-to-
distant metastasis and decreased cancer specific survival 128,129. In breast cancer, where SOX4 
has been demonstrated to correlate with poor prognosis, we and others have shown that 
SOX4 is essential in the TGF-β mediated induction of EMT 107–109130. Depletion of SOX4 in human 
mammary epithelial cells (HMECs) immortalized by the introduction of SV40 and hTERT 
(HMLE) was demonstrated to reduce TGF-β mediated induction of mesenchymal markers 
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such as N-cadherin and fibronectin. Moreover, conditional activation of SOX4 was observed to 
be sufficient for the transcriptional induction of mesenchymal markers, but not the reduction 
of epithelial ones, suggesting that SOX4 specifically controls the mesenchymal branch of 
the EMT response 107. In mouse mammary epithelial cells and melanoma cells, the SOX4/
TGF-β mediated induction of EMT was demonstrated to be dependent on the transcriptional 
regulation of EZH2, a component of the polycomb repressive 2 complex which controls 
histone methylation 109. The induction of EZH2 was subsequently shown to be both required 
and sufficient for the EMT response in these cells, by altering the epigenetic landscape and 
thereby the expression of EMT and cancer progression associated genes. In non-tumorigenic 
MCF10A cells transformed with RAS, overexpression of SOX4 was sufficient to induce EMT 
and increase tumorigenesis in vivo 108. Similar to HMLE cells, SOX4 expression was observed 
to be required for TGF-β induced EMT and its ability to induce a stem cell phenotype 108. 
Taken together, these findings highlight and important role for SOX4 in TGF-β induced EMT in 
breast cancer. A number of mechanisms have been proposed by which SOX4 transcriptional 
targets may contribute to EMT and breast cancer progression. SOX4 most likely elicits a broad 
transcriptional response, making it possible that multiple components herein contribute to 
the same process. In order to further our understanding of this important transcription factor 
and uncover novel roles of SOX4 cancer progression it is essential to systematically identify 
both the TGF-β dependent as well as the TGF-β independent transcriptional response. 

Aims of the thesis

The transcription factor SOX4 is overexpressed in a wide variety of human cancers, suggesting 
an important role in the oncogenic process. However, SOX4-induced responses in cancer are 
pleiotropic in nature and may elicit either tumor-suppressive or tumor-promoting effects. 
Despite its recognition as a cancer-signature gene, the factors controlling SOX4 expression 
and the molecular mechanisms directing its transcriptional network are poorly understood. 
The work described in this thesis aimed to elucidate the factors controlling SOX4 expression 
and shaping its transcriptional network in breast cancer.

In Chapter 2 the role of SOX4 in development and tumorigenesis is reviewed, describing 
both the tumor-suppressive and oncogenic processes regulated by this factor and comparing 
this to its normal function in development and tissue homeostasis. Moreover, this chapter 
describes and discusses the nature of its apparent context dependent responses. Chapter 3 
focusses on the post-translational regulation of SOX4, providing the first indication to date, 
that SOX4 expression is controlled at the post-translational level by the adaptor protein 
syntenin, which prevents proteasomal degradation and thereby increases transcriptional 
output. In Chapter 4 SOX4 is identified as a novel EMT-associated transcription factor that 
is induced on a transcriptional level by TGF-β signaling and is critical to the TGF-β mediated 
induction of mesenchymal traits. An additional role for SOX4 as mediator of TGF-β signaling 
is detailed in Chapter 5. SOX4 is shown to interact with the TGF-β effector SMAD3 and co-
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occupies sites on the genome thereby modulating TGF-β mediated target gene activation. 
In Chapter 6 the global transcriptional network of SOX4 is characterized in breast cancer, 
providing insight into its context dependent nature and revealing a novel pro-oncogenic 
role by promoting tumor-induced angiogenesis. In Chapter 7 the findings described in this 
thesis are discussed, speculating on the nature of context dependent responses, potential 
undiscovered roles of SOX4 in tumor-progression and the benefit of these findings for future 
therapies. 
Taken together, these studies provide novel insight into the factors determining the context 
dependent effects of SOX4 and uncovers novel pro-oncogenic processes regulated by this 
factor.
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Abstract

Development and progression of cancer are mediated by alterations in transcriptional 
networks resulting in a disturbed balance between the activity of oncogenes and tumor 
suppressor genes. Transcription factors have the capacity to regulate global transcriptional 
profiles, and are consequently often found to be deregulated in their expression and function 
during tumorigenesis. SOX4 is a member of the group C subfamily of the SOX-transcription 
factors and plays a critical role during embryogenesis, where its expression is widespread 
and controls the development of numerous tissues. SOX4 expression is elevated in a wide 
variety of tumors, including leukemia, colorectal cancer, lung cancer and breast cancer, 
suggesting a fundamental role in the development of these malignancies. In many cancers 
deregulated expression of this developmental factor has been correlated with increased 
cancer cell proliferation, cell survival, inhibition of apoptosis, and tumor progression through 
induction of a epithelial to mesenchymal transition and metastasis. However, in a limited 
subset of tumors, SOX4 has also been reported to act as a tumor suppressor. These opposing 
roles suggest that the outcome of SOX4 activation depends on the cellular context and the 
tumor origin. Indeed, SOX4 expression, transcriptional activity and target gene specificity 
can be controlled by signaling pathways, including the TGF-β and the WNT pathway, as well 
as at the post-translational level through regulation of protein stability and interaction with 
specific co-factors, such as TCF, syntenin-1 and p53. Here, we provide an overview of our 
current knowledge concerning the role of SOX4 in tumor development and progression. 
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Introduction

The discovery of the Sex-determining region Y (SRY) gene more than two decades ago revealed 
the existence of a family of evolutionary conserved SRY-related HMG-box (SOX) transcription 
factors, characterized by their high degree of sequence homology with the SRY high-mobility-
group (HMG) DNA-binding domain (1). To date, twenty members of this family have been 
identified in vertebrate species, which in mammals are subdivided into eight groups (A-H) 
of which most are represented by a single gene in invertebrates (1). SOX family members 
are critical for many developmental processes regulating both the maintenance of stem 
cells and controlling terminal differentiation of a wide variety of cell types (2). Consequently, 
deregulation and mutation of SOX genes have been implicated in a variety of hereditary 
human diseases and several SOX members have been demonstrated to be involved in 
tumorigenesis such as SOX9 in breast cancer and SOX18 in prostate cancer (2, 3).
At the time of its discovery more than 15 years ago by Clevers and co-workers, SOX4 was 
recognized as the first ‘classical’ transcription factor within the SOX family composed of 
separate DNA-binding and transactivation domains, functioning as a transcriptional activator 
in lymphocytes (4). Subsequently, SOX4 was demonstrated to be critical for cardiac outflow 
tract development and the differentiation of pro-B-cells and T-cells (5, 6). More recent studies 
have identified SOX4 mRNA as one of the most frequently up regulated transcripts in a 
wide variety of human cancers, including prostate, colorectal and breast cancer (Table 1) 
(7). Correspondingly, SOX4 has been recognized as one of the 64 ‘cancer signature’ genes, 
suggesting a fundamental role in tumor development (7). Nevertheless, many aspects 
of SOX4 function remain undefined or imperfectly understood. Here, we will discuss the 
molecular mechanisms regulating SOX4 functionality and discuss our current understanding 
concerning the role of this transcription factor in development, differentiation and cancer.

SOX4 domain structure and function

SOX4 belongs to the highly conserved group C    SOX (SOXC) transcription factors, which 
consists of two additional members; SOX11 and SOX12 (1). SOXC members are single exon 
genes, grouped on the basis of the high degree of sequence similarity in the HMG-domain 
located at the N-terminal half of the protein, and are further distinguished from other SOX 
transcription factors by their conserved C-terminal transactivation domain (TAD) (8) (Fig. 1). 
Outside these two conserved domains the homology between SOXC members is relatively 
low. 
The SOX4 HMG-domain (aa 59-138) is responsible for DNA-binding and DNA bending (4, 9). 
It binds with high affinity to the minor groove of the heptamer DNA motif AACAAAG with the 
optimal 10bp sequence containing 5’AG and 3’G nucleotides directly adjacent to the core 
sequence (4, 10, 11). The elucidation of the solution structure of the SOX4 HMG-domain, 
identified an L-shape structure consisting of three α-helices connected by loop structures, 
which are stabilized by a highly conserved hydrophobic core (12). Binding of the HMG-
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domain to the minor groove in the DNA-helix induces a sharp bend, altering local chromatin 
architecture and enabling the formation of functional transcriptional enhancer complexes (9, 
12-15). The recently solved crystal structure of the SOX4 HMG-domain in complex with DNA 
revealed slight structural differences in the DNA-binding interface of SOX4 compared to the 
previously identified structures of the HMG-domains in SOX2 and SOX17 (16). This structural 
difference allows the SOX4 HMG-domain to accommodate both a primary AACAAAG 
motif and a secondary AATTGTT motif (16). The reported variation in binding motifs is in 
accordance with previous observations demonstrating a marked variability in the sequences 
bound by SOX4 in the promoters of its target genes, such as Tubulin-beta 3 (Tubb3) (TATTGTC, 
CATTGTG), Tead2 (CTTTGTC, CTTTGTT), and the AACAATA motif in the CD2 enhancer (8, 17, 

Table 1. Overview of tumors reported with elevated SOX4 expression

37 
 

Cancer	 Role	of	SOX4	 Reference	
Hepatocellular	
Carcinoma	(HCC)	

SOX4	is	overexpressed	in	intrahepatic	metastasis	tissue	compared	to	HCC	tissue	and	contributes	
to	HCC	progression	by	promoting	metastasis.		

(62,	107)	

Medulloblastoma	 Significant	 increased	 expression	 compared	 to	 normal	 cerebellum.	 Trend	 toward	 prolonged	
patient	survival	with	elevated	SOX4	expression		

(99,	 130‐
132)	

Prostate	Cancer	 SOX4	 increased	 expression	 compared	 to	 normal	 prostate	 tissue.	 Increased	 levels	 of	 SOX4	
expression	correlate	with	more	aggressive	tumors	and	poor	prognosis.		

(59,	 86,	 133‐
135)	

Lung	Cancer	 Gene	 amplification	 of	 SOX4	 at	 chromosome	 6p	 in	 lung	 cancer	 cell	 lines	 and	 primary	 tumors.	
Ectopic	 SOX4	 expression	 increases	 transforming	 ability	 in	 NIH‐3T3	 cells.	 SOX4	 has	 been	
suggested	as	a	lung	tumor	vaccine	antigen.	

(87,	 135‐
137)	

Colorectal	Cancer	 High	levels	of	SOX4	in	microsatellite	stable	stage	II	cancers	correlate	with	recurrence,	linked	to	
metastatic	capacity	of	primary	tumor.		

(78,	79,	84)	

Adenoid	 Cystic	
carcinoma	(ACC)	

Increased	expression	of	SOX4	relative	to	normal	tissue.	Knockdown	of	Sox4	results	 in	reduced	
viability	and	increased	apoptosis.	SOX4	contributes	to	malignant	phenotype.	

(58,	60)	

Bladder	Cancer	 Elevated	SOX4	expression	in	bladder	cancer	compared	to	normal	tissue.	In	high	grade	urothelial	
carcinomas	the	genomic	segment	6p22	is	amplified	resulting	in	increased	expression	of	SOX4.		

(100,	 110,	
111,	 120,	
138)	

Endometrial	
Cancer	

SOX4	 expression	 is	 significantly	 higher	 in	 tumor	 tissues	 compared	 to	 normal	 tissue,	 SOX4	 is	
targeted	by	miRNA129‐2	the	expression	of	which	is	lost	in	endometrial	cancer,	hypermethylation	
of	this	miRNA	is	linked	to	poor	overall	survival	

(89)	

Glioblastoma	
multiforme	

SOX4	 is	 upregulated	 in	 glioblastoma	 compared	 to	 the	 normal	 brain	 with	 especially	 high	
expression	 in	 the	malignant	Glioma	 initiating	 cells	 (cancer	 stem	cells).	Reduced	expression	of	
SOX4	abrogates	tumorigenic	activity	

(73,	74)	

Gallblatter	
carcinoma	

Elevated	SOX4	overexpression	in	primary	gall	bladder	carcinoma	compared	to	normal	epithelium	
of	 the	gall	bladder.	SOX4	expression	correlates	with	 low‐grade	and	better	overall	disease‐free	
survival.	

(102)	

Gastric	Cancer	 SOX4	 is	 upregulated	 in	 gastric	 cancer	 compared	 to	 benign	 gastric	 tissue.	 SOX4	 expression	 is	
inversely	 correlated	 with	 epigenetic	 silencing	 of	 miRNA129‐2	 which	 is	 associated	 with	 poor	
outcome.		

(90)	

Breast	Cancer	 SOX4	expression	is	elevated	in	breast	cancer	compared	to	normal	mammary	tissue	and	positively	
correlates	with	tumor‐grade.	SOX4	expression	induces	EMT	and	promotes	metastasis	in	vitro	and	
in	xenograft	models	in	vivo	

(63,	70,	114)	

Myeloma	 SOX4	is	upregulated	in	myeloma	cell	lines	and	primary	tumors.	SOX4	is	critical	for	the	survival	of	
CD56+	myeloma	cells.		

(57)	

Pineoblastoma	 High	expression	levels	of	SOX4	compared	to	normal	tissue	 (139)	
Splenic	 Marginal	
Zone	lymphomas	

The	SOX4	gene	is	a	common	retroviral	integration	site,	and	is	associated	with	disease	progression		 (43)	

Myeloid	leukemia	 SOX4	is	an	oncogene	in	myeloid	leukemia	and	is	a	common	site	for	retroviral	integration.	SOX4	
expression	is	increased	in	AML	patient	samples	containing	the	AML‐ETO1	translocation.	

(41,	 42,	 44,	
45,	48,	52)	

Uterine	
Leiomyoma	

SOX4	overexpression	compared	to	normal	myometrium	 (140)	

Pancreatic	cancer	 SOX4	upregulation	relative	to	normal	tissue	 (141)	
Pheo‐
chromocytoma	

SOX4	upregulated	in	relative	to	normal	tissue	 (142)	

Table 1. Overview of tumors reported with elevated SOX4 expression 
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18). This variation in enhancer element sequence expands the repertoire of target genes 
regulated by SOX4. 
Similar to other SOX transcription factors, the SOXC HMG-domain has been demonstrated to 
interact with a variety of other transcription factors and thereby cooperatively regulate gene 
expression [19]. For example, SOX4 associates with BRN2 and TBX3, which results in synergistic 
activation of the Nestin gene in neurons and the Gja1gene in the heart, respectively (19). The 
transcription complexes formed upon binding distinct transcription factors represent an 
additional level of target gene specificity and transcriptional activation in a given cell system.
The C-terminal 33 residues in the SOX4 protein constitute the TAD. Deletion of this domain 
completely abrogates the transactivation capacity of SOXC members (8). In SOX11, the TAD 
domain is predicted to adopt a stable uninterrupted α-helical structure, which is shorter and 
interrupted in SOX4 and SOX12 (8). Correspondingly, the SOX11 TAD possesses the strongest 
transactivating capacity followed by SOX4 and SOX12, respectively (8). The mechanism 
through which the TAD of SOXC transcription factors controls transcriptional activation 
remains to be investigated. However, it is likely that the SOX4 TAD recruits co-activators, since 
the homologous domain in SOX2 has been demonstrated to recruit co-activators such as the 
histone acetyl transferase (HAT) p300 (20). 
Interestingly, the TAD of SOX4 also controls proteasomal degradation and thereby regulates 
protein stability and expression (21). In a variety of cancer cell lines SOX4 was observed to 
be rapidly degraded by the proteasome, which was independent of poly-ubiquitination, but 
rather depended on the presence of the TAD. Proteasomal degradation could be prevented 
by association of the SOX4 TAD to its interaction partner syntenin-1, resulting in reciprocal 
stabilization in the nucleus and increasing the transcriptional output of SOX4 (21, 22). 

Figure 1. Domain structure, post-translational modifications and co-factors of SOX4. 
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Green boxes indicate domains identified in SOX4. HMG-domain: DNA-binding domain; GRR: glycine-rich region; 
SRR: serine-rich region; TAD/DD: transactivation domain/degradation domain, ND: Not determined. Post-
translational modifications present on SOX4 identified by mass-spectrometry recorded on phoshosite.org. 
Red circles indicate phosphorylation and yellow indicates acetylation. Y: Tyrosine; K: lysine; S: serine. S395X 
indicates the mutation found in lung cancer resulting in a truncated protein.
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Two additional functional domains have been identified in SOX4: a glycine rich region (GRR, 
aa 152–227), which was demonstrated to be involved in pro-apoptotic events and a serine 
rich region (SRR, aa 333–397) previously thought to be part of the TAD (23). 
In addition to the functions detailed here, SOX4 domains can be the acceptor site for post-
translational modifications, modulating the functionality of these regions and consequently 
SOX4 activity during development and tumorigenesis (Fig. 1). The role of context dependent 
regulation of SOX4 will be discussed below. 

SOX4 regulates embryonic development and differentiation 

To understand the role of SOX4 in malignancies it is important to first highlight its role in normal 
vertebrate development and differentiation, since aberrant recapitulation of developmental 
processes in adult cells can underlie tumorigenesis. Sox4 expression is widespread during 
embryonic development, overlapping with other SoxC members in the central and 
peripheral nervous system, and mesenchyme of developing organs (8, 24). In addition, Sox4 
is expressed in the developing thymus, spleen, and hair follicles (8). As suggested by its 
expression pattern, SOX4 plays an important role in a plethora of developmental processes. 
Indeed, Sox4-deficient animals suffer from many developmental defects (Table 2) resulting 
in lethality at embryonic day 14 (E14) as a result of circulatory failure caused by malformation 
of the cardiac outflow tract in mice (5). The late embryonic lethality can be attributed to the 
significant degree of redundancy between SoxC transcription factors (25). High expression 
levels of all three SoxC genes are present in mesenchymal and neural progenitor cells, where 
they act redundantly to ensure survival of these multipotent cells (8, 25). Consistent with 
their role in these cells, SoxC triple knockout mice die of severely impaired organogenesis 
at midgestation (E8) (25). Sox4 deficient animals also suffer from defects in pancreatic islet 
formation, which results in impaired insulin secretion and glucose tolerance and models 
increased risk of type 2 diabetes and obesity in humans (26-29). In addition, loss of Sox4 
during hematopoiesis blocks development of B-cells at the pro-B-cell stage and severely 
affects the development of T-lymphocytes, its activity playing an important role in mediating 
the transforming growth factor-beta (TGF-β) induced block in T-helper type 2 (Th2) cell 
differentiation (5, 6, 30). During hematopoiesis SOX4 also controls differentiation of myeloid 
lineages regulated by the IL-5 receptor signaling complex, through direct interaction with the 
adaptor protein syntenin-1 (22, 31). 
Finally, mice that are heterozygous for the Sox4 knockout allele show diminished bone 
formation and osteoblast development, which is possibly due to SOX4-mediated effects 
on parathyroid and parathyroid-related hormone receptor signaling in osteoblast cells(32, 
33). Interestingly, in a GWAS study in humans the SOX4 locus has been associated with bone 
mineral density and fracture risk in postmenopausal women and reduced expression of SOX4 
correlated with susceptibility to osteoporosis (34, 35). 
After birth, expression of Sox4 becomes restricted as cells become terminally differentiated. 
In adult tissue, Sox4 expression appears to be more limited to specific cell types, including 
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pancreatic islet cells, gonads, female reproductive tissues, thymus, hematopoietic stem 
cells, mammary stem cells and intestinal crypt stem cells (4, 36-40). This restricted 
expression in adult tissues indicates that SOX4 activity has to be constrained to a limited 
subset of cells and potentially reflects the activity of various signaling pathways, controlling 
SOX4 expression and stability. The important developmental role of SOX4 in the control of 
cell fate and differentiation suggests that, similar to other tumor-related developmental 
transcription factors, aberrant regulation of SOX4 and associated developmental processes 
has a significant impact on tumorigenesis.

SOX4 mediated regulation of tumorigenesis and tumor progression 

In recent years, large scale gene expression studies have been applied to identify novel 
cancer related genes, which could be used as prognostic markers or therapeutic targets. 
Such studies have identified elevated SOX4 expression in nearly all major human cancers 
including breast, lung, brain, prostate, colorectal, bladder, pancreatic and ovarian cancer 
indicating a central role in the development of multiple tumors (7) (Table 1). 
Some of the most compelling evidence pointing towards a pro-oncogenic role for SOX4 
originates from genome-wide retroviral tagging studies in cancers of hematopoietic origin. 
Retroviral insertional mutagenesis can result in activation of proto-oncogenes and more 
rarely inactivation of tumor suppressor genes, and tumor promoting insertions are identified 
by their selective outgrowth. Such studies have identified Sox4 as the most common 
retroviral integration site in mouse myeloid leukemia, B/T-cell lymphomas and splenic 

Table 2. Phenotype of SOXC knockout model organisms
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Alleles	 Phenotype Reference

Sox4	‐/‐	 Die	in	utero	at	E14.5	due	to	defects	in	cardiac	outflow	tract	development.		 (5)	
Sox4	‐/‐	hematopoietic	cells		 Block	in	B‐cell	development	at	pro‐B‐cell	stage	and	decreased	

development	of	T‐cells	
(6)	

Sox4b	‐/‐		 Defect	in	pancreatic	alpha	cell	differentiation	in	zebrafish	(D.	rerio)	 (29)	
Sox4	‐/‐	 Impaired	pancreatic	islet	cell	development	 (28)	
Sem‐2	‐/‐	 Absence	of	vulval	and	uterine	muscles	resulting	in	egg	laying	defect	in	C.	

Elegans.	Sem‐2/SoxC	promotes	development	of	proliferative	Sex	
Myeloblast	cells	over	differentiated	Body	Wall	Muscle	cells.	

(143)	

Sox14	‐/‐	 Lethal	in	D.	Melanogaster,	die	at	prepupae	stage.	Numerous	morphological	
and	internal	defects.	

(144)	

Sox4	+/‐	 Impaired	osteoblast	development	and	lower	bone	mass	due	to	diminished	
bone	formation	

(33)	

Sox11	‐/‐		 Die	at	birth	from	defects	in	cardiac	development,	additional	abnormalities	
observed	in	lung,	stomach,	pancreas	and	eyelids.		

(145)	

Sox11	‐/‐	 In	sensory	neurons,	Sox11	deletion	results	in	impaired	survival	of	sensory	
neuron	and	a	block	in	axonal	outgrowth	

(146)	

Sox12	‐/‐	 No	defects	observed	due	to	non‐reciprocal	redundancy	with	Sox4	and	
Sox11	

(147)	

Sox4	‐/‐,	Sox11	‐/‐	 Increased	cell	death	in	neural	cell	types	in	the	central	nervous	
system	during	development	resulting	in	hypoplasia	of	the	spinal	
cord	

(148)

Sox4	‐/‐,	Sox11	‐/‐,	Sox12	‐/‐	 SoxC	triple	knockouts	die	in	utero	at	E8.5	due	to	impaired	
organogenesis	caused	by	impaired	survival	of	mesenchymal	and	
neuronal	progenitor	cells.		

(25)	

Table 2. Phenotype of SOXC knockout model organisms
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marginal zone lymphomas (a B-cell lymphoma subset) indicating that, in addition to normal 
hematopoietic development, Sox4 can induce malignant hematopoietic development (41-
43). Indeed, forced expression of only Sox4 in mouse bone marrow cells is sufficient for 
cellular transformation by blocking myeloid differentiation and inducing the formation of 
myeloid leukemia in the majority of transplanted animals (44, 45). Retroviral insertions in the 
Sox4 gene can also act synergistically with pre-existing or retrovirus induced genetic lesions 
to promote development of myeloid leukemia, such as loss of Cdkn2a, Sfpi, and p15Ink4b, 
proviral integration in the EVI1 oncogene, MADS box transcription enhancer factor 2C (Mef2C) 
and CREB and viral integration of the large T antigen (41, 44, 46-48). In a search for cooperating 
cancer genes, leukemias from derived from Sox4-transduced bone marrow transplanted 
mice were analyzed for insertional mutations induced by the Sox4 carrying retrovirus, 
revealing integrations in various cancer-related genes, including multiple integrations in the 
SfpiI (PU.1 in humans) gene and the MADS box transcription enhancer factor 2C (Mef2C) gene 
(45, 49). The presence of multiple independent integrations at the loci of these important 
myeloid and lymphoid differentiation factors is indicative for a cooperative role with the 
introduced Sox4 oncogene. Indeed, co-transduction of bone marrow cells with Mef2C was 
shown to significantly accelerate the Sox4-mediated development of myeloid leukemia (45). 
Similarly, haploinsufficiency of the sfpiI gene encoding the transcription factor PU.1 acted 
synergistically with Sox4 overexpression to promote murine myeloid leukemia (50). In de 
novo tumors Sox4 might actively repress SfpiI expression by directly binding an upstream 
regulatory element in the SfpiI gene, which is corroborated by an inverse correlation between 
SOX4 and PU.1 expression in acute myeloid leukemia (AML) patient samples (50). In AML, 
SOX4 also acts in a cooperative manner with the proto-oncogenic transcription factor CREB 
to promote myeloid transformation by increasing cell survival and self-renewal (51 ). Sox4 was 
shown to directly regulate the expression of CREB by binding to an upstream CREB promoter 
element and inducing transcription. Accordingly, Sox4 and CREB protein expression were 
observed to be elevated and positively correlated in pediatric AML patient samples (51). 
Increased expression of SOX4 in human AML also occurs in patient samples containing the 
common MOZ-TIF2, AML1-ETO, and NUP98-HOXA9 translocations (52-54). These findings 
indicate that Sox4 acts as a proto-oncogene in both myeloid leukemia and lymphomas by 
acting in concert with a variety of distinct genetic lesions. 
Many oncogenic transcription factors in myeloid leukemias influence hematopoietic stem 
cell (HSCs) development and the induction or maintenance of leukemic stem cells (55, 56). 
Also SOX4 has been recognized as a potential regulator of HSC activity in both mouse and 
human hematopoiesis (38). In a gain-of-function screen in mouse HSCs, Sox4 was identified 
as one of the 18 factors conferring increased HSC activity, demonstrated by increased 
repopulating capacity of the transduced HSCs (38). Moreover, in a recent study using gene 
expression profiling to investigate transcriptional networks in isolated human hematopoietic 
cells, SOX4 and the known HSC related transcription factor PBX1 were identified as key 
regulators of a HSC and progenitor gene expression profile (56). This suggests a fundamental 
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role for SOX4 in HSC development and maintenance, which could be mirrored by similar 
functions in leukemic stem cells. Nevertheless, the mechanisms whereby SOX4 functions 
in human HSCs or causality in the development of human myeloid leukemia remain 
unresolved. In addition, in multiple myeloma, a distinct hematological malignancy of the 
B-cell lineage, SOX4 expression has been linked with expression of the neural cell adhesion 
molecule (NCAM/CD56) (57). SOX4 directly regulates expression of this neuronal maker, the 
expression of which occurs in the majority of multiple myelomas and is associated with 
tumor development, lytic bone lesions and poor disease prognosis, suggesting that SOX4 
contributes to the development of CD56+ multiple myelomas (57). 
Taken together, it appears that deregulation of SOX4 during hematopoiesis has the capacity 
to give rise to distinct hematopoietic malignancies. However, it remains to be investigated 
how genetic alteration or aberrant regulation of SOX4 contributes to development of 
hematopoietic tumors in humans.
Elevated expression of SOX4 has also been demonstrated in a wide variety of solid tumors 
(Table 1). However, in contrast to hematological malignancies, disparate functions for 
SOX4 have been reported in the development and progression of solid tumors. In a manner 
reminiscent of c-MYC, SOX4 may act as either a tumor-suppressor gene or oncogene, 
depending on the type of tumor, the cellular context and the stage of tumor development.

Pro-oncogenic roles of SOX4 in solid malignancies

There is compelling evidence to suggest that SOX4 acts as a proto-oncogene in a wide variety 
of solid tumors. Increased expression of SOX4 has been correlated with tumor development 
or tumor progression in colorectal cancer, breast cancer, prostate cancer, HCC, glioma, gastric 
cancer, adenoid cystic carcinoma (ACC), lung cancer and endometrial cancer (Table 1). 
Depending on the tumor-type, SOX4 expression may impact on a variety of distinct processes 
including inhibition of apoptosis, increased cell invasion and metastasis, and induction and 
maintenance of cancer initiating cells. 

Contribution of SOX4 to tumor initiation by inhibition of apoptosis and stimulation of 
cell proliferation and cell survival

Similar to its pro-survival role in mesenchymal and neural progenitor cell development, 
several studies have provided evidence that SOX4 promotes tumorigenesis primarily through 
inhibition of apoptosis and stimulation of cell survival. SOX4 expression is distinctly higher 
in primary ACC and prostate tumors compared to the corresponding healthy tissue (58-60). 
RNAi mediated down-regulation of SOX4 in ACC, prostate and breast cancer derived cell lines 
induced apoptotic cell death in vitro, suggesting that SOX4 contributes to cell survival (59, 
60). The pro-survival function of SOX4 could be related to its transcriptional regulation of 
the transcription factor TEAD2 which is part of the HIPPO-signaling pathway and confers 
SOX4 mediated survival signals during organogenesis. Interestingly, the pro-survival role of 
the HIPPO-pathway has also been implicated in the development and metastasis of a large 
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variety of tumors, suggesting that SOX4 mediated modulation of this pathway may in part 
underlie its pro-survival function (61).
In addition to this pro-survival function, stable expression of SOX4 in non-transformed 
prostate cells was sufficient to confer oncogenic properties as illustrated by the increased 
colony forming capacity in soft-agar and anchorage-independent growth, suggesting that 
SOX4 exerts additional pro-oncogenic effects (59). 

Promoting tumor-progression through expansion of cancer stem cells, initiation of an 
epithelial to mesenchymal transition and tumor metastasis

In addition to its role in the initial stage of tumor development, SOX4 can contribute to 
tumor progression by supporting expansion of highly aggressive tumor initiating cells and by 
promoting tumor cell metastasis. In HCC and breast cancer, SOX4 mRNA expression has been 
demonstrated to be particularly elevated in metastases, which was associated with disease 
progression, recurrence and poor-metastasis free survival (62, 63). 
SOX4 has been demonstrated to function as an oncogene in more advanced stages of HCC 
by promoting intrahepatic metastasis (62). Depletion of SOX4 in invasive HCC cell lines 
greatly suppresses in vivo tumor growth, invasion into smooth muscle layers and formation 
of metastatic tumor foci. Moreover, SOX4 knockdown in HCC cell lines was associated with 
distinct morphological changes in vitro, including reduced vimentin expression and altered 
actin organization. This phenotype resembles a reversion of the metastasis associated 
mesenchymal phenotype to an epithelial state, a process which is termed the mesenchymal 
to epithelial transition (MET). This suggests that SOX4 is involved in the promotion of an 
epithelial to mesenchymal transition (EMT) during metastatic conversion of HCC cells (64). 
Using a bioinformatics approach combined with chromatin immunoprecipitation (ChIP) 
and SOX4 knockdown, 31 potential SOX4 target genes were identified in HCC (62). Two of 
these genes, Neuropillin-1 (NRP-1) and semaphorin 3C (SEMA3C) have previously been linked 
to tumor development and are part of a signaling pathway that regulates axonal guidance. 
Notably, this process is often aberrantly used by tumors in order to promote metastasis (65-
68). Subsequently, SEMA3C and NRP1 were demonstrated to be potential effectors of the 
SOX4-induced metastatic phenotype, as knockdown of these genes in HCC cells reduced cell 
migration and invasion. This suggests that the metastatic potential of HCC cells is at least in 
part modulated through SOX4-mediated regulation of metastatic effectors. 
Recently, SOX4 has been demonstrated to induce EMT in human mammary epithelial cells 
(HMEC). Ectopic expression of SOX4 in these cells induced a mesenchymal phenotype, which 
was associated with increased stem cell properties, cellular migration and invasion in vitro 
(69). SOX4 expression itself was shown to be regulated by TGF-β, a potent inducer of EMT in 
a variety of cancers. Importantly, in mammary epithelial cells SOX4 was demonstrated to 
be required for TGF-β mediated induction of EMT. Moreover, ectopic expression of SOX4 in 
mammary epithelial cells was sufficient to induce EMT and confer metastatic properties in 
vitro such as increased migration and enhanced stem cell properties. In mouse xenograft 
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experiments, SOX4 potentiated RAS induced tumorigenesis in MCF10A cells and has also been 
shown to reduce the metastatic potential of highly metastatic derivatives of MDA-MB-231 
cells (63, 70). Moreover, immunohistochemical analysis of SOX4 expression in patient breast 
cancer samples revealed a positive correlation with tumor-grade and triple negative breast 
cancers (69). These findings demonstrate an important role for SOX4 in the progression and 
metastasis of high-grade breast cancers. 
A role for SOX4 in the maintenance of cancer initiating cells has been described in glioma, a 
tumor type that arises from glial cells in the brain or the spine. SOX4 expression is responsive 
to TGF-β in a variety of cell types, including highly aggressive glioma initiating cells (GICs). 
In GICs, SOX4 expression is directly induced by SMAD2/3 downstream of TGF-β signaling 
(71-74). Subsequently, SOX4 induces the expression of the stem cell marker SOX2 through 
cooperative binding with OCT-4 to the SOX2 promoter, which was shown to be critical for 
TGF-β1-mediated maintenance of stemness in GICs (74, 75). Since SOX4 is found to be highly 
expressed in stem cells and early progenitors from a variety of tissues, it is possible that the 
stemness promoting activity of SOX4 observed in GICs contributes to tumor progression in 
diverse malignancies. 
Together, these data indicate that tumor-specific increased expression of the developmental 
transcription factor SOX4 contributes to tumor development and progression. Although this 
idea is heavily supported by the evidence reviewed here, the proposed mechanisms through 
which SOX4 exerts this pro-oncogenic function are diverse and appear to vary greatly 
depending on the tumor type. 

SOX4 and the WNT/ β-catenin signaling pathway

The canonical WNT-signaling pathway, which signals through β-catenin and TCF 
transcription factors, is critical for correct embryonic development and the maintenance of 
adult stem cells. Unsurprisingly, aberrant regulation of this pathway has been implicated in 
the pathogenesis of a wide variety of malignancies (76). SOX4 expression is upregulated by 
WNT-signaling in both benign and malignant intestinal tissues (37, 77, 78). In the intestine, 
SOX4 is predominantly expressed in the part of the crypt containing the intestinal stem cell 
compartment (37). Although SOX4 has not been functionally implicated in the development 
or maintenance of these cells, SOX4 has been demonstrated to potentiate canonical WNT-
signaling through a variety of mechanisms. First, SOX4 directly interacts with TCF and 
β-catenin, which stabilizes the β-catenin/TCF complex. This results in increased WNT-target 
gene activation and subsequently proliferation of colon carcinoma cells (79, 80). Second, it 
has been proposed that SOX4 can stabilize β-catenin by transcriptional induction of casein-
kinase 2 (CK2), which is known to directly phosphorylate β-catenin thereby protecting it from 
degradation (80, 81). Third, SOX4 has been proposed to promote WNT/β-catenin signaling 
in endometrial carcinomas through direct transcriptional activation of TCF4 expression, 
resulting in WNT target gene activation (82). Finally, SOX4 has been described to interact, in 
a WNT3a dependent manner, with the E-cadherin and the desmosome-associated junction 
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protein plakoglobin (JUP) (83). WNT3a induced nuclear shuttling of JUP increases the 
interaction with SOX4 and competes with binding of SOX4 to β-catering, resulting in nuclear 
export of SOX4 and reduction in the activity of WNT-signaling pathway (83) (Fig. 2). Consistent 
with a role as an “enhancer” of WNT-signaling, increased SOX4 expression in colorectal cancer 
correlates with poor outcome (84). Taken together these findings indicate an important role 
for SOX4 in the WNT-signaling pathway and WNT-driven colorectal tumorigenesis. In addition 
to colorectal cancer, aberrant WNT-signaling has been implicated in the development of a 
large number of distinct human cancers such as melanoma, breast cancer and leukemia(85). 
However, it remains to be determined whether SOX4 contributes to WNT-driven tumorigenic 
effects in these cancers. 

SOX4 mediated transcriptional regulation

Since SOX4 is a transcription factor, its function in cancer most likely relies on its direct 
regulation of transcriptional target genes. A number of studies have investigated SOX4-
mediated regulation of transcriptional targets in a variety of human cancers. Analysis of 
potential SOX4 target genes in prostate cancer, adeno cystic carcinoma (ACC), HCC and lung 
cancer revealed that SOX4 could be involved in the regulation of many key cellular processes, 
including apoptosis, cell cycle control, miRNA-processing, differentiation and growth factor 
signaling (59, 60, 62, 86). 
In lung tumors and cell lines, SOX4 expression is elevated due to genetic amplification of 
the SOX4 locus (87). Based on this tumor-specific expression of SOX4 in lung tumors and the 
presence of naturally occurring SOX4 antibodies in small cell lung cancer (SCLC) patients, 
SOX4 has been considered as a possible antigen for lung tumor vaccination (80). SOX4 
knockdown in lung cancer cells carrying a SOX4 amplification was demonstrated to result 
in differential expression of numerous genes involved in neuronal development, such as 
TEAD2, the PCDHB gene cluster, MYB and RBP1 (88). The SOX4 gene signature in lung cancer 
was particularly prominent in small cell lung cancer (SCLC), which is characterized by its 
neuroendocrine nature and elevated expression of SOX2, SOX4 and SOX11 (88). 
Investigation of direct transcriptional targets of SOX4 in the prostate cancer cell line 
LNCaP using ChIP-based genome-wide promoter binding analysis and microarray gene 
expression profiling, revealed SOX4-mediated regulation of genes involved in WNT-signaling, 
inflammation and apoptosis (59, 86). A large number of genes were characterized as direct 
targets based on SOX4 promoter binding combined with altered gene mRNA transcript 
levels upon modulation of SOX4 expression by either knockdown or overexpression. The 
set of proposed direct transcriptional targets consists of important cancer-related genes 
including EGFR, DICER, Tenascin C, ADAM10 and Frizzled-5, regulating miRNA processing, 
embryonic development, growth factor signaling and tumor metastasis. (86). Microarray 
analysis of SOX4 knockdown in ACC cells revealed differential expression of genes involved 
in cell cycle and apoptosis pathways, including BIRC5, BNIP3 and Cyclin-B1 suggesting that in 
both prostate cancer and ACC increased tumor-specific SOX4 expression activates a variety 
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Figure 2 Schematic overview of the pathways controlling SOX4 transcriptional activity through 
transcriptional and post-translational regulation. 
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(A) Regulation of SOX4 mRNA transcript levels occurs through the activation of the canonical TGF-beta pathway 
via direct binding of SMAD2/3 in complex with SMAD4 to the SOX4 promoter region. (B) SOX4 expression is also 
controlled through distinct pathways in hormone sensitive tissues through prostaglandins and parathyroid 
hormone. (C) SOX4 mRNA levels can be regulated post-transcriptionally by miRNA-335, miRNA-129 and 
miRNA-93. (D) Additionally, SOX4 expression is regulated on a post-translational level. SOX4 is rapidly degraded 
by the proteasome resulting in a short half-life of approximately one hour. Proteasome mediated degradation 
can be halted via its interaction the receptor adaptor protein syntenin-1, which results in stabilization in the 
nucleus. (E) SOX4 stability may also be controlled upon DNA-damage via the ATM/ATR pathway. Upon DNA-
damage SOX4 interacts with p53 and p300/CBP, preventing p53 degradation and increasing stability resulting 
in elevated expression of DNA-damage target genes. (F) SOX4 transcriptional activity is regulated by Ubc9 in a 
sumoylation independent manner and the junction protein plakoglobin (JUP) (G) which has been proposed 
to regulate SOX4 localization. Finally, SOX4 expression impacts on the activity of various transcription factors 
and signaling pathways. (H) For example, SOX4 expression promotes WNT signaling by stabilizing β-catenin, 
resulting in activation of TCF target genes. SOX4 also interacts with a number of transcription factors resulting in 
specific target gene selection and synergistic activation. (I) In contrast SOX4 has been demonstrated to interact 
with GATA3 resulting in inhibition of DNA-binding and prevent target gene activation by occupying the GATA3 
target gene IL-5 promoter.
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of pro-oncogenic pathways through the induction of SOX4 target genes (60). However, 
the functional contribution of individual target genes to the SOX4-mediated tumorigenic 
responses remains to be determined. Similarly to ACC and prostate cancer, SOX4 knockdown 
in gastric and endometrial cancer cell lines decreases proliferation and increases apoptosis 
(89, 90). Together, these data suggest that SOX4 expression in a variety of diverse tumors 
promotes cell survival and transformation, through increased proliferation and inhibition of 
apoptosis. 
Although several studies have attempted to identify SOX4 transcriptional targets in human 
tumors, comparative analysis of SOX4 transcriptional targets between cancers-types reveals 
a relatively minor degree of overlap (Fig. 3A). Although the limited overlap could be the 
result of limitations in the different experimental set-ups, it is more likely that it rather reflects 
tumor-specific and context-dependent mechanisms in target gene selection. In agreement 
with this is the finding that the core SOX4-regulated genes, such as the tyrosine kinases 
signaling-associated EGFR and VEGF, are present in multiple studies (Fig 3B). Notably, EGFR 
and VEGF are well known for their pivotal role in the development of cancer by regulating 
cellular transformation and angiogenesis, respectively (91, 92). In Addition, other SOX4 
targets within this group such as SLCO5A1, CCNG2, GPR56, GRN, MGAT4B, SKP2, TRIB3, and 
CD24 have been demonstrated to play diverse roles in the tumorigenesis of a variety of 
cancers (Fig. 3B) (92-98). The context-dependent activation of target genes is reminiscent 
of other transcriptional effectors involved in signaling pathways such as the TGF-β pathway, 
in which the SMAD transcription factors elicit distinct responses in a cell-type and tumor-
stage dependent manner. The consequences for TGF- β induced tumor cell fate outcome is 
that in early stage tumor development the pathway acts in a tumor suppressive manner, but 
promotes metastasis in more advanced tumors. The wide variety of target genes in different 
cell systems might suggest that this process is mirrored by SOX4.

Tumor-suppressor functions of SOX4

In direct contrast to the tumor and metastasis promoting role of SOX4, several studies have 
shown that increased SOX4 expression correlated with prolonged patient survival and slower 
disease progression in a variety of cancers, including bladder cancer, colon carcinoma, 
hepatocellular carcinoma, melanoma and gallbladder carcinoma (99-102). This suggests 
that SOX4 in these malignancies can act as a tumor-suppressor. In bladder cancer, colon 
carcinoma and hepatocellular carcinoma (HCC) the tumor-suppressive function of SOX4 has 
been attributed to its ability to induce apoptosis, which may occur downstream of various 
stimuli including prostaglandins and DNA-damage (100, 103-106). 

Inhibition of tumor-initiation through DNA-damage signaling and activation of 
apoptosis

SOX4 has been identified as an effector of the DNA-damage pathway which is required for 
DNA-damage induced activation of p53 (103). Upon treatment of the colon carcinoma cell 
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Figure 3. Gene-expression analysis of SOX4 target genes in prostate cancer, adenoid cystic 
carcinoma, and lung cancer. 
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Gene expression datasets taken from selected publications investigating SOX4 target genes in prostate, adenoid 
cystic carcinoma (ACC) and lung cancer in which SOX4 promotes tumorigenesis. SOX4 target genes were defined 
as significantly regulated genes, differentially expressed >2 fold. (A) Overlap in SOX4 target genes between 
published datasets. (B) SOX4 target genes (13) represented in more than one expression dataset with the 
indicated directionality of regulation. (B) Overlap between SOX4 target genes determined by gene expression 
analysis and SOX4 bound genes as determined by ChIP on chip in prostate cancer. 
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line HCT116 with DNA-damage inducing agents and subsequent activation of DNA-damage 
signaling through ATM/ATR kinases, SOX4 protein expression and stability were observed to be 
increased in a ATM/ATR dependent but p53 independent manner (103, 104). This DNA-damage 
induced increase in SOX4 expression was not associated with increased mRNA expression, 
suggesting a yet unknown post-translational mechanism (103, 104). In the presence of DNA-
damage, SOX4 also directly interacts with p53 resulting in increased expression of the latter 
through recruitment of p300/CBP to the SOX4-p53 complex. Subsequent acetylation of p53 
disrupts binding to its ubiquitin ligase MDM2, thereby decreasing p53 poly-ubiquitination, 
inhibiting nuclear export and increasing p53 stability (103). In support of these findings, SOX4 
was demonstrated to induce apoptosis and cell cycle arrest in vitro, and impair tumor growth 
in vivo in a p53-dependent manner in HCT116 cells (103). 
Similar to colon carcinoma, in primary HCC SOX4 acts as a tumor-suppressor by interacting 
with the DNA-damage pathway. Etoposide-mediated activation of the DNA-damage pathway 
in HCC cell lines has also been demonstrated to result in SOX4 stabilization and interaction 
with p53 (107). However, in contrast to previous findings, SOX4 overexpression decreased 
p53-mediated transcriptional activation of the pro-apoptotic BAX gene, and reduced p53-
induced apoptosis upon DNA-damage (107). Nonetheless, increased SOX4 expression was 
observed to correlate with diminished risk of recurrence and improved overall survival in 
patients, suggesting a tumor-suppressive function (107). These findings are in contrast with 
previous reports stating a metastasis promoting function of SOX4 in advanced stages of HCC 
(62). This apparent contrast could illustrate stage specific effects of SOX4 in the context of HCC. 
While SOX4 may act as a tumor-suppressor in the initial stages of the disease by promoting 
apoptosis, in more advanced stages of tumorigenesis it may acquire metastasis promoting 
capacity due to mutational inactivation of the DNA-damage pathway and activation of pro-
metastatic genes. SOX4 has recently been suggested to play a role in the DNA-repair pathway 
upstream of p53 in medulloblastomas. In medulloblastoma cell lines, SOX4 expression was 
rapidly induced upon γ-irradiation, a process which could be prevented by ectopic expression 
of the secreted protein acidic and rich in cysteine (SPARC) a glycoprotein, which is involved 
in radiotherapy sensitization (108). Ectopic SPARC expression as well as siRNA mediated 
SOX4 depletion, resulted in decreased DNA-repair and increased radiotherapy sensitivity. 
Interestingly, SOX4 mRNA expression has also been shown to be rapidly induced by treatment 
of HCT116 cells with the chemotherapeutic agents 5- fluorouracil and oxaliplatin, and its 
expression remained elevated in therapy resistant cells compared to non-resistant parental 
lines (109). These findings suggest that SOX4 has dual roles in cancer therapy treatment, 
promoting either resistance or sensitization depending on the cellular context and tumor-
type. 
In bladder cancer, SOX4 has been suggested to function as a tumor-suppressor in a manner 
independent of the DNA-damage pathway. In a number of bladder carcinoma cell lines 
the genomic region 6p22.3, which harbors the SOX4 gene, is amplified, resulting in gene 
duplication. Although this copy number variation cannot be directly related to increased SOX4 
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expression, SOX4 mRNA and protein levels are significantly elevated in bladder carcinoma 
samples when compared to normal tissue, which correlates with prolonged patient survival 
(100, 110, 111). Similar to HCC, increased expression of SOX4 in the HU609 bladder carcinoma 
cell line decreases cell viability and induces apoptosis (100). The tumor-suppressive role of 
SOX4 in these cells appears to be related to activation of pro-apoptotic and anti-proliferative 
SOX4 target genes (100). Microarray analysis of HU609 cells, which overexpress SOX4, 
revealed differential expression of 130 potential SOX4 target genes, involved in angiogenesis, 
cell cycle arrest and apoptosis, such as IL-8, NEDD9 and PIK3R3(100). A small subset of 27 
genes also correlated with SOX4 expression in primary bladder tumors, suggesting that the 
majority might not represent direct target genes or that additional factors are involved in 
their modulation. These findings indicate that the tumor-suppressive function of SOX4 can 
at least in part be explained by pro-apoptotic effects through interaction with the p53 DNA-
damage pathway or through induction of pro-apoptotic and anti-proliferative SOX4 target 
genes. 

Inhibition of tumor-suppression by repressing tumor-metastasis 

A recent study investigating the effects of SOX4 in human cutaneous melanoma revealed that 
the tumor-suppressive activities of SOX4 might also stem from its ability to regulate tumor 
cell migration and invasion (101, 112). Ectopic SOX4 expression decreased melanoma cell 
migration, invasion and stress fiber formation through direct transcriptional repression of 
the pro-metastatic factor NF-κB p50. Markedly reduced expression of SOX4 was observed 
in metastatic melanoma compared to primary tumors, which inversely correlated with NF-
κB p50 expression and was related to diminished patient survival (101). In addition, SOX4-
induced suppression of melanoma metastasis can be mediated by direct transcriptional 
regulation of DICER a critical component of the microRNA (miRNA) processing pathway 
(112). In patient samples, DICER expression positively correlated with SOX4 expression and 
reduced DICER expression was linked to disease progression and decreased patient survival 
(112). Moreover, in vitro knockdown of DICER increased melanoma invasion in matrigel and 
its overexpression was sufficient to revert the pro-invasive phenotype of SOX4 knockdown 
melanoma cells. Interestingly, knockdown of SOX4 and resulting in decreased DICER 
expression greatly altered the melanoma miRNA profile, suggesting that changes in miRNA 
expression underlie the metastasis suppressive role of SOX4 in melanoma (112). 
Taken together these studies suggest that, depending on the type of cancer and cellular 
context, SOX4 may function as a tumor-suppressor, exerting its effects through induction of 
apoptosis or inhibition of tumor metastasis. 

Cellular context modulates SOX4 expression and activity

Context dependent and tumor-specific effects of SOX4 can originate from underlying 
differences in the control of its mRNA expression and differential regulation of its protein 
stability and activity (Fig. 2). 
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Regulation of SOX4 mRNA expression

SOX4 mRNA expression can vary greatly in a tumor-type specific manner through amplification 
of the SOX4 locus and the concerted activity of signaling pathways and microRNAs. The 
SOX4 6p22 locus has been observed to be amplified in bladder and lung cancer, resulting 
in increased SOX4 expression in the latter (87, 111, 113). Nevertheless, it remains to be 
determined whether amplification of the SOX4 locus occurs in a larger variety of human 
cancers and to which extend this contributes to the elevated expression of SOX4 in observed 
in human cancers. 
Differential expression of SOX4 could also be related to the activity of a variety of signaling 
pathways, such as the previously mentioned TGF-β and WNT-signaling pathways (Fig. 2). 
In addition to TGF-β and WNT-signaling, SOX4 expression is under control of estrogen and 
progesterone in female reproductive tissues, as well as in normal and malignant breast 
tissue (114). SOX4 expression is rapidly induced upon activation of the progesterone receptor 
resulting in enhanced transcriptional activity (114, 115). Interestingly, SOX4 activity in 
hormone sensitive tissues has the potential to induce a positive feedback loop by regulating 
expression of the gonadotropin releasing hormone (GnRH) which subsequently induces the 
release of estrogen and progesterone through follicle stimulating hormone (FSH), luteinizing 
hormone (LH) (116, 117). During normal development estrogen and progesterone control 
the growth and differentiation of the mammary gland. However, both these hormones also 
profoundly influence the development of breast cancer (118, 119). It is thus possible that 
in the context of hormone sensitive cancers such as breast cancer and ovarian cancer, the 
tumorigenic effects exerted by SOX4 depend on the expression and activation of the estrogen 
and progesterone receptors, providing an example of context specific regulation, even 
between cancer subtypes. 
Tumor-type and stage specific expression of SOX4 can also occur through microRNA mediated 
regulation of mRNA stability and protein translation. In bladder cancer, genomic profiling 
of miRNAs revealed that expression of the SOX4 targeting miRNA-129 positively correlated 
with disease progression. The expression of miRNA-129 inversely correlated with SOX4 
expression levels and was associated with poor-outcome, suggesting that in the context of 
bladder cancer miRNA-mediated repression of SOX4 expression promotes tumor progression 
(120). In contrast, loss of SOX4 targeting miRNAs in gastric cancer, endometrial cancer and 
breast cancer has been demonstrated to promote tumor-progression (63, 89, 90). In both 
endometrial and gastric cancer, SOX4 mRNA expression can be repressed by miRNA-129-2, 
the expression of which is frequently lost due to hypermethylation-mediated silencing 
resulting in elevated SOX4 expression (89, 90). In endometrial cancer, loss of miRNA-129-2 
was demonstrated to promote cell proliferation and correlated with poor overall survival 
in patients (89), whereas in gastric cancer, depletion of SOX4 through ectopic expression of 
miRNA-129-2 or siRNA mediated knockdown was shown to induce apoptosis (90). It thus 
appears that miRNA-mediated regulation of SOX4 expression in gastric and endometrial 
cancer plays an important role during tumorigenesis. 
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In a similar manner, SOX4 mRNA expression has been shown to be directly regulated through 
miRNA-335 the breast cancer cell line MDA-MB-231 (63). The expression of miRNA-335 was 
lost in MDA-MB-231 derivative breast cancer cell lines which readily metastasize to either lung 
or bone (63). Ectopic expression of miRNA-335 or SOX4 knockdown in these highly metastatic 
MDA-MB-231 cells altered breast cancer cell morphology and decreased migration and 
invasion in vitro and significantly reduced metastatic foci in the lungs in vivo, suggesting that 
in part miRNA-335 exerts its anti-metastatic effects through regulation of SOX4 expression 
(63). In the breast cancer cell line SUM159, SOX4 has been demonstrated to be the target 
of miRNA-93 which is frequently overexpressed in a variety of human cancers and affects 
stem cell differentiation and proliferation in both normal mammary tissue and breast 
cancer (121). Ectopic expression of miRNA-93 in a xenographt mouse model of breast cancer 
abrogated tumorigenesis and metastasis. Moreover, in SUM159 cells miRNA-93 was observed 
to promote MET and maintain an epithelial state by decreasing TGF-β signaling and the 
expression of stem cell related genes such as AKT3, EZH1 and SOX4 in vitro (121). Thus, 
miRNA-335 and miRNA-93 mediated modulation of SOX4 expression appears to influence 
breast cancer progression by affecting the generation of cancer stem cells, EMT and tumor 
metastasis. These findings indicate that elevated SOX4 expression might in part result from 
hypermethylation mediated silencing of specific miRNAs, adding another level of complexity 
to the regulation of SOX4 mRNA expression. 
Taken together these findings indicate that context dependent and tumor-specific 
mechanisms regulate SOX4 expression on a number of levels, suggesting that tight regulation 
of this transcription factor is important during development and that aberrant regulation 
may impact on various aspects of tumorigenesis.

Regulation of SOX4 protein expression and activity

In addition to regulation of SOX4 on the mRNA level, modulation of SOX4 transcriptional 
activity and expression can occur through post-translational modifications and protein-
protein interactions. Despite the crucial role of post-translational regulation for the proper 
activation of most transcription factors, the knowledge about the regulation of SOX4 this level 
remains limited. The SOX4 protein has a very short half-life which potentially allows for the 
tight control of SOX4 protein levels (21). The rapid turn-over also indicates the requirement 
to evaluate SOX4 protein levels as post-translational regulation of protein expression could 
result in a large discrepancy between mRNA and protein expression. The rapid protein 
turnover of SOX4 is reminiscent of important transcriptional regulators such as p53 and 
MYC of which the protein expression is tightly controlled on the post-translational level. For 
several members of the SOX-family of transcription factors, post-translational modifications, 
including phosphorylation, acetylation and sumoylation have been described to regulate 
protein expression, activity and localization. However, there is currently no direct evidence 
showing that the transcriptional activity of SOX4 is regulated in this manner. Nevertheless, it 
is likely that similar to other SOX-family members, SOX4 activity is regulated through distinct 
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post-translational modifications (122). Multiple SOX4 post-translational modifications 
(PTM) identified by mass-spectrometry have been reported, although the function of these 
modifications remains to be determined (www.phosphosite.org) (Fig. 1) (123).
Transcriptional activity and target gene specificity of SOX4 is also controlled through 
cooperative interactions with distinct transcription factors and co-factors. Syntenin-1 has 
been identified as an important regulator of SOX4 protein stability and transcriptional activity 
(21). Syntenin-1 interacts with a large variety of cell surface proteins including IL-5 receptor, 
Syndecans, Ephrin and Frizzled receptors and its expression contributes to metastasis in 
breast cancer, gastric cancer and melanoma (124, 125). Thus, syntenin-1-mediated regulation 
of SOX4 stability might contribute to tumorigenesis and metastasis. In addition, SOX4 has 
been shown to associate with the E2 ubiquitin-ligase Ubc9, which inhibits the transcriptional 
activation of SOX4 downstream of the progesterone pathway independent of its SUMO-1 
conjugating activity (115).
SOX4 also interacts with a number of transcription factors including TCF and OCT-4 to 
synergistically activate target genes in respectively colorectal cancer and glioma, respectively 
(75, 79). In colon cancer SOX4 has been shown to cooperate with the oncogenic transcription 
factor ETS-1 to promote transcription of the lymphocyte specific protein tyrosine kinase 
(LCK), a gene which has been correlated with high recurrence of liver metastases (126, 127). 
ETS-1 functions as a potent oncogene in a wide variety of tumors, including colorectal cancer, 
and it is possible that synergistic activation of shared SOX4/ETS-1 target genes contributes 
to tumor formation and metastasis (128). This cooperative binding and activation of target 
genes appears to be a common feature within the SOX family of transcription factors, making 
it very likely that, yet to be identified, transcriptional partners of SOX4 contribute to its 
selection of its pro- or anti-tumorigenic target genes (129).
SOX4 transcriptional activity can also be determined by the mutational status of the cancer 
cell. It is possible that SOX4 itself is mutated resulting in aberrant regulation and activity. 
Evidence to support this notion is present in lung tumors where deregulation of SOX4 
occurs through tumor-specific acquired somatic mutations (87). One mutation introduces 
a premature stopcodon (S395X) in SOX4, which abrogates its transcriptional activity, but 
dramatically increases protein stability which is consistent with findings that the C-terminal 
TAD regulates SOX4 proteasomal degradation (21, 87). Interestingly, this SOX4 mutant acted 
in a dominant negative manner on RHO-Q63L and HRAS-G12V induced transformation 
of NIH3T3 cells, whereas wild-type SOX4 promoted cellular transformation. In addition to 
mutations in SOX4, mutations in receptor signaling pathways and the DNA-damage pathway 
could affect SOX4-dependent processes. For example, the interaction between SOX4 and 
DNA damage response pathway may be disrupted through frequently occurring mutations 
in p53, resulting in contrasting effects of SOX4 activation on cell survival depending on the 
tumor-type. 
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Future perspectives

From the time of its discovery, SOX4 has been demonstrated to be critical for numerous 
aspects of embryogenesis and various facets of tumorigenesis and tumor progression. In the 
development of human cancers, SOX4 has disparate roles acting as either a tumor suppressor 
or an oncogene and affects key processes related to tumor biology, including apoptosis, cell 
proliferation, migration, metastasis, EMT and cancer stemness. The opposite roles of SOX4 
in these processes could be related to, yet unexplored, regulation of expression levels and 
protein activity of this transcription factor through transcriptional, post-transcriptional and 
post-translational events. This is influenced by co-factors, gene mutations, miRNAs, and 
various signaling pathways, the cellular context and tumor-type thus determines whether 
SOX4 acts as a friend or a foe. Nevertheless, although this dual role of SOX4 in tumorigenesis 
and progression has recently been appreciated, it warrants further investigation into its 
function and regulation. 
Future insight into the regulation of SOX4 and its downstream target genes in the context 
of cancer development and progression, could prove useful to design pharmacological 
compounds which modulate the activity of this important transcription factor. However, 
despite the prospective therapeutic benefits of such compounds it is imperative to carefully 
assess the cellular context of the tumor and role of SOX4 herein to prevent adverse effects 
brought on by inhibition of its tumor-suppressive function.
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Abstract

The transcription factor Sox4 is aberrantly expressed in many human tumors and can modulate 
tumorigenesis and metastases of murine tumors in vivo. However, mechanisms that control 
Sox4 function remain poorly defined. It has recently been observed that DNA damage increases 
Sox4 protein expression independently of Sox4 mRNA levels suggesting an as yet undefined 
post-transcriptional mechanism regulating Sox4 expression and functionality. Here, we show 
that Sox4 protein is rapidly degraded by the proteasome as indicated by pharmacological 
inhibition with Mg132 and epoxymycin. Sox4 half-life was found to be less than one hour as 
evident by inhibition of protein synthesis using cycloheximide. Ectopic expression of Sox4 
deletion mutants revealed that the C-terminal 33 residues of Sox4 were critical in modulating 
its degradation in a poly-ubiquitin independent manner. Syntenin, a Sox4 binding partner, 
associates with this domain and was found to stabilize Sox4 expression. Syntenin-induced 
stabilization of Sox4 correlated with Sox4-syntenin relocalization to the nucleus where both 
proteins accumulate. Syntenin overexpression or knockdown in human tumor cell lines 
was found to reciprocally modulate Sox4 protein expression and transcriptional activity 
implicating its role as a regulator of Sox4. Taken together, our data demonstrate that the 
Sox4 C-terminal domain regulates poly-ubiquitin independent proteasomal degradation of 
Sox4 that can be modulated by interaction with syntenin. Since aberrant Sox4 expression 
has been found associated with many human cancers, modulation of Sox4 proteasomal 
degradation may impact oncogenesis and metastatic properties of tumors. 
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Introduction

Sox4 is a member of the highly conserved group C Sox transcription factors, which consists 
of two additional members; Sox11 and Sox12 (Bowles et al. 2000). The SoxC family members 
are grouped on the basis of the high degree of sequence similarity in their HMG-box DNA 
binding domain that has specificity for A/TA/TCAAAG, and are further distinguished from 
other Sox transcription factors by their conserved C-terminal transactivation domain (Dy 
et al. 2008; van De et al. 1993). Sox4 is important in a variety of developmental processes 
including cardiogenesis, neurogenesis, T- and B-cell differentiation, osteoblast development 
and development of the endocrine pancreas (Bergsland et al. 2006; Dy et al. 2008; Hunt and 
Clarke 1999; Nissen-Meyer et al. 2007; Schilham et al. 1997; Wilson et al. 2005). Sox4-deficient 
mice die at day E14 due to a circulatory failure caused by malformation of the heart (Schilham 
et al. 1996). In addition, Sox4 appears to play a dominant role in conferring oncogenic and 
metastatic transformation (Rhodes et al. 2004). High levels of Sox4 mRNA expression have 
been observed in a large number of human tumors including breast, lung, brain, prostate 
and ovarian cancer, and the Sox4 gene locus has been repeatedly found targeted by tumor-
promoting retroviral integration in mice (Lund et al. 2002; Shin et al. 2004; Suzuki et al. 2002). 
Together, these studies support the inclusion of Sox4 as one of the 64 genes that constitute 
a general cancer signature (Rhodes et al. 2004). Sox4 may thus be considered as a master 
regulator of cell fate and differentiation in numerous cell types and appears to play a 
dominant role in the development of neoplasia.
Post-transcriptional mechanisms regulating Sox4 protein expression and transcriptional 
activity have not yet been described but may very well be important in tumorigenesis. miRNA-
mediated reduction in Sox4 expression has been shown to correlate with reduced breast 
cancer metastases in vivo demonstrating a relation between Sox4 expression levels and 
cancer progression (Tavazoie et al. 2008). In addition, a recent study described somatic stop 
mutants of Sox4 in a primary lung tumor, and showed that Sox4 stop mutants associated with 
transforming ability in vitro and enhanced Sox4 protein levels (Medina et al. 2009). Induction 
of DNA damage has also been found to control Sox4 protein expression independent of its 
mRNA transcript levels suggesting post-transcriptional regulation of Sox4 in response to DNA 
damage (Pan et al. 2009). It therefore appears that regulation of Sox4 protein expression 
levels may be important in the development of cellular transformation and metastases, and 
plays an important role in regulating transcriptional pathways controlling tumorigenesis. 

Here, we provide evidence that Sox4 protein has a remarkably short half-life, and that protein 
expression and transcriptional activity can be regulated through a syntenin-dependent 
mechanism. We have identified a novel degradation motif in the Sox4 C-terminus that 
targets the protein for proteasomal degradation in a poly-ubuiquitin independent fashion. 
We demonstrate that the Sox4 binding partner syntenin/MDA-9 associates with the Sox4 
C-terminal domain, and relocalizes to the nucleus where it stabilizes Sox4 expression and 
transcriptional output. These data suggest that modulation of Sox4 degradation may 
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contribute to human tumorigenesis, and that therapeutic intervention designed to regulate 
proteasomal degradation of Sox4 may impact cancer development. 

Material and Methods

Antibodies, DNA constructs and reagents.

The following antibodies were used: mouse anti-Flag (M2) (unconjugated, FITC or horse 
radish peroxidase labeled), mouse anti-HA tag (12CA5), mouse anti b-tubulin, rabbit 
polyclonal serum against Sox4 were from Sigma Aldrich (Zwijndrecht) and Diagenode (Liege, 
Belgium), rabbit anti haemagglutinin (HA)-TRITC, goat anti Actin and rabbit anti syntenin 
were from Santa Cruz Biotechnology (Palo Alto, CA). Blocking serum and conjugated 
secondary antibodies were from Jackson Immunoresearch. Sox4 constructs were cloned 
and N-terminally tagged with Flag sequence by PCR using 5’BamHI and 3’XhoI restriction 
sites, and ligated into pcDNA3. Deletion mutants were generated by standard quickchange 
PCR protocols. Sox4-EGFP tagged fusion protein was constructed by ligating EcoRV-Sox4-
ClaI and BspEI-EGFP-XbaI in pcDNA3 constructs described originally by Michnick et al. 
mKATE2 (kindly provided by Dr. Chudakov, Shemiakin-Ovchinnikov Institute of Bio-organic 
Chemistry, Moscow) was ligated in NotI-ClaI restricted YFP2-syntenin (Beekman et al. 2009). 
All novel constructs were sequence verified. The optimal Sox4 luciferase reporter construct 
was kindly provided by Dr. H. Clevers (Hubrecht Institute, Utrecht). Syntenin constructs 
have been described (Geijsen et al. 2001). Poly-L-lysine, Mg132, epoxymycin, cycloheximide 
and leptomycin B were from Sigma Aldrich. Polyethylimine (PEI) was purchased from 
Polysciences (Eppelheim).  Syntenin-targeting small inhibitory RNA (siRNA) were previously 
described (Beekman et al. 2009).

Cell lines and transfection

HepG2, A549, MCF7 and Hek293 cells were maintained in DMEM supplemented with 8% heat 
inactivated FCS, penicillin and streptomycin at 37˚C and 5% CO2 as described (Beekman et 
al. 2009). HMECs were cultured as described (Elenbaas et al. 2001). Cells were passed 1 to 7 
surface area, and transfected the next day with a mixture of DNA/PEI complexes as indicated, 
washed and analyzed 48 hours post transfection. SiRNA (20nM) was transfected using RNAi-
max (Invitrogen) according to the manufacturer’s instructions. 

Western Blots

Whole cell lysates were prepared and protein concentration determined as previously 
described (Beekman et al. 2009). Briefly, samples were analyzed by SDS-PAGE and transferred 
to PVDF membrane (Milipore, Bedford, MA). The membranes were blocked with 5% milk 
protein in Tris-buffered saline containing 0.3% Tween-20, and probed with antibodies as 
indicated. Blots of co-immunoprecipitation experiments were analyzed using HA and Flag 
antibodies conjugated directly to HRP. The membranes were washed, and developed by 
ECL and exposure to Kodak XB films (Rochester, NY). For quantification of protein levels 
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the integrated density values were determined and corrected for background using ImageJ 
software (Http://rbs.info.nih.gov.ij/). Student’s T test was applied for statistics.

Quantitative reverse transcriptase PCR 

RNA isolation, cDNA synthesis, and quantitative PCR using SYBR green was 
performed as described (van Loosdregt et al. 2010). Forward Sox4 primer consisted 
of 5’-ggcctcgagctgggaatcgc, reverse Sox4: 5’-gcccactcggggtcttgcac ; forward syntenin: 
5’-gcggcgagcggttccttgt , reverse syntenin: 5’-tgctggattggcagggtttgcag, b-2-microglobulin 
primers have been described (van Loosdregt et al. 2010). 

Immunofluorescence and Confocal Microscopy

HEK293 cells were cultured on poly-L-lysine coated microscope glasses (Thermoscientific, 
Waltham, MA) and transfected with Sox4-EGFP, mKate2-syntenin or mKate2-syntenin together 
with Sox4-EGFP. After 48 hours, slides were washed, cells were fixed in PBS containing 3% 
PFA, and mounted in mowiol containing 3% DABCO and Dapi (Sanofi-Aventis, Paris, France). 
Immunofluorescent staining of HA and Flag was performed as described (Beekman et al. 
2004). Briefly, cells were PFA-fixed, permeabilized in PBS containing 0.25% saponin and 5% 
mouse serum and goat serum, and stained by mouse anti-Flag-FITC and rabbit anti-HA-
TRITC followed by goat anti rabbit-DyLight555-conjugated (serum and secondaries from 
Jackson Immunoresearch). Cells were examined with the Carl Zeiss confocal microscope 
LSM 710 (Oberkochen, Germany) with a 63x objective.

Co-immunoprecipitation

HEK293 cells were transfected by PEI-DNA complexes in poly-L-lysine coated 70 cm2 culture 
dishes. Two days later, cells were resuspended in PBS, and lysed in 1 ml RIPA buffer. The 
lysates were spun down, incubated with 10 µl 50% slurry Flag-antibody-coated agarose 
beads (Sigma Aldrich) for two hours. The beads were washed three times for three minutes 
and boiled for five minutes in reducing sample buffer before Western Blot analysis.   

Luciferase assays

Hek293, HepG2 and U2OS cells were grown on 6 wells-plates and transfected with Sox 
constructs together with an optimal luciferase reporter construct that contains seven Sox4 
binding sites (AACAAAG). In each sample pRLTK renilla (Promega, Leiden, The Netherlands) 
was co-transfected to normalize for transfection efficiency. Two days after transfection, cells 
were washed twice with PBS and lysed in 50 µl passive lysis buffer (Promega, Leiden, The 
Netherlands) for 15 min according to the manufacturer’s instructions. The insoluble cell 
debris was spun down and the supernatant fraction was assayed for luciferase activity using 
a dual-Luciferase Reporter Assay System (Promega), and for protein expression by Western 
blot.



68

chapter 3

Results

Sox4 expression is regulated by proteasomal degradation

To evaluate whether Sox4 protein expression may be post-transcriptionally regulated, we 
measured Sox4 mRNA transcript and protein levels in several human tumor cell lines. Sox4 
protein was found differentially expressed in HepG2 cells (hepatocellular carcinoma), MCF7 
(breast carcinoma), A549 cells (lung basal cell carcinoma), and U2OS cells (osteosarcoma) 
(Fig.1A). In contrast, Sox4 mRNA levels were similar between HepG2, MCF7 and A549 
cells indicating that Sox4 protein expression may be regulated through cell type-specific 
post-transcriptional mechanisms (Fig.1B). Sox4 mRNA levels in U2OS cells were lower as 
compared to other cells tested, but were still detected at significant levels (Supplementary 
Fig. S1). To investigate regulation of Sox4 expression under steady state conditions, we 
incubated HepG2, U2OS and MCF7 cells with cycloheximide (CHX) to inhibit protein synthesis 
and observed Sox4 protein levels rapidly decreased indicating Sox4 half-life is less than one 
hour (Fig. 1C). Sox4 protein expression was found dramatically increased upon incubation 
of all cell lines tested with the peptide aldehyde Mg132 that inhibits the proteasome, while 
mRNA levels remained unchanged or lowered (Fig. 1D+E, and Supplementary Fig. S1). 
Mg132-mediated upregulation of Sox4 was also observed in primary mammary epithelial 
cells and HEK293 cells (Supplementary Fig. S1). Overnight incubation of HEK cells ectopically 
expressing Sox4 with epoxymycin further confirmed proteasomal degradation of Sox4 (Fig. 
1F). Taken together, these data demonstrate that Sox4 protein expression is regulated at the 
post-transcriptional level through proteasome-mediated degradation.

The Sox4 C-terminus contains a novel degradation motif 

To define the region of Sox4 responsible for proteasomal targeting, we generated Sox4 
deletion mutants based on the original domain architecture defined by van de Wetering et al 
(Fig. 2A) (van de Wetering et al. 1993). Sox4 mutants containing the C-terminal transactivation 
domain (TAD) encoded by residues 299-440 were consistently expressed at low levels, but 
their expression was strongly increased upon Mg132 treatment (Fig. 2B). These differences 
could not be explained by transfection efficiency (Supplementary Fig. S2). Expression of 
the Sox4 299-440 was undetectable when cells were not pre-incubated with Mg132, but 
proteasomal inhibition resulted in dramatically increased expression.  Taken together, these 
data suggest that Sox4 299-440 contains a functional degradation motif. 
To determine whether Mg132-sensitive Sox4 protein expression correlated with subcellular 
localization, we studied the localization of all Sox4 mutants indicated in Fig. 2A. Sox4 is 
primarily localized in the nucleus but a significant cytosolic fraction was also observed (Fig. 
2C + Fig. 5D). We observed that the N-terminal region (residues 1-135 or 59-298 that share the 
DNA-binding domain 59-135) regulated Sox4 nuclear localization. Mutants lacking the DNA 
binding domain such as Sox4 136-298 or 136-440 were found accumulated in the cytosol, 
similar to the individual domains of Sox4. Mg132 did not affect subcellular localization 
as demonstrated for full-length Sox4, or C-terminal domain containing Sox4 mutants 
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Figure 1. Sox4 protein expression is regulated post-transcritionally. 

A, Western blots containing 50 mg protein of whole cell lysates (WCL) of U2OS, HepG2, A549 or MCF7 cells 
were incubated with Sox4 antibody (upper panel) and subsequently incubated with anti-tubulin antibody 
to demonstrate identical loading. A representative blot of three independent experiments is shown. B, 
Quantification of Sox4 mRNA levels in multiple cell lines using qRT-PCR. Sox4 levels were normalized to b2m 
levels per cell line. Data (average±sd) from three independent experiments are indicated. C, HepG2 cells were 
incubated with cycloheximide (CHX, 0.15 mg/ml) for indicated timepoints and Sox4 protein expression analyzed 
by Western blot (left panel). A representative experiment is shown and quantification of three independent 
experiments is indicated in the right panel (average±sd). D, Mg132 (16 hours, 0.4 mM) increases Sox4 protein 
levels at the post-transcriptional level. Whole cell lysates (WCL) and RNA were prepared of cells incubated 
overnight with Mg132. Western blots were analyzed for Sox4 and syntenin expression. E, Sox4 and syntenin mRNA 
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Figure 2. The Sox4 C-terminal domain is rapidly degraded by a proteasomal dependent 
mechanism. 

A, Domain architecture as indicated by van de Wetering et al (EMBO 1993). The predicted DNA binding domain 
(DBD; residues 59-135) is separated by a glycine-rich region from the transcriptional activation domain (residues 
299-440). B, Mg132-sensitivity of (mutant) Sox4 protein upon ectopic expression in HEK293 cells and overnight 
incubation with Mg132. Western blots were prepared and incubated with Flag antibody to determine Sox4 
protein expression levels (upper panel) and were reprobed with actin antibody to validate equal loading (lower 
panel). Samples from the left panel were present on the same membrane. Sox4 136-298 and 299-440 were 
analyzed on a different membrane. A representative blot out of three independent experiments is shown. C, 
Subcellular distribution of Sox4 (mutants) in HEK293 cells as indicated by Flag-antibody conjugated to FITC 
(upper panel). The lower panel shows DIC images overlaid with confocal images of FITC to indicate Sox4 and 
DAPI to indicate the nucleus. A representative examples from three independent experiments is shown. D, 
HEK293 cells expressing Flag-Sox4 were overnight incubated with leptomycin B that inhibits nuclear export and 
Western blots were prepared, and analyzed for Sox4 and tubulin as loading control. A representative example 
from two independent experiments is shown. The lower graph shows the quantification of Sox4 levels upon 
leptomycin B treatment (16 hours, 2ng/ml) of two independent experiments (average±sd).  

levels were measured by qRT-PCR and expressed relative to b2m. Data from three independent experiments are 
indicated (average±sd). F, Upper panel, Flag-Sox4 was ectopically expressed in HEK in the presence or absence 
of Mg132 or epoxymycin (100 nM) and Sox4 protein levels were assessed by Western blotting (one representative 
out of three independent experiments is shown). Lower panel, quantification of Mg132 or Epoxymycin-induced 
Sox4 protein expression in HEK293 cells of three independent experiments (average±sd). 
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(Supplementary Fig. S3). This suggested that proteasomal degradation can occur both 
in the nucleus (wt Sox4) and the cytoplasm (Sox4 136-440). To further investigate whether 
Sox4 degradation can occur in the nuclear compartment, HEK293 cells expressing Sox4 were 
incubated with Leptomycin B (LMB) to inhibit nuclear export and thereby facilitating nuclear 
accumulation of Sox4. Indeed, we observed reduced levels of Sox4 upon LMB incubation 
suggesting Sox4 degradation occurs predominantly in the nuclear compartment (Fig. 2D). 
Together, these data demonstrate proteasomal degradation of Sox4 is dependent on its 
C-terminal TAD (residues 299-440) and can occur both in the nucleus and cytoplasm. 

The C-terminal 33 residues of Sox4 mediate proteasomal degradation
Proteasomal degradation of proteins is frequently regulated by poly-ubiquitination of 
lysine residues (Goldberg 2003; Kerscher et al. 2006). However, the Sox4 299-440 deletion 
mutant contains no lysine residues, and we have not been able to demonstrate Sox4 poly-
ubiquitination (Supplementary Fig. S4). In addition, a Sox4 mutant in which all lysine 
residues were substituted for arginines (Sox4-K29R) was still degraded by the proteasome 
and was significantly degraded, albeit somewhat reduced compared to wild type Sox4, upon 
cycloheximide treatment supporting lysine-independent regulation as dominant mechanism 
for Sox4 proteasomal degradation (Supplementary Fig. S2 and S4). PEST domains have 
been shown to control proteasomal degradation in a ubiquitin-independent manner (Asher 
et al. 2006; Belizario et al. 2008; Rechsteiner and Rogers 1996). These domains are enriched 
for prolines (P), aspartic acid (D), glutamic acid (E), serines (S) and threonines (T) and act 
by destabilizing protein termini that are then directly recognized by the 20S proteasome 
and degraded. In silica PEST prediction analysis (PEST Find http://www.at.embnet.org/
toolbox/pestfind) predicted multiple PEST-like domains in Sox4, including the C-terminal 
domain (residues 345-395) where a PEST domain was predicted with strong confidence in 
a region of Sox4 highly enriched for serines (Fig.3A). Based on these predictions, additional 
Sox4 mutants were generated that would disrupt potential PEST domains, and Mg132-
sensitivity was assessed in HEK293 cells. We found that C-terminal Sox4 mutants lacking 
the last 46 or 95 amino acids were both highly expressed and insensitive to Mg132 (Fig. 
3B). Sox4 lacking the predicted C-terminal PEST domain (residues 345-395, Sox4D345-395) 
displayed an intermediate phenotype between wild-type Sox4 and C-terminal mutants. 
To directly demonstrate the relevance of these regions on Sox4 proteasomal degradation, 
we transfected cells with Sox4 deletion mutants lacking predicted PEST domains, as well 
as mutants lacking the N- and C-termini, and incubated cells with cycloheximide to inhibit 
protein synthesis. Expression of Sox4 C-terminal deletion mutants were dramatically 
increased upon cycloheximide treatment compared to wild-type Sox4, and the Sox4 
degradation domain could be further localized to the last 33 amino acids (Fig. 3C+D). Sox4 
stability was unaffected by deletion of the N-terminus (1-58), whereas deletion of Sox4 
345-395 (C-terminal PEST domain), or the N-terminal predicted PEST domain (61-73) only 
modestly affected Sox4 stability (Fig. 3D). Rapid degradation of the Sox4D345-395 mutant 
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further validates the observation that it is the C-terminal 45 amino acids that are sufficient to 
drive degradation, since Sox4 1-344 expression is stable. These data demonstrated that the 
primary domain regulating rapid Sox4 proteasomal degradation resides within the last 33 
C-terminal amino acids. 

Syntenin regulates Sox4 protein expression by association with the Sox4 C-terminal 
domain

We have previously reported that the adapter protein syntenin also known as MDA-9 associates 
with Sox4 (Geijsen et al. 2001, Lin et al. 1998). Endogenous syntenin and Sox4 expression levels 
appear to correlate to some degree, particularly upon Mg132 treatment (Fig. 1D). In contrast 
to Sox4, Mg132-increased syntenin protein levels were generally associated with increased 

Figure 3. Ubiquitin-independent degradation of Sox4 is primarily modulated by the C-terminal 33 
residues of Sox4. 

A, Prediction of potential PEST sites using PESTfind (http://www.at.embnet.org/toolbox/pestfind). Light 
grey boxes indicate predictions with poor potential whereas the dark grey box indicates a PEST site with 
high potential. B, Sox4 C-terminal domain mutants were expressed in HEK293 cells and incubated overnight 
with Mg132.  Western blots were prepared and probed for Sox4 and actin. A representative example of three 
independent experiments is shown. C, Sox4 degradation is abrogated in C-terminal Sox4 deletion mutants. 
HEK293 cells were transfected with wild-type or Sox4 1-395 and incubated with cycloheximide (CHX, 0.15mg/
ml) to prevent de novo protein synthesis as indicated. Tubulin was used as loading control. A representative 
example from three independent experiments is shown. D, Quantification of (mutant) Sox4 turn-over upon 
incubation with cycloheximide from three independent experiments (average±sd).         
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mRNA levels (Fig. 1E). To evaluate whether syntenin may regulate Sox4 protein expression, 
we ectopically co-expressed both proteins in HEK293 cells and observed increased levels of 
Sox4 (Fig. 4A+C). Expression of Sox4 deletion mutants that lacked the C-terminal domain 
were not stabilized by syntenin but addition of the last 45 amino acids to the Sox4 1-344 
(Sox4D345-395) again rendered expression syntenin-dependent (Fig. 4B+C). Expression of 
Sox4 299-440 was also enhanced by co-expression of syntenin. We have previously reported 
that the N-terminal domain of syntenin associates with Sox4 (Geijsen et al, 2001), and 
therefore investigated the syntenin-binding region within Sox4 by co-immunoprecipitation 
analysis. Sox4 and syntenin were found to co-immunoprecipitate, and both the Sox4 DNA 
binding domain (residues 59-135) and C-terminal residues 299-440 were found to mediate 
association with syntenin (Fig. 4D). We were unable to detect expression of Sox4 1-58 by 

Figure 4. Syntenin increases Sox4 expression by binding to the Sox4 C-terminus. 

A, Syntenin was co-expressed with increasing amounts of Sox4 in HEK293 cells and Sox4 levels analyzed by 
Western blotting. Actin was used as loading control. A representative example from three independent 
experiments is shown. B, Syntenin was co-expressed with Sox4 mutants for 48h in HEK293 cells as indicated. 
Western blots were analyzed for Sox4 protein expression, and actin to validate loading. A representative 
example from three independent experiments is shown.  C, Quantification of syntenin-mediated upregulation 
of Sox4 and deletion mutants from three independent experiments (average±sd). D, Co-immunoprecipitation 
of syntenin with Sox4 mutants. Flag-Sox4 was immunoprecipitated (IP) from lysates of HEK293 cells expressing 
(mutant) Sox4 and co-immunoprecipitation (co-IP) of HA-tagged syntenin was analyzed by Western blot. 
Whole cell lysates (lysates) were analyzed for syntenin expression and tubulin to validate equal loading. A 
representative example from three independent experiments is shown.    
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Western blot due to its small size but observed expression by immunofluorescence (Fig. 
2C).  These data demonstrate that syntenin association with the Sox4 C-terminus is a critical 
determinant for its capacity to enhance Sox4 protein expression level. 

Nuclear relocalization of syntenin by Sox4 associates with Sox4 accumulation

To better understand the mechanisms by which syntenin can stabilize Sox4 expression, 
we analyzed their subcellular distribution by confocal microscopy. EGFP-tagged Sox4 was 
predominantly localized in the nucleus with a minor cytosolic component (Fig. 5A). Syntenin 
fused to the red fluorescent protein mKATE2 was mostly localized in the cytosol. Upon co-
expression of these proteins, both proteins accumulated in the nucleus as indicated by 
co-staining (Fig. 5B). EGFP co-expressed with mKATE2-Syntenin did not induce nuclear 
relocalization indicating Sox4 as dominant factor in relocating mKATE2-syntenin (Fig. 5C). 
These results were confirmed by analysis of Flag-tagged Sox4 and HA-tagged  syntenin 
expression (Fig. 5D). Expression of Sox4 mutants not localizing to the nucleus failed to induce 
nuclear relocalization of syntenin suggesting that Sox4 is the dominant factor in modulating 
subcellular localization (Fig. 5E). These results were confirmed when nuclear and cytosolar 
fractions were analyzed upon co-expression of Sox4 and syntenin (Supplementary Fig. S5) 
Together, these data suggest that interactions between Sox4 and syntenin result in nuclear 
relocalization of syntenin which can subsequently prevent Sox4 degradation.  

Sox4 protein expression and transcriptional activity is modulated by syntenin

To further confirm that syntenin regulates endogenous Sox4 protein expression and function, 
we utilized two independent siRNA to reduce syntenin expression level. Since HepG2 cells 
have both high levels of syntenin and Sox4, we analyzed both Sox4 mRNA and protein levels 
upon syntenin knockdown in these cells. Reduced syntenin expression resulted in a 50% 
reduction in Sox4 protein expression, while mRNA levels for Sox4 remained unaffected (Fig. 
6A + Supplementary Fig. S6). To study the capacity of syntenin to modulate endogenous 
Sox4 transcriptional activity, we utilized a luciferase reporter construct containing a Sox4 
responsive promoter (Geijsen et al. 2001). We observed high promoter activity in HEK293 
cells upon co-transfection of the reporter construct with wild-type Sox4 demonstrating Sox4 
specificity (Fig. 6B). Sox4 specificity was further confirmed by overexpression of mutant Sox4 
1-135 or Sox4 59-298 that abrogate Sox4-induced reporter activity indicating that both Sox4 
1-135 and Sox4 59-298 can act as dominant-negative mutants. We next assessed the capacity 
of syntenin to enhance endogenous Sox4 transcriptional activity in cells with low Sox4 and 
syntenin levels (U2OS cells) or high Sox4 and syntenin-expressing cells (HepG2). In both cell 
types, we observed that ectopic syntenin expression increased Sox4 transcriptional activity 
as indicated by increased reporter activity that could be inhibited by overexpression of Sox4 
59-298 (Fig. 6C). Importantly, syntenin knockdown was found to reduce Sox4 transcriptional 
activity in both U2OS and HepG2 cells further establishing that syntenin can directly 
modulate Sox4 transcriptional activity. Taken together, these data demonstrate that syntenin 
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Figure 5. Nuclear accumulation of Sox4 and syntenin. 

A, Sox4-EGFP tagged and mKATE2-syntenin were independently (left panel Sox4, middle panel syntenin) or co-
expressed (right panel) in HEK293 cells, fixed and imaged by confocal microscopy.  Nuclei were stained with dapi 
(blue), and differential interference contrast (Dic) images are indicated in the right bottom corner. Representative 
examples from three independent experiments are shown. B, Magnification of Sox4-EGFP mKATE2-syntenin 
expressing Hek293 cells. C, Expression of mKATE2-syntenin with EGFP tag alone (n=3). D, Immunofluorescent 
staining of HA-syntenin and Flag-Sox4 upon expression in Hek293 cells. Three independent experiments were 
performed and one representative example is shown. E, Co-expression of HA-syntenin with Flag-Sox4 mutants 
as indicated.  Representative examples from three independent experiments are shown.
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Figure 6. Regulation of endogenous Sox4 expression and transcriptional activity by syntenin. 

A, HepG2 cells were transfected with control siRNA or a syntenin-targeting siRNA and Western blots were 
prepared to assess Sox4 and syntenin levels (left panel). The right panel shows the quantification of Sox4 
levels upon knockdown with two syntenin-targeting siRNA (siSyn#1 and siSyn#2) from three independent 
experiments (average±sd). B, HEK293 cells were transfected with limited amounts of wild-type Sox4 (0.1mg) 
and 1 mg of mutant Sox4 construct. Sox4 transcriptional activity was assessed by a Sox4 luciferase reporter 
(Geijsen et al. 2001). A representative experiment (average±sd) from three independent experiments is shown. 
C, Sox4 transcriptional activity was assessed in U2OS cells (upper panel) and HepG2 cells (lower panel). Cells 
were transfected with syntenin with or without dominant negative Sox4 (Sox4 59-298) and a Sox4 luciferase 
reporter construct. A representative example (average±sd) from three independent experiments is shown. D, 
Endogenous Sox4 transcriptional activity was assessed upon transfection of a Sox4 luciferase reporter plasmid 
in combination with syntenin or control knockdown in U2OS cells (upper panel) or HepG2 cells (lower panel). A 
representative experiment (average±sd) from three independent experiments is presented.
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can regulate Sox4 transcriptional output by stabilizing its expression through prevention of 
proteasomal degradation. 

Discussion

The Sox4 transcription factor plays an important role in regulating cellular differentiation, 
proliferation and oncogenesis, however, post-transcriptional mechanisms regulating Sox4 
protein functionality remain undefined. Here, we have established that a novel C-terminal 
degradation motif within Sox4 mediates rapid proteasomal degradation. Our data reveals 
that Sox4 protein half-life is <1h, and that syntenin, a C-terminal interacting protein, can 
stabilize Sox4 protein expression thereby enhancing its transcriptional output. These data 
suggest that syntenin and Sox4, both independently implicated in modulating tumorigenesis, 
may cooperate in regulating cellular transformation and metastasis. 
We found the C-terminal domain, which is devoid of lysine residues, can modulate Sox4 
protein expression by targeting the proteasome, and were not been able to demonstrate 
Sox4 poly-ubiquitination. Sox4 proteasomal degradation appeared most prominent in the 
nucleus, but also cytosol-localized Sox4 mutants were sensitive to proteasomal degradation. 
Both nuclear and cytosolic proteasomal activity has been shown critical for regulation of 
multiple transcription factors by ubiquitin and non-ubiquitin dependent mechanisms 
(Kwak et al. 2010). Proteasome subunits diffuse throughout the cell during mitoses and the 
proportion of nuclear proteasomes are correlated to cellular proliferation rates suggesting 
that Sox4 degradation and function may be regulated during various stages of the cell cycle 
(Kruger et al. 2001; Reits et al. 1997). In contrast, nuclear shuttling of Sox4 as well as nuclear 
import of the proteasomal subunits itself may regulate Sox4 degradation and function in 
a time and tissue-specific manner (Fietta and Delsante 2010; Malki et al. 2010; Ziegler and 
Ghosh 2005). 
Since the Sox4 C-terminus is highly conserved between Sox11 and Sox12, and fully conserved 
between human and mouse (Supplementary Fig. S7), it is likely that other SoxC family 
members are regulated by mechanisms similar to those identified here for Sox4. It has been 
described that SoxC family members have overlapping expression patterns and molecular 
properties (Dy et al. 2008). Sox4 and Sox11 have both been implicated in cardiac and 
neuronal development whereas Sox12 appears redundant (Bergsland et al. 2006; Bhattaram 
et al. 2010; Hoser et al. 2008; Potzner et al. 2010). As C-terminal domains of other Sox family 
members diverge from SoxC family members, proteasomal regulation of Sox proteins 
appears confined to the SoxC family. Thus far, however, evidence is lacking that either Sox11 
or Sox12 is functionally regulated by the proteasome as we show here for Sox4. 
Models have been proposed in which intrinsic unstructured features at protein termini can 
lead to protein degradation by the 20S proteasome in a poly-ubiquitin independent fashion 
that can further be regulated by post-transcriptional mechanisms such as protein-protein 
interactions and phosphorylation (Asher et al. 2006; Dyson and Wright 2005; Prakash et al. 
2004). Early efforts to predict unstructured regions that are degraded by the proteasome 
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from primary sequence information suggested proline (P), glutamic acid (E), serine (S), and 
threonine (T; PEST)-rich regions to be important (Asher et al. 2006; Rechsteiner and Rogers 
1996), residues also enriched within the Sox4 C-terminal domain. Secondary structure 
prediction indicated that apart from the DNA binding domain that contained helical 
structures, the remaining part of Sox4 is likely to be disordered (www.predictprotein.org).  
Short-lived proteins with recognized unstructured regions include p53, p73, p21, c-Fos 
and IkBa, and their turn-over is significantly enhanced when compared to their turn-over 
in multimerized protein complexes (Asher et al. 2006; Asher and Shaul 2006; Basbous et 
al. 2008; Dyson and Wright 2005; Krappmann et al. 1996). Our data are consistent with a 
model in which the Sox4 C-terminus is intrinsically unstructured and thereby targeted for 
proteasomal degradation. Upon multimerization of Sox4 into larger protein complexes 
through association with syntenin (or other binding partners), Sox4 degradation is abrogated 
by adopting a structurized conformation or masking its degradation motif leading to 
enhanced Sox4 transcriptional activity. 
Syntenin/MDA-9 is an adapter protein that consists of an N-terminal domain, followed by 
a tandem PDZ module and a small C-terminal domain (Sarkar et al,  2004, 2008; Beekman 
and Coffer 2008). We have previously shown that IL-5 signaling activates Sox4 transcriptional 
activity by syntenin associating with the IL5Ra-chain, and further demonstrated syntenin 
to modulate IL-5-induced eosinophil differentiation of heamatopoietic stem cells (Geijsen 
et al. 2001; Beekman et al. 2009). In the current study we have shown that syntenin can 
directly stabilize Sox4 expression in a variety of (IL-5R negative) tumor cell lines. These 
data supports a much broader role for syntenin in regulating Sox-mediated transcriptional 
programs. Nuclear enrichment of syntenin, binding with its N-terminus to Sox4, would 
allow the selective recruitment of PDZ-domain interacting proteins that could modulate 
the transcriptional output of Sox4. Indeed, Sox4 but not Sox17 has been found to stimulate 
b-catenin/TCF signaling, a transcriptional complex involved in colon cancer (Sinner et al. 
2007). Other Sox4 C-terminal interacting proteins such as p53 may act in concert or compete 
with syntenin in regulating Sox4 protein stability and function (Pan et al. 2009). DNA damage 
has been described to stabilize Sox4 protein expression that is then critical for stabilization of 
the tumor suppressor p53 by a post-transcriptional mechanism. The molecular mechanisms 
by which Sox4 is stabilized by DNA damage are undefined but may involve rescue of Sox4 
from proteasomal degradation by syntenin or other binding proteins.
Syntenin was originally identified as melanoma differentiation associated gene-9 (MDA-9) 
(Lin et al. 1998). Since then, it has been shown to regulate the metastatic phenotype of human 
melanoma cells through interactions with c-src, protein kinase C alpha and activation of NF-
kB and p38 signaling pathways (Boukerche et al. 2008; Sarkar et al. 2008; Boukerche et al. 
2010). Syntenin also bind and regulate syndecans  as co-receptors for various growth factors 
and matrix components thereby controlling cellular proliferation, differentiation, adhesion, 
and migration (Lambaerts et al. 2009).  The adaptor molecule syntenin may provide crosstalk 
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between these pathways and Sox4 that may be important for regulating the tumorigenic 
properties of transformed cells. 
Sox4 gain-of-function or loss-of-function mutants may both contribute to oncogenesis 
depending on tissue-and tumor-specific conditions (Penzo-Mendez 2010). Recently, an 
acquired stop mutant in the C-terminal serine-rich region of Sox4 (S395X) was found 
associated with a primary lung tumor (Medina et al. 2009). Interestingly this Sox4 mutant 
demonstrated enhanced protein expression and, although it was not transcriptionally active, 
its ectopic expression modulated in vitro transformation of NIH-3T3 cells expressing the 
weakly oncogenic RhoA-Q63L mutant. Since this mutant lacks the C-terminal degradation 
domain identified in this study, the observed enhanced expression level of Sox4 S395X 
likely resulted from impaired proteasomal degradation. As demonstrated by our data, stop 
mutants of Sox4 may be expressed at dramatically increased levels compared to wild-type 
Sox4 and may promote oncogenesis by dysregulation of transcriptional networks. Stop 
mutants of Sox4 may also sequester Sox4 interacting proteins such as syntenin or p53 
thereby modulating their functions. 
The remarkable short half-life of Sox4 implies its functional activity can be rapidly regulated 
by a post-transcriptional mechanism that stabilizes its expression. Our findings clearly 
show that profiling of Sox4 mRNA expression levels is insufficient to draw any conclusions 
concerning Sox4 protein expression levels and function. Here, we demonstrated the Sox4 
C-terminus mediates its rapid turn-over, and that interacting proteins such as syntenin 
regulate Sox4 expression and function by binding this motif. These data may be exploited to 
design cancer therapeutics to manipulate Sox4 function by regulating its degradation by the 
proteasome. 
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Supplementary Figures
Supplementary Figure S1. Sox4 protein expression is regulated at the post-transcriptional level. 

Several human cancer cell lines were incubated overnight with Mg132 and mRNA and protein lysates were 
prepared. A, Quantitative RT-PCR for Sox4 (blue) and beta-2-microglobulin (red) using Sybr-green as described 
by Loosdregt et al, Blood, 2010, Feb 4;115(5):965-74.  The cycle number at which Sybr-green fluorescence 
reached a fixed threshold (3-fold above background levels) is indicated as cycle treshold. Higher cycle threshold 
indicates lower amounts of starting transcript levels. Data from two independent experiments were averaged. B, 
Whole cell lysates were quantified for total protein and Sox4 protein levels were analyzed by Western blot. Equal 
loading was validated by coomassie staining of the membranes. Data are representative of three independent 
experiments. C, Human immortalized primary breast epithelial cells, or (D) HEK293 cells were incubated with 
Mg132 overnight and protein lysates were analyzed for endogenous Sox4 by Western blot. Tubulin levels 
indicated equal loading. A representative example from three independent experiments is shown. 
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Supplementary Figure S2. Protein expression of (mutant) Sox4, and response to Mg-132 is 
independent of transfection efficiency. 

A, HEK293 cells were transfected with full-length Sox4 and mutants as indicated, and lysates prepared 48h 
post-transfection. Western blots were prepared and analyzed for Sox4 protein expression levels by anti-Flag 
antibody, subsequently for transfection efficiency by analyzing neomycin phosphotransferase II protein level 
(co-expressed from the plasmid expressing Sox4) using rabbit polyclonal serum (Millipore; cat no 06-747). 
Equivalent loading was validated by analyzing tubulin level. B, Cells were transfected as in A, but incubated 
overnight with or without Mg132 prior to cell lysis and Western blotting. Sox4 protein expression level, 
transfection efficiency and loading were analyzed as described under A. 

Supplementary Figure S3. Subcellular localization of Sox4 or C-terminus containing mutants 
Sox4 136-440 or 299-440 is not affected by proteasomal inhibition. 

HEK293 cells were transfected and incubated 48h post-transfection with Mg-132 treatment for 8 hours. Cells 
were then fixed, permeabilized and Sox4 localization was visualized by Flag immunoreactivity using confocal 
microscopy.  
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Supplementary Figure S4. Sox4 degradation is independent of lysine modification and poly-
ubiquitination. 

A, Protein expression of a Sox4-K29R upon cycloheximide incubation. HEK293 cells were transfected with 
mutant Sox4 in which all lysine residues were replaced by arginines. 48h Post-transfection, cells were incubated 
with cycloheximide for indicated timepoints and Sox4 protein expression analyzed by Western blotting. 
Tubulin levels were analyzed to validate equal protein loading. A representative example of three independent 
experiments is shown. B, Sox4 is not poly-ubiquitinated. HEK293 cells were transfected with His-ubiquitin 
and either HA-FoxP3 (positive control) or HA-Sox4. Cells were incubated overnight with Mg132, and lysates 
prepared 48h post-transfection. Anti-HA immunoreactivity was observed on Western blots containing whole 
cell lysates of transfected cells indicating the presence of transfected FoxP3 and Sox4 (left panel). When His-
ubiquitin conjugated proteins were collected using Ni-beads, large molecular weight complexes reactive with 
HA antibody were observed when Foxp3, but not Sox4, was transfected (right panel). A representative example 
of three independent experiments is shown.  



Syntenin enhanceS Sox4 expreSSion and function 

85

Ch
ap

te
r 3

Supplementary Figure S5. Nuclear accumulation of syntenin upon co-expression with Sox4. 

A. Hek293 cells were transfected with syntenin (0.2 µg) and increasing amounts of Sox4 (0.2 and 1.0 µg). Nuclear 
and cytosolic lysates were prepared and analyzed for Sox4 and syntenin content by Western blot (left panel). 
Equal loading was determined by analyzing histone 3 levels for nuclear fractions and actin levels for cytosolic 
levels. The right panel indicates the purity of the nuclear and cytosolic fractions. The cytosolic fraction was 
found somewhat more contaminated with nuclear proteins than vice versa. The results are representative of 
three independent experiments. B. Quantification of syntenin levels in A using image J.  
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Supplementary Figure S6. Sox4 mRNA transcript levels remain unaffected upon knockdown by 
syntenin-targeting siRNA. 

HepG2 cells were transfected with non-targeting or two independent syntenin-targeting siRNA and syntenin and 
Sox4 mRNA levels were monitored by quantitative RT-PCR 48h post-transfection. Data was normalized for b2-
microglobulin levels as described by van Loosdregt et al, Blood, 2010, Feb 4;115(5):965-74. Non-targeting siRNA 
conditions were set to 1. Data are representative of three independent experiments (average±sd).

Supplementary Figure S7. 

Sequence alignment of C-termini of human (h sap) and mouse (m mus) SoxC family members.
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Abstract

The epithelial to mensenchymal transition program regulates various aspects of embryonic 
development and tissue homeostasis, but aberrant activation of this pathway in cancer 
contributes to tumor progression and metastasis. TGF-β potently induces an epithelial 
to mensenchymal transition in cancers of epithelial origin by inducing transcriptional 
changes mediated by several key transcription factors. Here, we identify the developmental 
transcription factor SOX4 as a transcriptional target of TGF-β in immortalized human 
mammary epithelial cells. SOX4 expression and activity are rapidly induced in the early 
stages of the TGF-β-induced epithelial to mensenchymal transition. We demonstrate that 
conditional activation of Sox4 is sufficient to induce the expression of N-cadherin and 
additional mesenchymal markers including vimentin and fibronectin, but fails to induce 
complete EMT as no changes are observed in the expression of E-cadherin and β-catenin. 
Moreover, shRNA-mediated knockdown of SOX4 significantly delays TGF-β-induced mRNA 
and protein expression of mesenchymal markers. Taken together, these data suggest that 
TGF-β-mediated increased expression of SOX4 is required for the induction of a mesenchymal 
phenotype during EMT in human mammary epithelial cells. 
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Introduction

The epithelial to mesenchymal transition (EMT) program is a reversible process important 
during embryonic development and tissue homeostasis by controlling the formation of the 
body plan and tissue and organ differentiation [1]. Deregulation of EMT through incorrect 
or excessive activation can also result in adverse effects by inducing fibrosis and cancer 
progression [1]. Induction of EMT evokes a change from a polarized epithelial phenotype, in 
which cells are adherent to the basement membrane and express classical epithelial makers 
including E-cadherin and ZO-1, to a mesenchymal state in which cell-cell contact is lost and 
mesenchymal makers are expressed such as N-cadherin and Vimentin  [2,3]. TGF-β is a potent 
inducer of EMT in a wide variety of human cancers of epithelial origin. The EMT induced 
mesenchymal phenotype in epithelial cancer types is associated with increased migratory 
and invasive properties, basement membrane degradation, resistance to apoptosis and 
cancer stem cell characteristics, which ultimately results in increased metastasis, therapy 
resistance and poor-prognosis in cancer patients [2,3,4]. TGF-β-induced EMT is mediated 
by both the canonical Smad2/3 dependent pathway and the non-canonical Smad2/3-
independent pathway which includes the MAPK and PI-3K/PKB signaling routes [5]. The 
phenotypic changes observed during TGF-β-induced EMT are exerted through alterations in 
the expression of a variety of transcriptional regulators, including Snail, Slug, Twist, Goosecoid, 
zinc-finger E-box binding homeobox 1 (ZEB1) and FOXC2 [4]. Most of these transcription 
factors are transcriptional repressors involved in the direct or indirect down-regulation of 
E-cadherin expression and a reduction in the epithelial phenotype. In contrast, the TGF-β-
mediated induction of a mesenchymal phenotype during EMT appears to be controlled by 
transcriptional activators. For example, TGF-β-mediated induction of the transcription factor 
FOXC2 has been shown to be required for the increased expression of mesenchymal markers 
such as N-cadherin, vimentin and fibronectin [6,7]. However, ectopic expression of FOXC2 in 
epithelial cells is insufficient to induce a full EMT phenotype resulting in increased expression 
of mesenchymal markers, but lacking complete repression of E-cadherin and other epithelial 
markers [7]. In this study we investigated the potential role of additional transcriptional 
activators in the context of TGF-β-induced EMT in breast cancer. Here, we identify SOX4 as a 
transcriptional activator of which both the expression and transcriptional activity are induced 
by TGF-β in human mammary epithelial cells (HMECs) during EMT. Conditional activation 
of SOX4 in non-transformed immortalized HMEC expressing hTERT and SV40 large T and 
small t antigens (HMLE) was sufficient to drive the expression mesenchymal markers, such as 
N-cadherin, without affecting expression of the epithelial markers E-cadherin and β-Catenin. 
Finally, we demonstrate that SOX4 expression is necessary for TGF-β-mediated induction of 
N-cadherin during EMT. Taken together, these data identify SOX4 as a novel transcriptional 
activator involved in the transcriptional response regulating mesenchymal gene expression 
during TGF-β-induced EMT. 
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Material and Methods

Cell culture

Non-transformed Human mammary epithelial cells (classified as HMLE hTERT and kindly 
provided by Dr. Robert Weinberg) were cultured in MEGM medium (Lonza, Basel, Switzerland): 
F12 media (Invitrogen, Oregon, USA) (1:1) supplemented with insulin (Lonza), EGF (Lonza), 
hydrocortisone (Lonza), penicillin-streptomycin (Invitrogen, Oregon, USA) (Weinberg et 
al, 2008). Mesenchymal-like phenotype cell cultures were obtained by supplementing the 
normal culture medium with 2.5 ng/ml of TGF-β1 (Sigma-Aldrich-Aldrich, Missouri, USA). 
HEK293T cells (derived from human embryonic kidney) were maintained in DNEM (Invitrogen) 
supplemented with 8% heat-inactivated FBS and penicillin-streptomycin (Invitrogen). 

Generation of a Sox4 cell lines

To generate a conditionally regulated Sox4 (ER:Sox4), the sequence of the mouse Sox4 gene 
was fused in frame with to the hormone-binding domain of the human estrogen receptor 
(ER). The ER:Sox4 or ER construct was subcloned into the polylinker region of the pBABE 
vector which contains an internal ribosomal entry site followed by the gene encoding for 
puromycin resistance. pBABE-puro retrovirus was produced by stable transfection of the 
retroviral packaging cell line, Phoenix-ampho, by calcium phosphate coprecipitation. Viral 
supernatants were collected, filtered through a 0.2-μm filter and 4 µg/µL of polybrene was 
added. HMLE cells were transduced overnight. Transduction was performed by adding 0.5 
mL of viral supernatant to 0.5 mL of medium containing 0.5 × 106 cells. During experiments, 
polyclonal HMLE ER and ER:Sox4 cell lines were maintained in MEGM (Lonza, Basel, 
Switzerland): F12 media (Invitrogen, Oregon, USA) (1:1) supplemented with insulin (Lonza), 
EGF (Lonza), hydrocortisone (Lonza), penicillin-streptomycin (Invitrogen, Oregon, USA) 
(Weinberg et al, 2008) and stimulated with 100 nM of 4-hydroxy tamoxifen [(4-OHT), Sigma-
Aldrich, Missouri, USA].

shRNA Viral transduction of HMLE cells

A lentiviral construct was used expressing shRNA control [(SHC002); Sigma-Aldrich, Missouri, 
USA] or shRNA targeting Sox4 (TRCN0000018214, Sigma) and an internal ribosomal 
entry site followed by the gene encoding for puromycin resistance in the pLKO.1 vector 
(SHC001, Sigma). pLKO.1-puro lentivirus was produced by stable transfection of the 
retroviral packaging cell line, Phoenix-ampho, by calcium phosphate coprecipitation. Viral 
supernatants were collected, filtered through a 0.2-μm filter and 4 µg/µL of polybrene was 
added. HMLE cells were transduced overnight. Transduction was performed by adding 0.5 
mL of viral supernatant to 0.5 mL of medium containing 0.5 × 106 cells. During experiments, 
polyclonal shRNA control (Scr) and shRNA SOX4 cell lines were maintained in MEGM (Lonza, 
Basel, Switzerland): F12 media (Invitrogen, Oregon, USA) (1:1) supplemented with insulin 
(Lonza), EGF (Lonza), hydrocortisone (Lonza), penicillin-streptomycin (Invitrogen, Oregon, 
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USA) (Weinberg et al, 2008) and stimulated with 2.5 ng/ml of TGF-β1 (Sigma-Aldrich, Missouri, 
USA).

Chromatin Immuno-precipitation (ChIP)

ChIP was performed as previously described [8]. MDA-MB-231 cells were crosslinked with 
2 mM disuccinimidyl glutarate (Thermo Fisher Scientific) and 1% formaldehyde, cells were 
lysed in pre-immunoprecipitation buffer (10mM Tris, 10 mM NaCl, 3 mM MgCl2 and 1mM 
CaCl2). Chromatin was prepared and ChIP was performed according to the Millipore online 
protocol using 5 μg of antibodies against SOX4 or rabbit IgG as a control. The primers used 
for analysis are listed in Table 1.

Quantification of RNA expression

mRNA was extracted from HMLE cell lines using the Rneasy Isolation Kit (Qiagen, Copenhagen 
Denmark). According to the manufactures protocol for single-stranded cDNA synthesis, 500 
ng of total RNA was reverse transcribed using iScript cDNA synthesis kit (BIO-Rad, Hercules, 
CA). cDNA samples were amplified using SYBR green supermix (BIO-Rad), in a MyiQ single-
color real time PCR detection system (BIO-Rad) according to the manufacture´s protocol. 
To quantify the data, the comparative Ct method was used. Relative quantity was defined 
as 2- ΔΔCt and β2-Microglobulin was used as reference gene. The sequence of the primers are 
listed in Table 1.

Western blotting

Cells were washed with PBS and lysed in Laemmli buffer [0.12 mol/L Tris-HCL (pH 6.8), 4% SDS 
and 20% glycerol]. Protein concentration was determined using Lowry protein assay. Equal 
amounts of sample (30μg) were analyzed by Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and electrophoretically transferred to polyvinylidene difluoride 

Table 1.  qRT-PCR primersTable 1 – qRT-PCR primers 

Gene Forward primer Reverse primer 

CDH2 -3900 5’ tgggatgaaagggagattttt 3’ 5’ aaaagcatatgaaaactgagagca 3’ 
CDH2 -2600 5’ gatcacctggtcagccaaa 3’ 5’ gcacaaagtctccaacagca 3’ 
CDH2 -1000 5’ ggcagacacagcaaactaagg 3’ 5’ gtgcgagctccagagagg 3’ 
CDH2 +25000 5’ aaagccatcctaggcagtca 3’ 5’ atcctgccttgcttcttgg 3’ 
CDH2 +29600 5’ cattccacttggcataaagc 3’ 5’ tgattaaccctttgccctct 3’ 

Β2-Microglobulin 5’ atgagtatgcctgccgtgtg 3’ 5’ ggcatcttcaaacctccatg 3’ 

CTNNB1 5’ gaaggtgtggcgacatatgca 3’ 5’ atccaaggggttctccctgggc 3’ 

CDH1 5’ caccacgtacaagggtcaggtgc  3’ 5’ cagcctcccacgctggggtat 3’ 

FN1 5’ tggcaccccacgctcagataca 3’ 5’ ctcgccaggcaggttgacgg 3’ 

CDH2 5’ agtcaccgtggtcaaaccaatcga 3’ 5’ tgcagttgactgaggcgggtg 3’ 

SOX4 5’ ggcctcgagctgggaatcgc 3’ 5’ gcccactcggggtcttgcac 3’ 

VIM 5’ accaacgacaaagcccgcgt 3’ 5’ cagagacgcattgtcaacatcctgt 3’ 
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membrane (Milipore, Bedford, MA). The membranes were blocked with 5% milk protein in 
TBST (0.3% Tween, 10 mM Tris pH8 and 150 mM NaCl in H2O) and probed with antibodies as 
indicated in Table 2. Immunocomplexes were detected using ECL and exposure to Kodak XB 
films (Rochester, NY).

Confocal Microscopy

Cells were cultured on poly-L-lysine-coated microscope glasses (Sigma-Aldrich, 
Missouri, USA), Coverslips were washed with PBS before fixation using PBS containing 
3% paraformaldehyde (Merck, Nottingham, United Kingdom) for 30 minutes at room 
temperature. Cells were preincubated with 10% normal bovine serum (Sigma) and 0.5% 
saponin (Sigma) for 15 minutes. Next, cells were incubated overnight with mouse anti-E-
cadherin directed conjugated with Alexa Fluor 647 (BD Transduction; 1:10) and mouse anti-
N-cadherin (BD Transduction; 1:100) antibodies in PBS containing 10% normal bovine serum 
and 0.5% saponin. Cells were washed three times with PBST (0.05% Tween), and mounted in 
Mowiol 4–88 (Sanofi-Aventis, Paris, France) containing DAPI. Confocal images were acquired 
using a Zeiss LSM 710 fluorescence microscope (Oberkochen, Germany).

Biotinylated oligonucleotide pull down assay

HEK293T cells were transiently transfected with pcDNA3 or Flag-tagged Sox4, grown in 10 
cm plates to ~90% confluence and washed with PBS. Cells were lysed in 025 mM HEPES, 
5 mM KCl, 0.5 mM MgCl2, 1 mM DTT, 1% Halt Protease Inhibitor Cocktail (Thermo Scientific, 
Rockford, USA)  and 2% Nonidet P-40 (US Biological, Massachusetts, USA). Nuclear fraction 
was extracted in 25 mM HEPES, 10% sucrose, 350 mM NaCl, 1 mM DTT and 1% Halt Protease 
Inhibitor Cocktail (Thermo Scientific). The mixture was vigorously shaken at 4°C for 1 hour 
and centrifuged at 4°C for 10 min at 25000 rcf. The supernatant (nuclear extract) was freshly 
used. 
DNA-protein interactions were assayed by biotinylated oligonucleotide pull down assay. 
A 0.05mM double-stranded oligonucleotide that corresponds to parts of the N-cadherin 
promoter was generated by annealing oligonucleotides (indicated in Table 3) in 500mM 
NaCl, 20mM Tris-HCl (pH 7.5) and 5 mM EDTA. The consensus binding sites for SOX4 are in 

Table 2. Antibodies conditions for western blot analysisTable 2 – Antibodies conditions for western blot analysis 

Antibody name Supplier Product number Dilution 
Anti-E-cadherin BD transduction 610182 1:3000 
Anti-N-cadherin BD transduction 610921 1:1000 
Anti-Sox4 Diagenode CS-129-100 1:3000 
Anti-ERα Santa Cruz Biotechnology SC 542 1:1000 
Anti-tubulin Sigma-Aldrich T5168 1:50000 
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boldface. 6 µL of dsOligos were coupled with 20 µL of 50% magnetic streptavidin beads 
slurry (Promega, Madison, USA) in PBS containing 10% of fetal bovine serum for 1h at room 
temperature. Eight μg of nuclear extract were used per reaction and added to the previous 
mixture in 10 mM HEPES, 10 mM KCl, 0.1 mM EDTA, 100 mM NaCl, 2 mM DTT, 1% NP-40 and 1% 
protease inhibitors for 2h at 4°C. Beads were washed in PBS containing 1% of Halt Protease 
Inhibitor Cocktail (Thermo Scientific) and boil in 1x sample buffer. Samples were analyzed by 
western blotting and probed with anti-Flag antibody (Sigma-Aldrich, Missouri, USA; A8592-
1MG: 1:5000). 

Luciferase assays

HMLE or HEK293T cells were grown to 30% confluence in twenty-four wells-plate (Nunc, 
Roskilde, Denmark) and transfected with a mixture of 0.3 µg DNA and 1.5 µL PEI overnight 
either co-transfected with Sox4-reporter luciferase construct or CDH2-promoter luciferase 
construct. After 48 hours of transfection, cells were washed twice with PBS and lysed in 50 
µL of passive lysis buffer (Promega, Leiden, The Netherlands) for 20 minutes. 20 µL of the 
cell lysate was assayed for luciferase activity using Dual–Luciferase Reporter Assay System 
(Promega) as well as for protein expression analysis by western blotting using anti-Flag 
antibody (Sigma-Aldrich, Missouri, USA; A8592-1MG: 1:5000). 

Results

Identification of SOX4 as a TGF-β-induced transcription factor during EMT

To identify novel transcriptional activators potentially regulated by TGF-β we analyzed 
publicly available gene-expression datasets [9]. These datasets comprise genome-wide 
expression data from HMLE cells treated with TGF-β for 12 days and the corresponding 
untreated controls. Differential gene expression analysis focusing on significantly regulated 
genes increased over 2-fold, and Gene-Ontology analysis using DAVID, revealed the TGF-β-
induced expression of several genes belonging to the “DNA-dependent, positive regulation of 

Table 3. qRT-PCR primer sequences used in the biotinylated oligonucleotide pull down assay.

Table 3 – qRT-PCR primer sequences used in the biotinylated oligonucleotide pull down 
assay.

Gene Forward primer Reverse Primer 

N-Cad +29600 Mut 5' cttgtacaaacaaccccggtatttccaagtgcttacaat 3' 5' attgtaagcacttggaaataccggggttgtttgtacaag 3' 

N-Cad +29600 Wt 5' cttgtacaaacaacccctttgtttccaagtgcttacaat 3' 5' attgtaagcacttggaaacaaaggggttgtttgtacaag 3' 

N-Cad +25000 Mut 5' tgcctggggaataaaaaggagttcagtgtcgccgg 3' 5' ccggcgacactgaactcctttttattccccaggca 3' 

N-cad +25000 Wt 5' tgcctggggaataacaatgagttcagtgtcgccgg 3' 5' ccggcgacactgaactcattgttattccccaggca 3' 

N-Cad -1000 Mut 5' agcggcgcggggaaaacagggacccggcgccgccc 3' 5' gggcggcgccgggtccctgttttccccgcgccgct 3' 

N-Cad -1000 Wt 5' agcggcgcggggaacaaagggacccggcgccgccc 3' 5' gggcggcgccgggtccctttgttccccgcgccgct 3' 

N-cad -2600 Mut 5' aaatcatgctgttggagaatctatgcatccatttgatgttaatg 3' 5' cattaacatcaaatggatgcatagattctccaacagcatgattt 3' 

N-cad -2600 Wt 5' aaatcatgctgttggagactttgtgcatccatttgatgttaatg 3' 5' cattaacatcaaatggatgcacaaagtctccaacagcatgattt 3' 

N-cad -3900 Mut 5' tactatttttctcaagttggttattcttcaaagtatgtgtga 3' 5' tcacacatactttgaagaataaccaacttgagaaaaatagta 3' 

N-cad -3900 Wt 5' tactatttttctcaagttttttgttcttcaaagtatgtgtga 3' 5' tcacacatactttgaagaacaaaaaacttgagaaaaatagta 3' 
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transcription” GO-term (Table 4). This group of genes included three transcriptional activators 
PBX1, SOX4 and ETS2, which have been linked to breast cancer tumorigenesis [10,11,12]. SOX4 
is of particular interest since reduced expression through either the endogenous miR-335 or 
shRNA-mediated knockdown severely impairs the metastatic capacity of MDA-MB-231 cells 
in mouse xenograft models [11]. Therefore, we further explored the role of SOX4 downstream 
of TGF-β in HMLEs.
To determine whether TGF-β treatment of mammary epithelial cells and associated increased 
expression of SOX4 is accompanied by elevated SOX transcriptional output, we performed 
Motif Activity Response Analysis (MARA). This interrogates transcription factor DNA binding 
site motifs to determine the transcription factors driving gene expression changes [13]. We 
used MARA to analyse two independent publicly available datasets of TGF-β treated mouse 
and human mammary epithelial cells (GSE13986 and GSE28448) [14,15]. Despite the lack 
of a specific SOX4 binding motif present in the software, MARA analysis of both HMLE-Tert/
Ras cells and normal murine mammary gland (NMuMG) cells treated with TGF-β for 24h 
revealed a significant increase in the regulation of genes possessing a SOX binding motif, as 
exemplified by SOX2 (Fig 1A). This suggests an increase in the transcriptional output of TGF-β 
regulated SOX transcription factors. TGF-β treatment resulted in increased SOX4 expression 
by over two-fold in the microarray datasets previously analyzed (Fig. 1B). 
To confirm TGF-β-mediated regulation of SOX4 during EMT, HMLE cells were stimulated 
with TGF-β for 7 days and both protein and mRNA samples were harvested at the indicated 
time points. Quantitative real-time PCR analysis demonstrated that TGF-β potently induced 
EMT in HMLE cells as illustrated by the increased expression of CDH2 (N-cadherin) and VIM 

Table 4. Gene Ontology category ‘’positive regulation of transcription, DNA-dependent 
(GO:0045893) genes significantly regulated and greater than 2 fold upregulated during TGF-β-
induced EMT. Transcription factors are indicated in bold.

Table 4 - Gene Ontology category ''positive regulation of transcription, DNA-dependent 

(GO:0045893) genes significantly regulated and greater than 2 fold upregulated during TGF-

β-induced EMT. Transcription factors are indicated in bold. 

Gene Name Fold
Change P value 

zinc finger E-box binding homeobox 1 11.34 7E-06 

pre-B-cell leukemia homeobox 1 4.79 0.00303 

transforming growth factor beta 1 induced transcript 1 2.58 0.0054 

nuclear receptor interacting protein 1 2.48 0.00501 

nuclear receptor coactivator 1 2.21 0.00285 

SRY (sex determining region Y)-box 4 2.19 0.02315 

v-ets erythroblastosis virus E26 oncogene homolog 2 (avian) 2.11 0.00055 
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(vimentin) and a decrease in CDH1 (E-cadherin) expression (Fig. 1C). SOX4 mRNA expression 
was also transiently increased upon TGF-β treatment of HMLE cells (Fig. S1A). Western blot 
analysis of cell lysates obtained from identically treated HMLE cells demonstrated that SOX4 
protein expression was also induced by TGF-β in a time dependent manner (Fig. 1D). 
Taken together these data indicate that SOX4 expression is regulated by TGF-β in mammary 
epithelial cells, which correlates with differential expression of genes containing a SOX-motif 
in their upstream promoters. This suggests that the TGF-β-induced SOX4 transcriptional 
response may play a role in the process of EMT.

Figure 1. SOX4 expression is increased by TGF-β during EMT. 

(A) MARA analysis predicts Sox activity during EMT in HMEC and NMuMG cells (see text for details) (B) Public 
microarrays databases generated in non-transformed HMEC cells treated with TGF-β or left untreated were 
analyzed and SOX4 expression was assessed. (C) HMLE cells were stimulated with 2.5 ng/mL of TGF-b as 
indicated, lysed and mRNA expression of CDH2 (N-cadherin), VIM (vimentin), CDH1 (E-cadherin) were analyzed 
by qRT-PCR. (D) HMLE cells were stimulated with 2.5 ng/mL of TGF-b as indicated and lysed. The protein 
lysates were visualized by Western-Blotting using anti-N-cadherin, anti-SOX4, anti-Tubulin and anti-E-cadherin 
antibodies. Western blot data is representative of at least three independent experiments. *p<0,05 (N=3 ± SD).



96

chapter 4

Conditional activation of Sox4 is sufficient to drive expression of mesenchymal markers 

To determine whether SOX4 activation is sufficient to induce EMT, we generated a conditional 
activation system to control Sox4 activation in transduced HMLE cells. Conditional activation 
of Sox4 was obtained through N-terminal fusion of Sox4 with the estrogen receptor (ER) 
hormone binding domain generating an ER:Sox4 fusion protein (see Materials and Methods). 
Through a mutation in the ligand binding domain the ER is no longer responsive to estrogen 
but is exquisitely sensitive to the synthetic ligand 4-hydroxy-tamoxifen (4-OHT) [16]. In the 
absence of its ligand, ER is retained in the cytoplasm through association with heatshock and 
chaperone proteins where it is rapidly degraded. Upon binding of the ligand these proteins 
dissociate and allow translocation of ER into the nucleus, a property which is conferred to 
the chimeric ER:Sox4 transcription factor. To initially validate conditional activation of the 
ER:Sox4 fusion protein, U2OS cells expressing the construct were analyzed for the subcellular 
localization of ER:Sox4. Cells were treated with 100nM of 4-OHT and subsequently fixed and 
permeabilized. Localization of the construct was analyzed using an anti-ERα antibody. As 
expected ER:Sox4 was exclusively present in the cytoplasm, but rapidly translocated to the 
nucleus upon stimulation with 4-OHT, where it is retained for the duration of the stimulus 
(Fig. 2A). To investigate the effect of 4-OHT on Sox4 transcriptional output, luciferase assays 
were performed using a luciferase reporter construct containing a Sox4 responsive promoter 
[17]. U2OS cells expressing ER or ER:Sox4 were transfected with the Sox4-reporter luciferase 
construct and subsequently stimulated overnight with 4-OHT. Addition of 4-OHT resulted in 
a strong induction of the luciferase reporter, whereas no activity was observed in the absence 
of 4-OHT or in the treated and untreated control cell lines stably transduced with merely 
the ER-hormone binding domain (Fig. 2B). The ER:Sox4 fusion construct thus allows for 
conditional and robust activation of Sox4 by 4-OHT. 
We subsequently used this system to test whether SOX4 induced gene expression changes 
could contribute to EMT. To this end we generated polyclonal HMLE lines expressing ER:Sox4. 
Similar to U2OS cells, ER:Sox4 localization in HMLE cells was dependent on 4-OHT resulting 
in sustained translocation from the cytoplasm to the nucleus, and robustly activated the 
Sox4 responsive promoter in luciferase assays  (Fig. 2C and Fig. 2D). Subsequently, ER:Sox4 
HMLE cells were treated with 4-OHT as indicated after which mRNA was isolated and analyzed 
by qRT-PCR for expression changes in both epithelial and mesenchymal markers. Sox4 
activation alone was sufficient to induce expression of mesenchymal markers including CDH2 
(N-cadherin), VIM (vimentin) and FN1 (fibronectin), whereas expression of CDH1 (E-cadherin) 
remained unaltered (Fig. 3A). No expression changes in epithelial and mesenchymal 
markers were observed in the ER HMLE cells (Fig. S2A). Since the SOX-family member SOX9 
has been demonstrated to directly regulate N-cadherin expression in chondrocytic CFK2 
cells, we investigated SOX4 mediated activation of the CDH2 promoter in more detail [18]. 
In order to test SOX4 mediated activation of the CDH2 gene we performed luciferase assays 
in HEK293 cells using a CDH2-promoter luciferase construct (kindly provided by Dr. David 
Goltzman). Co-transfection of Sox4 and the CDH2-promoter luciferase construct resulted 
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in a potent induction of luciferase expression compared to control transfected cells. Only a 
minor effect of Sox4 was observed on the control pGL3 reporter lacking the CDH2-promoter 
(Fig. 3B). Moreover, Sox4 mediated activation of the CDH2-promoter could be inhibited by 
overexpression of a dominant negative Sox4 construct (Sox4 1-135aa), consisting of the 
N-terminal region and DNA-binding domain thereby blocking Sox4 DNA-binding (Fig. 3B) 
[19]. These findings indicate that Sox4 expression is sufficient to induce CDH2 expression 
and most likely depends on its DNA-binding. Next, we wished to determine whether SOX4 

Figure 2. Generation of a Sox4 conditional activation system.  

The hormone binding domain of the ER was fused to the N-terminus of Sox4. (A) ER:Sox4 was stably transduced 
in U2OS cells. Immuno-fluorescence analysis of ER:Sox4 localization using an anti-ER antibody after stimulation 
with 4-OHT (100nM) for the time points indicated. (B) U2OS cells expressing ER and ER:Sox4 were transfected 
with an optimal Sox4 luciferase reporter construct and treated overnight with 4-OHT (100nM) after which 
luciferase activity was measured. (C) ER:Sox4 localization in HMLE cells in presence and absence of 4-OHT. (D) 
HMLE cells expressing ER and ER:Sox4 were transfected with an optimal Sox4 luciferase reporter construct and 
stimulated overnight with 4-OHT (100nM) after which luciferase activity was measured. Confocal microscopy 
data is representative of at least three independent experiments. *p<0,05 (N=3 ± SD).
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Figure 3.Sox4 activation induces upregulation of mesenchymal markers. 

(A) HMLE cell lines  expressing ER:Sox4 were  stimulated with 4-OHT (100mM) as indicated. Cells were lysed 
and mRNA expression of CDH2 (N-cadherin), VIM (vimentin), FN1 (fibronectin) and CDH1 (E-cadherin) was 
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could bind to the CDH2 promoter [18]. Bioinformatic analysis using the ContraV2 software 
revealed several highly conserved SOX4 binding motifs in the promoter region and the first 
intron of the CDH2 gene (Fig 3C) [20]. We subsequently analyzed SOX4 binding to these 
conserved motifs using chromatin immuno-precipitation followed by qRT-PCR (ChIP-qPCR) 
in metastatic MDA-MB-231 breast cancer cells express high levels of mesenchymal markers. 
The SOX4 ChIP showed a significant degree of enrichment for five of the conserved binding 
sites compared to the IgG control, indicating that SOX4 can bind the CDH2 promoter on these 
sites (Fig 3D). In order to confirm SOX4 binding to these sites we performed biotin-labeled 
oligonucleotide pull down assays using the identified SOX4 binding sites and mutated 
versions hereof. HEK293 cells were transfected with flag-tagged Sox4 or empty vector and 
a biotin-labeled oligonucleotide pulldown was performed on the nuclear lysates. Western 
blot analysis revealed binding to all the CDH2 promoter sites, whereas little or no binding 
was detected in the empty vector control and mutated probes (Fig 3E). This confirms the 
potential of SOX4 to bind to these sites in the CDH2 promoter. 
To assess whether changes induced by Sox4 on the CDH2 and CDH1 mRNA levels also result 
in alterations in protein expression we investigated protein expression of N-cadherin and 
E-cadherin. ER:Sox4 HMLE cells were treated with 4-OHT and E-cadherin and N-cadherin 
expression were analyzed. In accordance with qRT-PCR results, Sox4 activation induced 
expression of N-cadherin whereas E-cadherin expression was not down-regulated (Fig. 
3E). No changes in N-cadherin or E-cadherin expression were observed in ER HMLE cells 
(Fig. S2B). Next, N-cadherin and E-cadherin expression and localization was analyzed by 
immuno-fluorescence microscopy after activation of Sox4 for the indicated time-points. Sox4 
activation again resulted in increased expression of N-cadherin without affecting the levels 
of E-cadherin expression (Fig. 3G). Since TGF-β-mediated downregulation of CDH1 may only 
occurs after three days [21], we investigated whether prolonged activation of Sox4 by 4-OHT 
for four days could result in reduced CDH1 expression. As expected, qRT-PCR analysis revealed 
that continued Sox4 activation increased expression of the mesenchymal markers CDH2, VIM 

analyzed by qRT-PCR. (B) HEK293T cells were transiently transfected with Flag-tagged Sox4 Wt or Flag-
tagged Sox4 1-135aa and co-transfected with a CDH2 luciferase reporter construct as indicated. After 48 hours 
luciferase activity was measured. Protein expression was assayed by Western blotting using anti-Flag antibody.  
(C) Schematic representation of the CDH2 promoter region and predicted Sox4 binding sites. (D) Chromatin 
Immunoprecipitation (ChIP) assay using IgG and SOX4 antibodies in MDA-MB-231 cells. Real time PCR was 
performed using CDH2 promoter-specific primers to test SOX4 occupancy at this region. (E) HEK293T cells were 
transiently transfected with the empty vector pcDNA3 or Flag-tagged Sox4 Wt. After 48 hours cells were harvested 
and nuclear fraction was extracted. Nuclear extracts were used to perform a biotinylated oligonucleotide pull 
down assay in which three CDH2 promoter sites and two sites localized in the first intron of CDH2 were included. 
Lysates were assessed by western blotting using anti-Flag antibody. (F) HMLE cell lines expressing ER:Sox4 were  
stimulated with 4-OHT (100nM) as indicated or left untreated. Cells were lysed and lysates were analyzed by 
Western blotting using  anti-N-cadherin, anti-Tubulin, anti-E-cadherin and anti-ER antibodies. (G) HMLE cells 
expressing ER:Sox4 were treated with 4-OHT (100nM) as indicated. Cells were fixed, permeabilized and the 
expression of N-cadherin and E-cadherin was assessed (green and red respectively). Blue = DAPI. Western blot 
and confocal microscopy data is representative of at least three independent experiments. *p<0,05 (N=3 ± SD).
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and FN1, but did not result in downregulation of the epithelial markers CDH1 and CTNNB1 
(β-Catenin) (Fig. S2C, left panel). No changes were observed in the ER HMLE cells (Fig. S2C, 

Figure 4. SOX4 knockdown delays TGF-β-induced EMT. 

HMLE cells line were either transduced with a control shRNA (Scr shRNA) or with a shRNA targeting SOX4 (SOX4 
shRNA).  (A) Scr shRNA and SOX4 shRNA cell lines were either treated with 2.5 ng/mL of TGF-b for 7 days or left 
untreated.  Cells were lysed and analyzed by Western Blotting using anti-SOX4 and anti-Tubulin antibodies (B) 
HMLE cell lines expressing Scr shRNA and SOX4 shRNA were stimulated with 2.5 ng/mL of TGF-β as indicated. 
Cells were lysed and mRNA expression of CDH2 (N-cadherin), VIM (vimentin) and CDH1 (E-cadherin) were assessed. 
(C) Cell lysates of HMLE cell lines expressing Scr shRNA and SOX4 shRNA stimulated with 2.5 ng/mL of TGF-β as 
indicated and analyzed by western blotting using N-cadherin, anti-Tubulin and anti-E-cadherin antibodies. (D) 
Scr shRNA and SOX4 shRNA cell lines were stimulated with 2.5 ng/mL of TGF-β as indicated. Cells were fixed, 
permeabilized and N-cadherin expression was assessed (green). Blue = DAPI; red = phallodin. Western blot and 
confocal microscopy data is representative of at least three independent experiments. *p<0,05 (N=3 ± SD).
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right panel). Consistent with the qRT-PCR results, western blot analysis demonstrated that 
prolonged 4-OHT treatment of ER:Sox4 HMLE cells resulted in upregulation of N-cadherin, 
but did not result in altered expression of the epithelial markers E-cadherin and β-Catenin 
(Fig. S2D). No alterations in the expression of epithelial and mesenchymal markers was 
observed in the ER HMLE cells (Fig. S2D). In addition, immuno-fluorescence microscopy 
showed no change in E-cadherin expression in both the ER:SOX4 and ER HMLE cells after 4 
day stimulation with 4-OHT (Fig. S2E) Thus, Sox4 activation is sufficient to induce expression 
of the mesenchymal marker N-cadherin in HMLE cells without altering E-cadherin expression. 

SOX4 knockdown delays TGF-β-induced expression of mesenchymal markers during 
EMT

Since we observed that SOX4 can induce expression of N-cadherin, we examined whether 
the TGF-β-mediated induction of N-cadherin is dependent on SOX4 expression. To this end, 
SOX4 knockdown was performed in HMLE cells using lentiviral shRNA constructs. Western 
blot analysis of SOX4 expression showed efficient depletion of SOX4 in both the presence 
and absence of TGF-β, whereas this not affected in the scrambled control HMLE cells (Fig 4A). 
SOX4 knockdown was maintained during the course of the experiment, as assed by Western 
blot analysis on day 7 (Fig. 4A) To assess whether SOX4 knockdown affects TGF-β-mediated 
regulation of N-cadherin and vimentin, scrambled and SOX4 shRNA HMLE cells were 
treated with TGF-β for 10 days and mRNA and protein isolated at the indicated time points. 
CDH2 and VIM mRNA expression, as determined by qRT-PCR, was effectively induced upon 
TGF-β treatment in the scrambled HMLE cells (Fig. 4B, left panel). In contrast, in the SOX4 
knockdown HMLE cells TGF-β-mediated induction of CDH2 and VIM was strongly reduced 
(Fig. 4B, right panel). Furthermore, Western blot analysis revealed that  on the protein 
level SOX4 knockdown also reduces the TGF-β-mediated induction of N-cadherin (Fig. 
4C). Similarly, immuno-fluorescence microscopy demonstrated that after 10 days of TGF-β-
mediated EMT induction, the SOX4 knockdown HMLE cells expressed less N-cadherin than 
the scrambled control cells (Fig. 4D). Taken together, these data show that TGF-β-mediated 
regulation of SOX4 expression and activity is required for efficient induction of N-cadherin 
and potentially other mesenchymal markers. 

Discussion

Tumor metastasis is the major cause of cancer-related death and in a wide-variety of tumors 
the epithelial-to-mesenchymal transition has been demonstrated to contribute to this 
process. EMT is characterized by the loss of epithelial makers and acquisition of mesenchymal 
traits, confers invasive, chemotherapy resistance and stem cell properties to tumor cell [4,22]. 
Cancers exploit this developmental process and as a result can acquire a more invasive and 
metastatic phenotype. The TGF-β signaling pathway is one of the most potent and well-
studied inducers of EMT during both embryonic development and cancer progression. Here, 
we demonstrate that expression of the developmental transcription factor SOX4 increases 
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during TGF-β-induced EMT and can contribute to the change in cellular phenotype by 
controlling the expression of mesenchymal markers in human mammary epithelial cells. 
In the developing mouse SOX4 is highly expressed in mesenchymal tissues and at variable 
levels in other tissues [23,24,25]. In combination with SOX11 and SOX12, two additional 
members of the SOXC group of transcription factors, SOX4 has been demonstrated to be vital 
for the survival of neuronal and mesenchymal progenitor cells, indicating that also during 
development SOX4 contributes to acquisition of neuronal and mesenchymal properties 
[26]. Accordingly, SOX4 plays an important role during embryonic development and SOX4 
knockout mice die at embryonic day 14.5 due to defective formation of the heart, but 
SOXC knockouts also suffer from additional defects such as a cleft lip caused by defective 
palate fusion [24,27]. Interestingly, during embryonic development TGF-β-induced EMT 
is particularly prominent in both the formation of the heart and palatal fusion, potentially 
suggesting that defective TGF-β-induced EMT contributes to the SOX4 knockout cardiac and 
palate phenotype [22,28].
Despite the prominent role during embryonic development very little is known about 
the regulation of SOX4 on the post-translational level. We have recently shown that SOX4 
is rapidly degraded and can be stabilized through its interaction with the adaptor protein 
syntenin [19]. Interestingly, syntenin has been demonstrated to be regulated by in a number 
of signal transduction pathways including the WNT, IL-5, TGFα and Syndecan-regulated 
signaling pathways, suggesting that Syntenin-mediated regulation of SOX4 protein stability 
and activity could be involved in embryonic and tumorigenic processes mediated by these 
signaling events   [17,19,29,30].
Similar to TGF-β, SOX4 has a paradoxical function in tumorigenesis potentially acting as 
both a tumor-suppressor and promoter of tumor progression [25]. High levels of SOX4 mRNA 
expression are present in nearly all major human cancers and SOX4 has been recognized 
as one of the 64 cancer signature genes [31]. Despite its elevated expression in human 
cancers, the transcriptional changes mediated by SOX4 remain poorly defined. A number of 
studies have investigated SOX4 mediated transcriptional changes in the context of prostate, 
hepatocellular carcinoma (HCC), small cell lung cancer and adenoid cystic carcinoma, 
resulting in the identification of a large number of potential SOX4 targets [32,33,34,35]. 
However, it remains to be determined whether most of the identified genes are indeed direct 
transcriptional targets of SOX4 or are the result of secondary events. Additionally, there is 
very little overlap in the transcriptional targets identified in different tumors, suggesting that, 
similar to TGF-β, the transcriptional response initiated by SOX4 is highly context dependent.
SOX4 has also been demonstrated to contribute to cancer progression and metastasis in 
breast cancer glioma and HCC. Similar to breast cancer, HCC metastasis can be driven by TGF-β 
through EMT induced phenotypic changes [36]. In HCC, SOX4 expression is greatly elevated 
in metastatic tumors compared to their non-metastatic counterparts, and shRNA-mediated 
SOX4 knockdown in metastatic HCC cells significantly reduced tumor metastasis [35]. In 
addition to the reduced metastatic capacity, SOX4 knockdown HCC cells were observed to 
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have alterations in cell morphology and showed decreased expression of the mesenchymal 
markers vimentin, suggesting that shRNA-mediated reduction in the expression of SOX4 
in metastatic HCC cells reverts their mesenchymal phenotype to an epithelial phenotype 
through a mesenchymal to epithelial transition (MET) [35]. SOX4 has been demonstrated 
to be a downstream target of the TGF-β signaling pathway in a number of cell types 
including T-helper cells and glioma [37,38]. In glioma, SOX4 expression is directly induced 
by TGF-β activated SMAD2/3, resulting in the maintenance of sternness and tumorigenicity 
[37]. Interestingly, SOX4 expression is also increased in normal mammary stem cells, and 
together with other mammary stem cells markers identifies the cancer stem cell content of 
breast cancers [39]. Similarly, induction of EMT in breast cancers generates increased stem 
cell content and confers stem cell properties [3]. It is thus possible that similar to glioma, 
TGF-β-induced breast cancer stem cells properties are mediated by SOX4, suggesting that 
SOX4 induction might impact on multiple aspects of the EMT phenotype. Indeed, a recent 
study has shown that SOX4 promotes EMT in immortalized human mammary epithelial cell 
line MCF10A, which was  associated with a mesenchymal phenotype, enhanced stem cell 
properties, increased cellular migration and invasion in vitro and increased RAS induced 
tumorigenesis in vivo [40]. Additionally, SOX4 was demonstrated to be positively regulated 
by TGF-β and was essential in the TGF-β-mediated induction of EMT. Moreover, in patient 
breast cancer samples SOX4 expression correlated with tumor-grade and triple negative 
breast cancers. The SOX4 mediated induction of EMT was linked to increased expression 
of the EMT-inducing transcription factor ZEB1. However, direct transcriptional regulation 
was not determined and examination of the ZEB1 promoter revealed no SOX4 binding sites, 
suggesting that SOX4 mediated regulation of ZEB1 could be indirect. 
Taken together, these findings suggest that SOX4 could mediate TGF-β-induced effects, such 
as EMT and maintenance of cancer stem cells in a variety of tumors, thereby contributing 
to tumor metastasis and progression. It is also possible that the tumor-suppressive roles of 
SOX4 mirror the effect TGF-β in these cell types, indicating that similar to TGF-β the outcome 
of SOX4 activation might be highly dependent on tumor stage and signals provided by the 
tumor microenvironment. 
TGF-β-mediated induction of SOX4 and subsequent increased expression of N-cadherin 
could be sufficient to drive tumor metastasis even in the absence of a concomitant decrease 
in E-cadherin expression. Ectopic expression of N-cadherin in epithelial breast cancer cell 
lines has been demonstrated to be sufficient to promote migration and invasion, regardless 
of continued E-cadherin expression [41]. In addition, in a transgenic mouse model, 
mammary epithelial specific coexpression of polyomavirus middle T antigen (PyVmT) and 
N-cadherin potentiated pulmonary metastasis in vivo and increased motility and invasion in 
vitro compared to control PyVmT mice, in the presence of comparable E-cadherin expression 
[6]. Moreover, it has recently been described that, in a mouse model of pancreatic cancer, 
N-cadherin haploinsufficiency increases survival  [42]. It thus appears that the metastasis 
promoting activity of N-cadherin dominates over the suppressive function of E-cadherin, 
suggesting that a complete transition might not be required for the induction of a metastatic 
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phenotype in breast cancer cells. In addition, ectopic expression of N-cadherin in a number 
of prostate cancer cell lines was demonstrated to be sufficient to induce invasion and 
metastasis and was able to confer an EMT associated phenotype as illustrated by loss of 
E-cadherin, mesenchymal morphology and increased expression of vimentin [43]. This 
suggests that continued expression of N-cadherin is sufficient for the increased expression 
of additional mesenchymal markers and EMT in these cells. Thus, in transformed cells forced 
expression of SOX4 and the associated increase in N-cadherin expression could  be sufficient 
to drive EMT. 
Identification of the molecular mechanisms underlying the development of EMT is imperative 
to improve our understanding of tumorigenesis and will aid in the development of future 
cancer therapeutics targeting the development of cancer metastasis. The role of SOX4 in this 
processes warrants further investigation into its function and regulation. Future insight into 
the regulation of SOX4 and its downstream target genes in the context of cancer development 
and progression, could prove useful to design pharmacological compounds which modulate 
the activity of this important transcription factor.
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Supplementary figures
Supplementary Figure 1. SOX4 mRNA expression increases upon TGF-β stimulation. 

(A) HMLE cells were stimulated with 2.5 ng/mL of TGF-b as indicated, lysed and mRNA expression of SOX4 was 
analysed by qRT-PCR. *p<0,05 (N=3 ± SD).
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Supplementary Figure 2. Sox4 activation is insufficient to down regulate epithelial markers 

(A) HMLE cell lines ER were  stimulated with 4-OHT (100 mM) as indicated. Cells were lysed and mRNA expression 
of CDH2 (N-cadherin), VIM (vimentin), FN1 (fibronectin) and CDH1 (E-cadherin) was analyzed by qRT-PCR. (B) HMLE 
cell lines expressing ER:Sox4 and ER were  stimulated with 4-OHT (100nM) as indicated or left untreated. Cells 
were lysed and lysates were analyzed by Western blotting using  anti-N-cadherin, anti-Tubulin, anti-E-cadherin 
and anti-ER antibodies. (C) HMLE cell lines expressing ER:Sox4 or ER were stimulated with 4-OHT (100nM) for 
96 hours or left untreated. Cells were lysed and mRNA expression of CDH2 (N-cadherin), VIM (vimentin), FN1 
(fibronectin), CDH1 (E-cadherin) and CTNNB1 (β-catenin) was analyzed by qRT-PCR. In addition (D) Protein 
expression of N-cadherin, Sox4, β-catenin, E-cadherin and tubulin was assessed by western bloting using the 
respective antibodies. (E) HMLE cell lines expressing ER:Sox4 or ER were stimulated with 4-OHT (100nM) as 
indicated. Cells were fixed, permeabilized and the expression of N-cadherin and E-cadherin was visualized by 
confocal microscopy (green and red respectively). Blue = DAPI. Western blot and confocal microscopy data is 
representative of at least three independent experiments. *p<0,05 (N=3 ± SD).
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Abstract

A large number of human cancers exhibit elevated expression of the transcription factor 
SOX4, correlating with tumor-progression and poor-disease outcome. In experimental 
settings reduced expression of SOX4 has been demonstrated to diminish overall tumor-
incidence and pro-metastatic processes. In breast cancer, the induction of SOX4 by the 
TGF-β signaling pathway has been shown to be critical for the TGF-β mediated epithelial-to-
mesenchymal transition (EMT), which itself controls a variety of pro-metastatic processes. 
We have recently found that the SOX4 transcriptional network is dependent on the cell-
type specific epigenome but may additionally be shaped by specific co-factors. Here, by 
performing an unbiased transcription factor interaction screen we identify SMAD3 as a novel 
SOX4 interaction partner. Genome-wide analysis showed that SOX4 and SMAD3 co-occupy 
a large number sites in a cell-type specific manner. Moreover, SOX4 expression was found 
to be required for TGF-β mediated induction of a subset of co-bound genes. These SOX4-
dependent TGF-β targets are enriched for migration and extra-cellular matrix associated 
processes and correlate with poor-prognosis in high-grade tumors. Taken together, our 
findings identify SOX4 as an important SMAD3 co-factor in breast cancer, controlling pro-
metastatic genes. Targeted disruption of the interaction between these factors could be 
explored to disrupt pro-oncogenic TGF-β signaling. 
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Introduction

The transcription factor SOX4 has been shown to be part of a pan-cancer gene signature, 
and increased expression is observed in a large number of human cancers, suggesting a 
general role in tumorigenesis (Rhodes et al., 2004; Vervoort et al., 2013a). In agreement with 
this notion, Sox4 hypomorphic mice have been found to have greatly reduced spontaneous 
tumor-incidence and were observed to be resistant to carcinogen-induced skin-tumors 
(Foronda et al., 2014). Conversely, increased expression of SOX4 has been demonstrated to 
promote tumor-progression in both hematopoietic and solid tumors (Liu et al., 2006; Shin et 
al., 2004; Tiwari et al., 2013). 
In recent years it has become apparent that SOX4 is a key transcriptional target of the 
transforming growth factor – beta (TGF-β) signaling pathway in a variety of cell-types including 
T-cells, pituitary cells, breast epithelial cells and glioma cells (Ikushima et al., 2009; Kuwahara 
et al., 2012; Ruebel et al., 2008; Tiwari et al., 2013; Vervoort et al., 2013b; Zhang et al., 2012). 
The transforming growth factor - beta (TGF-β) signaling pathway elicits pleiotropic responses 
in cancer, acting as both a tumor-suppressor or metastasis-promoting factor depending 
on the cellular context (Massagué, 2012). In late-stage cancers, the tumor-suppressive 
component of the TGF-β response is lost, allowing TGF-β enhance tumor-progression by, 
for example, promoting epithelial-to-mesenchymal transition (EMT) (Kalluri, 2009). The 
metastasis promoting effects of TGF-β are regulated to a large degree by the transcriptional 
response mediated by the receptor associated SMAD transcription factors (SMAD2/3), which 
for their target gene selection require cooperative binding with additional transcription 
factors (Massagué, 2012). 
SOX4 is an important component in the tumor-promoting transcriptional response induced 
by TGF-β in both glioma and breast cancer. In glioma, SMAD2/3 have been demonstrated 
to directly regulate the transcription of SOX4, which was found to be essential for the 
maintenance of tumor-initiating cells by promoting the SOX4-dependent regulation of 
SOX2 expression (Ikushima et al., 2009). Recently, a number of studies by ourselves and 
others have demonstrated that SOX4 is also involved in pro-oncogenic TGF-β responses 
in breast cancer. The transcriptional regulation of SOX4 by TGF-β is essential for the TGF-β 
mediated induction of an epithelial-to-mesenchymal transition (EMT), a process involving 
the phenotypic conversion of epithelial cells to a mesenchymal-state which confers pro-
tumorigenic properties by inducing stem-cell traits and promoting metastasis and therapy 
resistance (Kalluri, 2009; Tiwari et al., 2013; Vervoort et al., 2013b; Zhang et al., 2012). Ectopic 
expression of SOX4 has been shown to be sufficient to induce EMT in mammary epithelial 
and breast cancer cell lines in vitro, which correlated with increased metastasis in vivo (Tiwari 
et al., 2013; Vervoort et al., 2013b; Zhang et al., 2012). The EMT-promoting effects of SOX4 
have also been linked to its direct transcriptional induction of EZH2, which is part of the 
polycomb-repressive complex 2 (PRC2), resulting in remodeling of the epigenome (Tiwari et 
al., 2013). In support of a pro-metastastic role, SOX4 has been identified in gene expression 
signatures mediating breast tumor metastasis to the lung and brain (Bos et al., 2009; Minn et 
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al., 2005). Moreover, in experimental mouse models of metastasis SOX4 has been shown to be 
the target of microRNA-335, which is lost during tumor-progression thus promoting invasion, 
migration and metastasis (Tavazoie et al., 2008). 
Together, these findings indicate that the expression of SOX4 is likely crucial for breast cancer 
progression, in part by controlling TGF-β mediated induction of EMT. Despite this important 
role, the mechanisms through which SOX4 mediates tumor-progression remain poorly 
understood. We have recently employed global transcriptional analysis to characterize 
the SOX4-dependent transcriptional network in breast cancer and find determinants of 
SOX4 target gene selection. This has demonstrated that SOX4 binding and transcriptional 
activation are greatly dependent on the epigenome (see Chapter 6). Additionally, we 
observed the presence of co-occuring transcription factor binding motifs in SOX4-bound 
sites including AP1, SMAD3 and ETS1, suggesting that cooperative binding with these factors 
may contribute to target gene selection. 
Here, by performing an unbiased transcription factor interaction screen we identify SMAD3 
as a novel interaction partner of SOX4. Moreover, we demonstrate that SOX4 controls a 
pro-oncogenic subset of SOX4/SMAD3 co-bound TGF-β target genes, associated with poor-
disease outcome in high grade breast cancers. Our findings thus highlight a novel role of 
SOX4 in the TGF-β pathway by cooperatively regulating target genes with SMAD3. 

Materials and Methods

Cell culture and lentiviral transduction

HEK293T, MDA-MB-231, HCC1954 and HMLE cells were cultured as described previously 
(Beekman et al., 2012; Bruna et al., 2012; Vervoort et al., 2013b). All cells were maintained at 
5% CO2 at 37°C. For co-immunoprecipitation experiments HEK293T cells were plated in 10cm 
cell culture dishes and were transiently transfected by overnight incubation with pre-formed 
PEI:DNA complexes using 10µg of DNA and 50µg PEI. Cells were transfected with the indicated 
constructs pMT2-HA-Sox4, pcDNA3-Flag-SOX4, and pcDNA3-SMAD1-7 and matching empty 
vector controls. Cells were lysed in E1A buffer (50 mM Hepes, pH 7.0, 250 mM NaCl, 5 mM 
EDTA, and 0.1% NP-40) and subsequently immoprecipitation was performed using anti-HA 
or anti-FLAG coupled beads (Sigma Aldrich) for 1 hour at 4°C. After 3 wash steps in E1A buffer 
samples were collected and boiled for 5min at 100°C in Leammli sample buffer. Western 
blot analysis was subsequently performed as described previously (Beekman et al., 2012). 
Mouse anti-FLAG (Sigma-Aldrich) or mouse anti-hemagglutinin (HA) clone 12CA5 (Santa Cruz 
Biotechnology) epitope antibodies were used for detection. 

TF-TF interaction array

MCF7 cells were transiently transfected with Flag-Sox4 or a pcDNA3 empty vector control. 
Nuclear extracts were generated 48 hours after transfection. Immunoprecipitation was 
performed using anti-FLAG coupled beads (Sigma-Aldrich). The TF-TF-screen was performed 
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according to manufacturer’s protocol (Panomics). The hybridized arrays were probed using 
streptavidin-HRP and were detected using ECL (Amersham Pharmacia Inc. (GE Healthcare)

Chromatin immunoprecipitation – sequencing 

Chromatin-immunoprecipitation was performed in HMLE, MDA-MB-231 and HCC1954 cells 5, 
15cm dishes per condition. HMLE cells were either treated with TGF-β (2.5ng/ml) for 3 hours 
or left untreated. Subsequently, double crosslinking was performed using Di(N-succinimidyl) 
glutarate (DSG) for 45 min followed by a 30 min incubation with formaldehyde. The reaction 
was quenched using incubation with 0.1M Glycine for 5min after which cells were washed 
in PBS and nulear extracts were generated. Sonication using covaris was subsequently 
performed for 8 min at maximum output, after which immunoprecipitation was performed 
with 10 µg of the rabbit anti-SOX4 (CS-129-100, Diagenode) or rabbit anti-SMAD3 (S28379) 
antibodies coupled to protein A/G sepharose beads (Santa Cruz Biotechnology). Sequencing 
libraries were generated using the TruSeq LT kit (Illumina) and sequencing was performed 
on NextSeq platform (Illumina). Sequencing reads were mapped to the reference genome 
assembly (hg19) using Bowtie2 and peak-calling was performed using MACS2. Data analysis 
was performed using the HOMER software package. 

Proximity ligation assay

The PLA assay was performed as described previously (van Loosdregt et al., 2013). Briefly, 
HMLE cells were fixed by incubation in 4% formaldehyde at room-temperature and 
permeabilized in PBS containing 0.25% Triton. Subsequently cells were washed three times 
in PBS and blocking was performed in PBS containing 2% BSA. Following the blocking 
step, samples were incubated for 1 hour at room temperate with rabbit anti-SOX4 (Sigma-
Aldrich, prestige antibody) and/or goat anti-SMAD3 in PBS containing 2% BSA. After washing 
with PBS-tween (0.05% Tween) samples were incubated with goat PLUS and rabbit MINUS 
antibodies for 1 hour at 37°C. Signal was detected using the in situ PLA detection kit (Abnova) 
and were analyzed on a Zeiss LSM 700 fluorescence microscope. 

RNA sequencing

HMLE cells were transduced using lentiviral transduction with non-targeting scrambled 
control or SOX4 targeting shRNA constructs as described previously (Vervoort et al., 2013b). 
The cells were treated with TGF-β for 0, 8 or 24 hours after which RNA was isolated using the 
RNeasy kit according to the manufacturer’s protocol. Purified RNA was subsequently used 
for RNA-seq library preparation as decribed previously and sequenced on the SOLiD Wildfire 
sequencer (Applied Biosystems Life Technologies) (van Boxtel et al., 2013). The BWA package 
was used to map sequencing reads (50bp) to the reference genome (hg19). The Cisgenome 
v2.0 package was used for quantification of the reads, which were additionally quantile 
normalized and log2 transformed after adding a small number to the RPKM to avoid log-
tranformation of zero values. 
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Transwell migration assay

Transwell assay were performed according to manusfacturers procedures (Corning). Briefly, 
30.000 scrambled control and SOX4 shRNA MDA-MB-231 cells transduced with either an 
empty vector control construct or constitutively active TGF-β receptor construct were plated 
in the inner compartment of the transwell plate in 300µl of medium, with 700µl in the outer 
compartment. The plate was subsequently incubated for 24 hours at 37°C and 5% CO2. 
Subsequently, media was removed and cells were washed, fixed and stained with DAPI to 
quantify the number of migrated cells using ImageJ software. 

Signature analysis

Analysis of the SOX4-dependent TGF-β target genes was performed using the online GOBO-
software (Ringnér et al., 2011).

Results

SMAD3 is a novel SOX4 interaction partner 

The finding of co-occurring transcription factor binding sites in SOX4 bound loci in breast 
cancer cell lines suggests the possible direct interaction between SOX4 and other transcription 
factors. To this end, we performed an unbiased transcription factor interaction (TF-TF) array 
in MCF7 cells, expressing control or FLAG-Sox4 constructs (Fig. S1A). Immunoprecipitation 
using a FLAG-epitope antibody and subsequent analysis of co-immunoprecipitated probes 
on the TF-TF array identified the specific association between Sox4 and the TGF-β pathway 
effector transcription factor SMAD3 (Fig. 1A). 
In order to validate this interaction co-immuprecipitation analysis was subsequently 
performed utilizing HEK293T cells ectopically expressing HA-Sox4 and FLAG-SMAD3, 
confirming the association between these two proteins (Fig. 1B). The association between 
Sox4 and SMAD3 was also observed in cell lysates treated with ethidium bromide, which 
disrupts DNA-mediated interactions (Lai and Herr, 1992), indicating that a protein-
protein interaction and not DNA-mediated interaction is likely responsible for the co-
immunoprecipitation of SMAD3 (Fig. 1B). 
To evaluate interaction between SOX4 and SMAD3 under conditions of endogenous 
expression we utilized in situ proximity ligation analysis, which selectively enables the 
detection of spatially proximal proteins, thus detecting direct protein-protein interactions. 
For the PLA analysis, we utilized immortalized human mammary epithelial cells (HMLE), as 
we have previously demonstrated to express SOX4 and respond to TGF-β by increasing SOX4 
on the transcriptional level (Vervoort et al., 2013b). PLA-analysis using SOX4 and SMAD3 
specific antibodies in HMLE cells demonstrated that nuclear PLA-signal could be detected 
only upon incubation with both antibodies in TGF-β treated and untreated conditions, 
whereas no signal was observed in single antibody control conditions. Taken together, these 
findings identify a novel interaction between SOX4 and SMAD3. 
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SOX4 interacts with the receptor-SMADs via the MH2 domain in a phosphorylation 
independent manner

We next aimed to further define the specificity and protein domains involved in the interaction 
between SOX4 and the SMAD3. To assess whether Sox4 could also interact with other members 
of the SMAD-family of transcription factors we performed co-immunoprecipitation analysis 
between Sox4 and SMAD1-7. Sox4 was found to strongly associates with the receptor-SMADs 
of the TGF-β signaling pathway, SMAD2 and SMAD3, but not with the co-SMAD, SMAD4 (Fig. 
2A). No interaction was observed with the BMP-signaling associated receptor-SMADs, SMAD1 
and SMAD5 or with the inhibitory SMAD7 and only a weak interaction was found with SMAD6. 
These observations indicate that SOX4 is specifically associated with the effectors of TGF-β 
signaling pathway. In contrast to SMAD3, SMAD2 does not directly bind to DNA (Morikawa 

Figure 1. SMAD3 associates with SOX4 in human mammary epithelial cells. Figure 1 SOX4 interacts with SMAD3 in breast cancer
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Vervoort et al. Figure 1

(A) MCF7 cells were transfected with FLAG-Sox4 or an empty vector control. Biotin-labeled transcription factor 
binding probes were added to the cell lysate after which Sox4 was immunoprecipitated using a FLAG-epitope 
antibody. Subsequently, specifically bound probes were hybridized to the TF-TF array and visualized using 
streptavidin antibodies. (B) HEK293 cells were transfected with HA-Sox4 and FLAG-SMAD3. Lysates were treated 
with 25 µg/ml EtBr for 20min after which Sox4 was immunoprecipitated and immunoblots were probed for HA 
and FLAG. (C) The SOX4-SMAD3 interaction was analyzed using an in situ Proximity Ligation Assay (PLA). HMLE 
cells were treated with 2.5 ng/ml TGF-β overnight or left untreated. Punctate staining indicates the specific 
interaction between the two proteins and DAPI was used to co-stain the nucleus. The depicted results are 
representative of three independent experiments. 
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et al., 2012). Together with the observations that SMAD3 consensus DNA-binding motifs 
are found in SOX4 bound sites, this strongly suggests that SOX4 and SMAD3 interact at the 
chromatin-level.
The domain structure of SMAD-proteins is well-defined, consisting of the DNA-binding 
Mad-homology 1 and 2 domains (MH1 and MH2), which are involved in DNA-binding and 

Figure 2. SOX4 interacts with the MH2-domain of SMAD3 independent of receptor-mediated 
phosphorylation. 
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(A) HEK293 cells were transfected with HA-Sox4 and FLAG-SMAD1-7. Sox4 was immunoprecipitated from cell 
lysates and co-immunoprecipitation of SMAD proteins was assessed by immunoblot for HA and FLAG-epitope 
antibodies. (B) HA-Sox4 was immunoprecipitated from HEK293 cells transfected with full-length SMAD3 (1-
425aa) and the N-terminal (1-145aa) and C-terminal parts (146-425) comprising the MH1 and MH2 domains, 
respectively. (C) HEK293 cells were transfected with HA-Sox4 and Flag-SMAD3 wild-type (wt) or phosphorylation-
defective SMAD3 S3A. Sox4 was immunoprecipitated from cell lysates and subsequently protein expression was 
assessed by immunoblot using anti-HA and Flag antibodies. Images are representative of a minimum of three 
independent experiments. 
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protein-protein association, respectively (Morikawa et al., 2012). Co-immunoprecipitation 
analysis demonstrated that SOX4 specifically associated with a C-terminal region of SMAD3 
comprising the MH2 domain and linker region, whereas no interaction was observed with 
the MH1 domain (Fig. 2B). Since the interaction between SMAD3 and SMAD4 is dependent 
on receptor mediated phosphorylation of SMAD3 on three conserved serine-residues we 
next investigated whether the interaction between SOX4 and SMAD3 may be regulated by 
SMAD3 phosphorylation. The interaction between Sox4 and SMAD3 was also observed when 
these serine-residues were mutated to alanine (Fig. 2C), indicating that this protein-protein 
interaction is independent of phosphorylation at these sites. Taken together, these findings 
map the interaction between SOX4 and SMAD3 and indicate that the association does not 
rely directly on phosphorylation of the canonical-phosphorylation sites. 

Genome-wide co-occupancy of SOX4 and SMAD3 in HMLE cells 

We have recently shown that SOX4 transcriptional targets are significant enriched for TGF-β 
and EMT signatures which, in combination with the co-occurrence of SMAD motifs in SOX4 
bound sites, suggested that the interaction between SOX4 and SMAD3 could have an effect 
at the transcriptional level. To investigate the association between SOX4 and SMAD3 at 
the DNA-level on a genome-wide scale we performed chromatin-immunoprecipitation – 
sequencing (ChIP-seq) for both factors in TGF-β treated HMLE cells. We successfully identified 
SOX4 and SMAD3 bound loci as indicated by the binding of both factors to the shared TGF-β/
SOX4 target genes VCAN, MMP2 and PDGFBR (Fig. 3A). Comparison of the occupancy of 
SOX4 and SMAD3 in the presence and absence of TGF-β demonstrated that the binding of 
both factors is increased upon exposure of HMLE cells to TGF-β (Fig. 3B). Analysis of the 
genomic distribution of SOX4 and SMAD3 in annotated regions demonstrated that binding 
of both factors is enriched at transcription start site (TSS) proximal loci compared to random 
genomic regions (Fig. 3C). This enrichment was less apparent for SMAD3 which also binds 
a large number of TSS-distal sites. As can be observed for the VCAN, PDGFBR and MMP2 loci 
SOX4 and SMAD3 binding occurs in the same region. To assess whether co-binding occurs on 
a genome-wide scale we overlapped SOX4 and SMAD3 bound loci. This identified that the 
majority of SOX4 bound sites are co-occupied by SMAD3 (Fig. 3D), which occurs at regions at 
both TSS-proximal and distal regions enriched for the occupancy of markers associated with 
active/open chromatin (H3K27ac and POL2) (Fig. S2A-B). Only a small percentage of sites 
was exclusively bound by SOX4 at TSS-proximal regions marked by high-levels of the TSS-
associated histone-mark, H3K4me3 (Fig. 3D and Fig. S2A-B). Since the number of SMAD3 
bound loci exceeds the number of SOX4 bound sites, a large fraction of SMAD3 binding 
appears to be SOX4-independent, suggesting that the binding of SMAD3 is not exclusively 
SOX4-dependent. These SMAD3-only sites are mostly located at TSS-distal sites and are high 
in active-chromatin marks and low in H3K4me3 (Fig. 3D and Fig. S2A-B). 
The large degree of overlap between SOX4 and SMAD3 was could also be ascertained by co-
occupancy analysis of SOX4 and SMAD3 bound sites, which identified reciprocal and central 
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enrichment of the binding of both factors (Fig. 3E). Consistent with cooperative binding 
motif enrichment and motif distribution analysis showed the co-occurrence and central 
enrichment of the consensus SMAD3 DNA-binding motif in SOX4 bound sites and vice versa 
(Fig. 3F-G). Moreover, the central and reciprocal enrichment the DNA-binding motifs could 

Figure 3. SOX4 and SMAD3 binding sites overlap on a genome-wide level. 
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(A) Visualization of SOX4 and SMAD3 ChIP-seq profiles contained within the genomic region surrounding the 
VCAN, MMP2 and PDGFBR loci. (B) Average profile plot of SOX4 and SMAD3 signals in TGF-β treated and untreated 
HMLE cells. (C) Genomic-distribution of SOX4 and SMAD3 binding sites in annotated regions compared to 
background genomic sites. (D) Venn-diagram showing the overlap of SOX4 and SMAD3 binding sites in TGF-β 
treated HMLE cells (overnight 2.5ng/ml). (E) Occupancy maps representing the intensity of SOX4 and SMAD3 
binding in a 5kb regions surrounding the peak centers. (F) Motif-distribution analysis of SMAD3 and SOX4 motifs 
in co-bound genomic loci. (G) Motif enrichment analysis of SOX4 and SMAD3 bound sites using both de novo and 
known-motif discovery. 
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only be observed at co-bound sites, with exclusive enrichment of SOX4 and SMAD3 motifs at 
SOX4-only and SMAD3-only sites, respectively (Fig. S2C). 
Taken together, these findings demonstrate co-occupancy of SOX4 and SMAD3 on a genome-
wide level, which is in part dependent on the co-occurrence of consensus DNA-binding motifs 
and relies on the activity of the TGF-β pathway. 

Genome-wide co-occupancy of SOX4 and SMAD3 in breast cancer cell lines is cell-line 
dependent. 

To extend our observations, we performed analogous ChIP-seq analyses in MDA-MB-231 and 
HCC1954 cells, two breast cancer cell lines in which TGF-β elicits contrasting responses by 
either promoting or depleting the tumor-initiating cell population, respectively (Bruna et al., 
2012). Similar to HMLE cells, SOX4 bound sites were co-occupied by SMAD3 on a genome-
wide level in both MDA-MB-231 and HCC1954 cells, whereas a significant portion of the 
SMAD3 sites were observed to be SOX4-independent (Fig. 4A). Accordingly, co-occupancy 
analysis demonstrated that the SOX4 signal is centrally enriched at SMAD3 bound sites in 
both MDA-MB-231 and HCC1954 cells (Fig. 4B and Fig. S3A). Moreover, also in these cells 
both SOX4 and SMAD3 binding was found to be induced by TGF-β (Fig. 4C and Fig. S3B). 
Interestingly, comparison of co-bound sites in all cell lines demonstrated only a small degree 
of overlap, indicating that co-occupancy of SOX4 and SMAD3 is dependent on cell-type 
specific epigenome and possibly the expression of transcriptional co-factors (Fig. 4D). Taken 
together, these findings suggest a role for SOX4 as a SMAD3 co-factor in distinct breast cancer 
cell lines. 

Identification of SOX4-dependent TGF-β target genes in HMLE cells

Since we observed extensive co-binding of SOX4 and SMAD3 in HMLE cells we investigated 
whether the transcriptional response to TGF-β in these cells is SOX4-dependent. To this end, 
we depleted SOX4 in HMLE cells using two independent shRNA constructs (Fig. S3A), and 
subsequently determined the global transcriptional response to TGF-β using RNA-sequencing 
(RNA-seq). Analysis of the RNA-seq data demonstrated the differential expression of 244 
TGF-β regulated genes after 24 hours of treatment in the two SOX4 knockdown cell lines 
compared to control cells (Fig. S3B and Table S1). For the majority of the SOX4-dependent 
TGF-β target genes, depletion of SOX4 was found to decrease the TGF-β mediated induction 
of positively regulated target genes (68%), indicating that SOX4 is required for TGF-β mediated 
transcriptional activation on a specific subset of genes. Within the group of SOX4-dependent 
TGF-β target genes, 76 were found to be co-bound by SOX4 and SMAD3 in HMLE cells (Fig. 
5A), suggesting that these could be directly regulated through cooperative binding of both 
factors. Consistent with the role of SOX4 as a transcriptional activator, the majority of the 
direct SOX4-dependent TGF-β target genes was found to be positively regulated by TGF-β in 
control cells and reduced upon SOX4 depletion (94%) (Fig. 5A). Gene-ontology enrichment 
analysis of this SOX4-dependent TGF-β signature gene-set identified significant association 



122

chapter 5

Figure 4. Cell-type dependent co-occupancy of SOX4 and SMAD3
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(A) Venn-diagrams representing the overlap in SOX4 and SMAD3 binding sites identified by ChIP-seq in MDA-
MB-231 and HCC1954 cells. (B) Occupancy heatmaps visualizing SOX4 and SMAD3 ChIP-seq binding centered 
around SMAD3 bounds sites in MDA-MB-231 cells. (C) Occupancy map visualizing the SOX4 and SMAD3 signals 
surrounding their respective bound sites in the presence and absence of TGF-β. (D) Venn-diagram showing the 
overlap in co-bound sites in HMLE, MDA-MB-231 and HCC1954 cells . 
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Figure 5. Identification of SOX4-dependent TGF-β target genes. 

(A) Heatmap of core SOX4-dependent TGF-β target genes 
identified by RNA-seq. HMLE cells transduced with scrambled 
control and two independent SOX4 targeting shRNA constructs 
were treated with TGF-β (2.5ng/ml) for 8 and 24 hours after which 
RNA was isolated and analyzed by RNA-seq. (B) Gene-ontology 
analysis using ClueGO of SOX4-dependent TGF-β target genes. 
Significant GO-term clusters are visualized (p<0.05). 
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with cellular processes connected to metastasis, including extra-cellular matrix remodeling, 
cell-adhesion and cell-migration, but also with the regulation of TGF-β and canonical WNT-
signaling (Fig 5B). 

SOX4-dependent TGF-β target genes correlate with poor-prognosis

To determine whether the SOX4-dependent TGF-β gene expression signature (76 genes) was 
associated with patient survival publicly available gene expression datasets of breast cancer 
patient samples were stratified based on this signature. This demonstrated a significant 
correlation with diminished distal metastasis-free survival (DMFS) in ER-negative tumors, 
which are generally more aggressive than ER-positive tumors (Fig. 6A). In contrast, no 
correlation was observed in ER-positive tumors (Fig 6A). Since the TGF-β signaling pathway 
has contrasting roles depending on the tumor-stage, resulting in tumor-suppression in 
low-grade tumors and tumor-progression in high-grade tumor, we next stratified breast 
cancers according to tumor-grade and determined the correlation with DMFS herein. This 

Figure 6. SOX4-dependent TGF-β target genes correlate with poor-prognosis in breast cancer. 
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(A-B) Analysis of the SOX4-dependent TGF-β signature in profiled breast cancers patient samples. Patients are 
stratified according to ER-status (A) or tumor-grade (B) after which prognostic value was assessed by distal 
metastasis free survival (DMSF).  
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showed that the SOX4-dependent TGF-β signature exclusively correlates with reduced 
DMFS in high-grade tumors (Fig. 6B), suggesting that SOX4 mainly contributes to late stage 
disease progression in the context of active TGF-β signaling. Furthermore, the absence of 
a correlation with improved prognosis in low-grade tumors, suggests that SOX4 does not 
contribute significantly to the tumor-suppressive effects of TGF-β. 
Taken together these findings demonstrate that the core-SOX4 dependent TGF-β signature 
derived from combined gene expression profiling and ChIP-seq analysis is associated with 
metastasis-associated processes and correlates with poor-prognosis in high-grade tumors. 

SOX4 is required for TGF-β induced transwell migration of MDA-MB-231 cells

Since SOX4-dependent target genes were observed to be significantly enriched for genes 
associated with cell migration and correlated with poor-prognosis in high-grade tumors, we 
assessed whether SOX4 is required for the TGF-β mediated induction of pro-migratory effects. 
To this end, we utilized highly metastatic and triple-negative MDA-MB-231 breast cancer 
cells, in which TGF-β promotes cell migration, metastasis and induces tumor-initiating cells 
(Bruna et al., 2012; Zhou et al., 2014). To determine whether TGF-β induced migration in MDA-
MB-231 cells is SOX4 dependent we performed transwell assays utilizing SOX4 depleted and 
control MDA-MB-231 cells expressing a control vector or a vector containing the constitutively 
active TGF-β receptor. In agreement with a role in migration in high-grade tumors, SOX4 

Figure 7. SOX4 depletion reduces TGF-β induced migration. 
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(A) Quantification of transwell migration of MDA-MB-231 cells transduced with EV or the constitutively active 
TGF-β receptor (TGFbRCA) and scrambled control and SOX4 knockdown shRNA constructs. The number of trans-
migrated cells was quantified after overnight incubation. Data was quantified relative to EV-scrambled control 
MDA-MB-231 cells and is represented as mean ± SD of three independent experiments. (B) Representative 
images of transwell assay stained for DAPI to visualize migrated MDA-MB-231 cells. 



126

chapter 5

depletion significantly reduced transwell migration in highly metastastic MDA-MB-231 breast 
cancer cells ectopically expressing the constitutively active TGF-beta receptor (Fig 7A-B). 
SOX4 knockdown also affected migration in control cells, suggesting that SOX4 affects TGF-β 
dependent and independent migration in these cells. 
Taken together, our results highlight a novel role for SOX4 in the TGF-β signaling pathway 
by acting as a SMAD3 co-factor and cooperatively regulating pro-metastastic genes in high-
grade breast cancers. 

Discussion

Although SOX4 is overexpressed in a large number of human cancers, the cellular responses 
elicited by this transcription factor are highly divergent and can even be dichotomous in their 
nature, acting as a tumor-suppressor or pro-oncogenic factor depending on the cell-type 
and context (Vervoort et al., 2013a). In agreement with a highly context specific function, 
only a minor degree of overlap has been observed in SOX4 target genes between distinct 
cancers (Vervoort et al., 2013a). These observations suggest that cell-type specific factors, 
such as the epigenome and co-factors shape the transcriptional network of SOX4. However, 
but the contextual effects induced by SOX4 remain poorly defined. It is crucial to define the 
molecular mechanisms determining the transcriptional output and target gene selectionto 
better understand SOX4-driven tumorigenesis and identify therapeutic avenues that 
specifically disrupt its pro-oncogenic function. We have recently demonstrated that SOX4 
genome-wide chromatin occupancy and transcriptional activation are guided by the cell-
type specific epigenome, making this factor inherently context-dependent. Additionally, we 
identified a number of co-occurring consensus DNA-binding motifs for distinct transcription 
factors, including AP-1, ETS-1 and SMAD3, suggesting that cooperative binding contributes 
to target gene selection. 
Cooperative binding is common in the SOX-family of transcription factors as is exemplified 
by the interaction between SOX2 and OCT-4, which results in the regulation of pluripotency 
genes such as NANOG (Sarkar and Hochedlinger, 2013; Wilson and Koopman, 2002). Here, 
by using an unbiased transcription factor interaction screen we identify a novel interaction 
between SOX4 and the TGF-β effector transcription factor SMAD3 and identify SOX4 a critical 
mediator of the TGF-β signaling pathway, controlling pro-oncogenic signaling in high-grade 
breast cancers. Cooperative gene regulation by SOX4 and SMAD3 may also contribute to 
tumorigenesis as suggested by the co-occurrence of SMAD3/4 motifs in SOX4 bound sites 
in prostate cancer (Scharer et al., 2009). Many of the previously described SMAD3 co-factors 
are also transcriptional targets of the TGF-β signaling pathway thus forming a positive 
feedback loop that reinforces transcriptional activation (Massagué, 2012). In a similar 
manner, transcriptional regulation of SOX4 by TGF-β in breast cancer cells may act to 
promote cooperative gene regulation between SOX4 and SMAD3. In this respect is it possible 
that cooperative transcriptional regulation between these two factors also contributes to 
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TGF-β responses in additional cell-types in which SOX4 is induced by TGF-β including glioma, 
pituitary-cells and T-cells (Ikushima et al., 2009; Kuwahara et al., 2012; Ruebel et al., 2008). 
Interestingly other SOX-family members have also been described to interact with SMAD3 
including SOX2 in lung epithelial cells and SOX9 in chondrocytes, suggesting that SMAD and 
SOX transcription factors have co-evolved to cooperatively regulate target genes in response 
to TGF-β (Furumatsu et al., 2005; Tompkins et al., 2009). In addition to SOX-transcription 
factors, SMAD3 interacts with a large number of additional transcription factors which 
determine cell-type specific TGF-β responses. In stem and progenitor cells including ES cells, 
pro-B-cells and myoblasts, SMAD3 binding has been shown to be dependent on the cell-
type specific master-transcription factors OCT4, PU.1 and MYOD1, respectively (Mullen et al., 
2011). These master-transcription factors control a large proportion of the TGF-β response. In 
contrast, we observe that depletion of SOX4 affects a specific subset of TGF-β transcriptional 
targets, suggesting that in HMEC cells the response to TGF-β does not solely rely on the 
expression of SOX4 and is likely controlled by additional (transcription) factors. This is in line 
with observations in more differentiated cell-types such as keratinocytes where C/EBPα, 
FOXO and AP1, control distinct subsets of TGF-β target genes through cooperative binding 
with SMAD3 (Gomis et al., 2006; Seoane et al., 2004; Zhang et al., 1998). Interestingly, we 
observed that SOX4-SMAD3 co-bound sites were highly cell-type specific, as indicated by the 
minor degree of overlap between co-bound sites in HMEC, MDA-MB-231 and HCC1954 cells, 
suggesting that additional cell-type specific factors in concert with the epigenome determine 
binding and target gene activation. This observation indicates that similar to SOX4 target 
genes, SOX4-dependent TGF-β target genes are cell-type dependent, implying that the role of 
SOX4 in this signaling pathway likely varies depending on the cellular context. SOX4 has also 
been demonstrated to interact with other transcription factors such as TCF4, suggesting that 
SOX4 may act as a co-factor in diverse signaling pathways including WNT-signaling (Sinner 
et al., 2007).
SOX4-dependent TGF-β target genes were observed to be enriched for processes such as 
cell migration and extra-cellular matrix organization. Interestingly, this subset of SOX4 
dependent TGF-β target genes was also enriched for gene ontology terms related to 
cardiovascular system development and angiogenesis, matching phenotypes connected to 
SOX4 depletion in knockout mice and in Chapter 6 of this thesis. This suggests that SOX4-
mediated modulation of the TGF-β pathway may also contribute to the phenotypic effects 
observed upon depletion of SOX4 in vitro and in vivo. In breast cancer, the SOX4-dependent 
TGF-β signature was found to be correlated with poor-disease outcome in high-grade and 
ER-negative tumors, but not in low-grade and ER-positive tumors. It is possible that the pro-
metastatic effects of SOX4 downstream of TGF-β are negated by tumor-suppressive targets of 
the TGF-β pathway in low-grade tumors and the generally less-aggressive ER-positive tumors. 
In high-grade and ER-negative tumors the tumor-suppressive effects of TGF-β are lost, thus 
allowing the SOX4-dependent induction of metastasis by activation of the TGF-β pathway. 
Additionally, it is possible that the transcriptional response elicited by TGF-β is divergent in 
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ER-positive or low-grade and ER-negative or high-grade tumors, which is likely determined by 
cell-type specific epigenomes and SOX4 co-factors. 
Consistent with a pro-metastatic role in aggressive ER-negative tumors, we observed that 
SOX4 depletion affects MDA-MB-231 transwell migration in both the presence and absence 
of TGF-β. Interestingly, the transcriptional response to TGF-β differs greatly between MDA-
MB-231 and HCC1954 cells, resulting in contrasting effects on the TGF-β mediated induction 
of tumor-initiating cells (Bruna et al., 2012). Accordingly, we observe that SOX4-SMAD3 co-
bound sites are nearly completely distinct between these two cell lines, although it remains 
to be determined how this affects SOX4-dependent TGF-β target gene regulation and 
functional effects. 
Taken together, our findings demonstrate that SOX4 is an integral part of the TGF-β signaling 
pathway in breast epithelial cells, controlling a specific part of the TGF-β response herein. 
These results also highlight the importance of co-factors in determining both SOX4 and 
SMAD3 gene networks on a genome-wide level. Importantly, our finding that the SOX4-
dependent TGF-β target genes are associated with poor-prognosis in high-grade tumors 
indicates that targeting of the interaction between SOX4 and SMAD3 may have therapeutic 
merit in breast cancer. 
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Supplementary Figures 
Supplementary Figure 1. Schematic representation of the Panomics TF-TF-array.
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Vervoort et al. Figure S1
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Supplementary Figure 2. Analysis of SOX4 and SMAD3 bound sites identified by ChIP-seq. 
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(A) Genomic distribution of sites exclusively bound by SOX4, SMAD3 and co-bound sites compared to genomic 
backgrounds. (B) Analysis of the chromatin-state in SOX4 and SMAD3 bound sites and sites further stratified 
according to the co-bound or SOX4/SMAD3-only status. The signal for H3K27ac, H3K4me3, RNA-polymerase II 
(POL2), H3K27me3, SOX4 and SMAD3 is represented in the 5kb region surrounding indicated peak-centers. (C) 
Motif distribution of SOX4 and SMAD3 consensus DNA-binding motifs in SOX4-only, SMAD3-only and co-bound 
sites. 
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Supplementary Figure 2. Co-occupancy heatmaps of SOX4 and SMAD3 in HCC1954 cells. 
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(A) Heatmap representing SOX4 and SMAD3 occupancy at genomic loci surrounding SOX4 and SMAD3 bound 
sites (10kb window). (B) Heatmap representing the occupancy of SOX4 and SMAD3 at their respective bound 
sites in the presence and absence of TGF-β. 



SOX4 interactS with SMaD3 anD MODulateS prO-OncOgenic tgF-β Signaling

135

Ch
ap

te
r 5

Supplementary Figure 4. Identification of SOX4-dependent TGF-β target genes. 

(A) Validation of SOX4 knockdown in HMLE cells 
by quantitative real-time PCR analysis. (B) Gene-
expression heatmap of SOX4-dependent TGF-β target 
genes identified by RNA-seq.
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=pvqN=
=epm̂ NP=
=pb` OP^=
=mi l aO=
=mi l aO=
=pi f qohS=
=hi cNO=
=qf ` ^j O=
=^ccQ=
=bo__Of m=
=` i f ` Q=
=a l ` hNM=
=bi i O=
=c^j NSM_N=
=` bmNTM=
=mqmo_=
=` v_^=
=pi ` Ô NP=
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Supplementary Table 1. SOX4-dependent TGF-β target genes in HMLE cellsSOX4‐dependent TGF‐β target genes in HMLE cells 

Column1  Column2  Column3  Column4  Column5  Column6 
RAET1G  RPL18A  PDGFRB  KLF12  SEC24D  EEF1DP3 
FAM136B  C3orf54  PDGFC  SLITRK6  FN1  MYL9 
TOR2A  EXOSC4  WNT5A  PLOD2  CREB3L2  MAGED1 
FAM100A  B9D2  CDH11  PLOD2  CALD1  IGFBP7 
GATS  STAG3L2  CDGAP  SEC23A  PRR5L  GSN 
LOC400927  C19orf20  HTR1D  HSPA13  ALDH1L2  FSTL1 
TMEM160  PABPC1L  MIAT  SYT1  DAB2  SPOCK1 
RAET1E  C6orf52  EML1  SLC38A4  CALU  LMCD1 
ZNF789  MT1G  SLCO2A1  SLC38A4  DACT1  LIMS2 
ACBD4  LRRC23  LOX  CDH13  TUBA1A  MYCBPAP 
PRR5  HAGHL  TSPAN2  NT5E  GPR1  GPR68 
CCNO  KLK8  GDF6  ALCAM  GPR1  KDELR3 
TAF6L  APOM  HAS2  DLC1  ENPP2  ANKRD1 
NCRNA00116  ZNF524  MFAP2  DOCK4  SDC2  VCAN 
LOC401010  RDH13  GPR17  ZNF365  FAM180A  PRKCA 
TMEM161A  KREMEN2  THSD4  XYLT1  COL6A3  MAP1B 
SCRN2  TSPAN33  NHSL2  DIXDC1  SCG5  GPR124 
JMJD7‐
PLA2G4B  IL27RA  ODZ3  PFTK1  SCG5  DDR2 
JMJD7  EGFL7  SYNE1  CTGF  AEBP1  SOX4 
WBSCR16  D2HGDH  FUT8  STK17B  HHIP  IGFBP3 
SRRM5  LOC344595  TM6SF1  PGM2L1  FAM196B  BPGM 
CTXN1  ISYNA1  SLC26A10  STARD13  TMEM200A CTHRC1 
C16orf42  CXCL16  ROBO1  FRMD6  POSTN  RHOBTB1 
LOC100289511  ZP3  ZFHX4  FRMD6  FZD8  ADAMTS1 
TMEM52  CAPN10  SCRN1  MYLK  NTM  GREM1 
HLA‐H  ASPHD1  BCAT1  ARHGAP24 COL1A2  CTTNBP2 
C21orf70  SIGIRR  COL12A1  COL4A1  CREB3L1  PAPSS2 
BOP1  PSMB9  PDE4D  CD44  COL1A1  EHD3 
SUZ12P  MARVELD3  BST1  MLLT3  SEMA5A  MGLL 
RLN2  LTB4R2  SLC2A13  KIRREL3  NEBL  EPN3 
LOC728402  ACOXL  CYBA  CD274  CCDC85A  CNTN3 
CCDC34  NCRNA00173  PTPRB  MMP10  ZEB1   
GRTP1  HIST2H2AB  CEP170  ANTXR2  TNFAIP6   
BCL2L12  RAB19  FAM160B1 ZNF185  MEG3   
ECE2  BCAM  ELL2  SORBS2  APCDD1L   
AMDHD2  EPB41L4A  DOCK10  RASA3  MMP2   
RPL19P12  ANKRD2  CLIC4  ARFGAP3  MMP2   
LYPLA2P1  UNC5C  ERBB2IP  C11orf41  ABI3BP   
NACAP1  TSHZ1  AFF4  CDH2  FBN1   
RPL18AP3  PLXND1  TICAM2  CCDC80  COL5A2   
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Abstract 

The expression of the transcription factor SOX4 is increased in many human cancers, however, 
depending on the tumor-type the pro-oncogenic capacity of SOX4 may vary greatly. Both the 
contextual nature and the mechanisms underlying the pro-oncogenic SOX4 response remain 
unexplored. Here, we demonstrate that in breast cancer the SOX4 transcriptional network is 
dictated by the epigenome and is enriched for pro-angiogenic processes. We show that SOX4 
directly regulates endothelin-1 expression and promotes tumor-induced angiogenesis both 
in vitro and in vivo. Furthermore, in breast tumors, SOX4 expression correlates with blood 
vessel density and size, and predicts poor-prognosis in breast cancer patients. Our data 
provide novel mechanistic insights into context-dependent SOX4 target gene selection, and 
uncover a novel pro-oncogenic role by promoting tumor-induced angiogenesis. Importantly, 
these findings provide a rationale for repurposing existing endothelin-receptor antagonists 
for the treatment of highly aggressive and therapy-resistant SOX4-high breast cancers.
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Introduction

Transcription factor-mediated control of gene expression networks is crucial during 
embryonic development and thereafter for tissue homeostasis. Consequently, dysregulation 
of transcription factor function has been observed to result in a wide-variety of 
developmental defects and is often responsible for the pathogenesis of disease. A restricted 
subset of transcription factors is often expressed in human cancers, aberrantly re-activating 
developmental pathways which then contribute to tumor-progression and metastasis1. 
SOX4 is a prominent cancer-associated transcription factor and its mRNA expression is 
elevated in a large number of human cancers, being part of a general human cancer-
associated gene expression signature2. It is a member of the SRY-related HMG-box (SOX) 
family of transcription factors that have important roles in embryonic development and 
tissue homeostasis, for example by controlling differentiation and maintaining adult tissue 
stem cell populations3,4. Sox4-deficient mice die during embryogenesis due to defective 
cardio-vasculature development5. In addition, SOX4 controls development of specific tissues, 
for example lymphoid, pancreatic, brain and bone3. In contrast to its wide-spread expression 
during embryogenesis, the expression of SOX4 in adult tissues is mostly restricted to adult 
stem and progenitor cell populations including intestinal and hematopoietic stem cells3,6. 
In accordance with its elevated expression in human cancers, SOX4 expression in human 
cancers has been positively correlated with tumor-progression in a wide-variety of solid 
and hematopoietic tumors7. In addition, Sox4 hypomorphic mice have decreased cancer-
incidence and a resistance to carcinogen-induced skin cancer8. In mouse leukemia 
models ectopic SOX4 expression in the hematopoietic system has been demonstrated to 
be sufficient for cellular transformation, whereas in solid tumors SOX4 may contribute to 
later stages of disease progression by controlling cell survival, cell migration and invasion3. 
These observations indicate that the SOX4-induced pro-oncogenic effects are highly context 
dependent and vary depending on the cell-type and tumor-stage.
A number of studies have indicated that SOX4 may play a role in breast cancer progression. 
In breast cancer SOX4 is directly controlled by miRNA-335, the loss of which is associated with 
disease progression and poor metastasis-free survival9. SOX4 has also been demonstrated 
to be part of gene signatures associated with metastasis of breast tumors to the brain and 
lungs10,11. Recently, SOX4 has been shown to control epithelial-to-mensenchymal transition 
(EMT), a process associated with increases in tumor-initiating cells, metastasis and drug 
resistance12. SOX4 has been shown to be required for transforming growth factor–beta 
(TGF-β) induced EMT in a number of breast cancer cell lines7,13,14. In mice, SOX4-mediated 
induction of EMT is mediated by direct regulation of the histone-lysine N-methyltransferase 
EZH2, resulting in alterations in local histone 3 lysine (K) 27 trimethyl (H3K27me3) occupancy 
followed by changes in expression of EMT-associated genes14. In line with its increased 
metastasis-associated expression and role in EMT, depletion of SOX4 has been shown to 
reduce metastasis formation in mouse models of breast cancer9,14. 
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Despite these preliminary observations, the transcriptional network and molecular 
mechanisms through which SOX4 controls pathogenesis of breast cancer remain largely 
unknown. Moreover, SOX4 protein expression in both primary and metastatic tumor-tissue 
of breast cancer patients has not been systematically studied. Here, using an integrative 
genome-wide analysis approach we provide novel insight into the mechanisms determining 
SOX4 target gene selection. We define a “core” SOX4-transcriptional network in mammary 
epithelial cells which reveals an unexpected role of SOX4 in tumor-induced angiogenesis 
through direct regulation of Endothelin-1. Our in vitro and in vivo experiments demonstrate 
a novel pro-oncogenic function of SOX4 in breast cancer as a promoter of tumor-induced 
angiogenesis, and furthermore we show that SOX4-high (SOX4HI) breast tumors are highly 
vascularized, aggressive and therapy-resistant. These findings provide a basis for the 
repurposing of endothelin-receptor antagonists for the highly aggressive and therapy-
resistant SOX4HI breast cancers. 

Materials and Methods

  Patients

The study population was derived from the archives of the Departments of Pathology of the 
University Medical Center Utrecht, Utrecht, and the Radboud University Nijmegen Medical 
Center, Nijmegen, The Netherlands. These comprised 452 cases of invasive breast cancer. 
Histological grade was assessed according to the modified Bloom and Richardson score15, 
and the mitotic activity index (MAI) was assessed as before16. Other clinicopathological 
characteristics are shown in Table S3-7. From representative donor paraffin blocks of the 
primary tumors, tissue microarrays were constructed as described by Vermeulen et al17. The 
use of anonymous or coded leftover material for scientific purposes is part of the standard 
treatment contract with patients in The Netherlands18. Ethical approval was therefore not 
required. Overall survival and treatment data were obtained from the Comprehensive 
Cancer Center of The Netherlands (Integraal Kankercentrum Nederland). Survival data were 
available of 295 out of 452 breast cancer cases, with a follow up of 72 months for the ductal 
and 120 months for the lobular breast cancer cases.

Immunohistochemistry

Immunohistochemistry was carried out on 4 µm thick sections. Data on HER2, progesterone 
receptor (PR), estrogen receptor α (ERα), and E-cadherin were derived from Vermeulen et 
al17,19. After deparaffination and rehydration, endogenous peroxidase activity was blocked 
for 15 min in a buffer solution pH5.8 containing 0.3% hydrogen peroxide. After antigen 
retrieval, i.e. boiling for 20 min in 10mM citrate pH6.0, a cooling period of 30 min preceded the 
primary antibody incubation. Primary antibodies against SOX4 (HPA029901, Sigma Aldrich) 
1:50 were diluted in PBS containing 1% BSA and incubated overnight at 4°C. The signal 
was amplified using the Novolink kit (Leica, Rijswijk, The Netherlands) and developed with 
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diaminobenzidine, followed by counterstaining with haematoxylin, dehydration in alcohol, 
and mounting. Appropriate negative and positive controls were used throughout.
All scoring was done blinded to patient characteristics and results of other stainings by three 
independent observers (SJV, JFV, PJvD). E-cadherin and HER2 stainings were scored using 
the DAKO/HER2 scoring system for membrane staining. Membranous scores 1+, 2+, and 3+ 
were considered positive. For HER2 only a score of 3+ was considered positive. ERα and PR 
were scored by estimating the percentage of positive tumor cells, considering cancers with 
more than 10% positive tumor nuclei as positive. Nuclear and cytoplasmic SOX4 staining 
intensity was scored as 0-3+, considering samples with 3+ staining intensity as positive. The 
Perou/Sorlie molecular classification was simulated by ER/PR/HER2 as before20.
The CD34 staining (Immunotech, QBEND10) was performed in a 1:800 dilution on a Ventana 
autostainer. For xenograft tumors immunohistochemistry was carried out on 4 µm thick 
sections and antigen retrieval was performed as described for patient material. Primary 
antibodies against CD31 (PECAM-1 Antibody (M-20), sc-1506) and ET-1 (N-8, SantaCruz, sc-
21625) 1:50 were diluted in PBS containing 1% BSA and incubated overnight at 4°C. The 
signal was amplified using poly-HRP (Leica, Rijswijk, The Netherlands) and developed with 
diaminobenzidine, followed by counterstaining with haematoxylin, dehydration in alcohol, 
and mounting.PECAM-1 Antibody (M-20): sc-1506
To quantify blood vessels in tumors, ImageJ software was used. To quantify CD34 (patient 
tumor material) and CD31 (murine model) 3,3’-Diaminobenzidine (DAB) staining. DAB signal 
was isolated using the ImageJ colour deconvolution plug-in, followed by a fixed threshold 
background subtraction and automatic particle analysis, using a minimum particle size of 
50 pixels. 

Cell culture and lentiviral transduction

Human Microvascular Endothelial Cells (HMEC-I) (Centers for Disease Control and Prevention, 
USA)21 were maintained in MCDB 131 medium) containing 10% FCS, 10 mM L-Glutamine, 
100 U/ml penicillin and 100 µg/ml streptomycin (All from Life Technologies, USA), 50 nM 
hydrocortisone (Sigma-Aldrich, USA), and 10 ng/ml rhEGF (Invitrogen, USA) up to passage 27 
at 37°C, 5% CO2 and ambient oxygen level (20%). Immortalized human mammary epithelial 
cells (HMLE) (kindly provided by dr. R.A. Weinberg) and were cultured in human mammary 
epithelial growth media (cc-3150, Lonza) as described previously7. MDA-MB-231 cells and 
HCC1954 cells were cultured as described previously22. Lentiviral transduction of MDA-
MB-231 and HMLE cells was performed as described previously3.
Knockdown of EDN1 in HMLE cells was performed using 25nM human EDN1 siRNA (Thermo 
Scientific, ON-TARGET plus SMARTpool, L-016692-00-0010, Waltham, MA, USA) with 
Lipofectamine RNAiMAX reagents (Invitrogen), 24 h before 4-OHT treatment.
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Migration assay

200,000 cells per well were plated 24 hours in advance in 24-well plate wells to form a 
confluent monolayer. Migration was assessed by making a single straight scratch in the 
HMEC-I monolayer using a 20-200 µl pipette tip. Wells were washed with PBS to remove loose 
cells, and 0.5 ml test medium (basal-, full-, or conditioned medium) was added, followed by a 
5 hour incubation at 37°C, 5% CO2 and ambient oxygen level (20%). Images were recorded at 
t = 0 and t = 5 hours at similar locations, after which the scratch surface was determined using 
ImageJ software to determine scratch closure. 

Matrigel angiogenesis assay

The effect of conditioned medium on angiogenic activity of HMEC-I cells was determined 
by seeding 2,000 cells (in 10µl basal medium) on to 10µl solidified Growth Factor Reduced 
Matrigel (Becton Dickinson, United Kingdom) in a µ-Slide Angiogenesis (Ibidi, Germany) in 
the presence of 50 µl test medium (basal-, full-, or conditioned medium). After an 18 hour 
incubation at 37o C, images were recorded using an Olympus BX53 microscope with a DP71 
digital camera, and analyzed for total network length using the ImageJ Angiogenesis Analyzer 
plugin. 

Measurement of angiogenic sprouting

Angiogenic sprouting stimulation of conditioned medium was measured by seeding HMEC-
1 cells on to Cytodex3 microcarrier beads (Sigma-Aldrich, USA) and embedding them in a 
1:1:4 mixture of basal medium, test medium, and Growth Factor Reduced Matrigel (Becton 
Dickinson, USA). After solidification of the gels, 0.5 ml basal medium was added on top of 
the gels and incubated for 48 hours at 37°C, 5% CO2 and ambient oxygen level (20%). Images 
were recorded using an Olympus CKX41 microscope with an SC30 digital camera. Sprout 
lengths were determined using ImageJ software. 

Measurement of proliferation

100,000 HMEC-I cells were seeded in full HMEC-I medium in 24-well plate wells 24 hours 
before the assay. 0.4% BSA was added to all test media except full HMEC-I medium. Test 
media was added to the wells, and the cells were incubated for 48 hours at 37oC, 5% CO2 
and 20% O2. Then, cells were washed with PBS and isolated using 0.5 ml 0.25% Trypsin-EDTA 
(Gibco, Invitrogen, USA) for 5 minutes at 37oC, flushed loose with 0.5 ml full HMEC-I medium, 
and counted using a TC20 automated cell counter (Bio-Rad, USA).

Chromatin Immunoprecipitation

Prior to chromatin immunoprecipitation (ChIP) and sequencing HMLE-S4 cells were grown in 
the absence or presence of 1µg/ml of doxycycline for 16h, ChIP was performed as described 
previously23 using the following antibodies: 10µg of SOX4 antibody (CS-129-100, Diagenode), 
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5µg H3K4me3, H3K27ac, (ab8580, ab4729, Abcam), 5µg anti-RBP1 (PB-7C2) antibody 
(Euromedex), and 5µg H3K27me3 (39157, Active Motif). Truseq nano DNA sample preparation 
kit (Illumina) was used for End-repair, A-tailing, and ligation of sequence adaptors. Samples 
were subsequently PCR amplified after which the libraries were size selected to remove 
adapter dimers and select fragments in the 200-500bp range. Barcoded libraries were 
sequenced on Illumina NextSeq500 sequencer (75bp, single-end, Utrecht DNA sequencing 
facility).

RNA sequencing

Total RNA was extracted from ER and ERSOX4 HMLE cells treated with 100nM 4-OHT for 8h, 
using the RNAeasy kit (Qiagen). Sample preparation was performed using TruSeq stranded 
total RNA with ribo-zero globin sample preparation kit (Illumina) and samples were 
sequenced 75bp single-end on Illumina NextSeq500 (Utrecht DNA sequencing facility).

NGS data analysis

BaseSpace software (Illumina) was used for sample demultiplexing, only reads with quality 
score of Q>30 were subsequently used for further analysis. Differential gene expression 
analysis was performed using the Tophat2-cufflinks pipeline as described previously24. Briefly, 
reads were mapped to the human reference genome (hg19) using TopHat v2.0.9 and using 
the reference gene annotation (hg19) as a guide transcripts were assembled using CuffLinks 
v2.2.1. Cuffdiff was used for differential gene analysis. Prior to differential gene analysis reads 
were quartile normalized using the –library-norm quartile option and reads mapping to rRNA 
and tRNA were masked from the analysis (-M command). CummeRbund was used for quality 
assessment and figure generation. Cluster 3.0 and Java TreeView software version 1.1.6 were 
used for clustering and visualization of heatmaps. The DAVID gene ontology database (http://
david.abcc.ncifcrf.gov/) and the ClueGO module in cytoscape were used for functional 
annotation of differentially expressed genes25,26. 
ChIP-sequencing reads were mapped to the reference genome (hg19) with Bowtie 2.1.027using 
default settings. Samtools version 0.1.19 was used for file conversions (SAM to BAM) and peaks 
were called using Cisgenome 2.0 using the input as a control ( –e 150 -maxgap 200 –minlen 
200)28. Mapped reads were extended according to the average fragment size and converted to 
TDF files with igvtools-2.3.36 and were visualized with IGV-2.3.3429. General manipulation of 
bed-files was performed using BEDtools v2.17.030. Quantile normalization and quantification 
of ChIP-seq reads was performed as described previously31. HOMER software was used for 
motif discovery, peak annotation and the generation of histograms32. 

Analysis of gene expression signatures

The log fold change values for each of the different gene signatures were used to create a 
centroid which was then correlated to the z-score transformed centroid for the corresponding 
genes for each patient sample in Metabric using the Spearman correlation as described in 
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Bruna et al (2012)22,33. The 25th, median or 75th percentile or median Spearman correlation 
value was used as a cut-off for the Kaplan-Meier analysis of breast cancer-specific death and 
survival for subgroups defined by  ER status.

Zebrafish embryo maintenance, cell injection and imaging

Zebrafish maintenance and procedures were performed in the Faculty of Natural Sciences 
at Imperial College London (UK), in accordance to the UK Home office regulations (ASPA 
1986). Zebrafish adult specimen were kept in a self-recirculating aquarium at an average 
temperature of 28°C with a 14-hours light 10-hour dark cycle. Adult specimens were fed twice 
a day on a diet of Hikari micropellets (Kyorin) and brine shrimp. 
Zebrafish in vivo angiogenesis assays were performed on Tg(fli:GFP) embryos34. To facilitate 
visualization post-implantation, cell lines lacking intrinsic fluorescent signalling were 
pre-labeled with CM-DiI (Invitrogen, UK) according to the manufacturer’s instructions. 
For injections, labeled cells were harvested to obtain a pellet without medium and 
then resuspended in 10 µl PBS. 1 day post-fertilization (1dpf) embryos were manually 
dechorionated and then anesthetized in a solution containing 0.003% tricane (Sigma, UK) 
for 10 minutes. Injections were performed using a Narishige microinjector with a 12 mm 
gage borosilicate pipette. During the procedure, embryos were kept on an injection mould 
composed of 3% agar in a solution of pre-warmed PBS (+Mg +Ca) with the addition of 0.003% 
tricane (Sigma, UK). Approximately 150-200 cells were injected in the yolk sac of each embryo, 
in proximity of the sub-intestinal vessel complex. For individual experiments, approximately 
25 embryos were injected per cell line. Injections were completed within 1 hour, following 
which the embryos were maintained in a solution of system water (chlorine deprived tap 
and distilled water mixture) with the addition of 0.0003% (v/v) methylene blue (antifungal) 
and 30 μg/ml N-phenylthiourea (Sigma) (PTU, averts melanin formation), and kept at a 
constant temperature of 28°C. Live imaging was performed on individual embryos 2 days 
post-injection (dpi) under a wide-field fluorescent microscope (Olympus CKX41). Fish were 
anesthetized with the addition of 0.05% tricaine to their water, to prevent movement during 
the live imaging practice. All pictures were taken with Q Capture-Pro (QImaging) apparatus, 
with any alteration to the original picture performed via the use of Image J.

Orthotopic tumor xenograft model

Mammary fat-pad transplantations in female RAG2−/−;IL-2Rγc−/− immunodeficient mice 
using approximately 1 × 106 luciferase-expressing MDA-MB-231 cells and bioluminescence 
imaging were performed as described previously35. Tumour growth was measured weekly 
using a digital calliper (VWR, Radnor, PA, USA) and mice were sacrificed when tumor volume 
exceeded 1000mm2 or visible metastases were detected by BLI. All animal experiments were 
approved by the Utrecht University Animal Experimental Committee (DEC-Utrecht no. 2013.
III.02.020). Immediately after resection, the tumors were fixed in neutral buffered formalin 
and paraffin embedded. Immunohistochemistry was performed on 4μm thick sequential 
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sections, as described above. Macroscopic lung metastases were counted, ET-1 and CD31 
staining was quantified using ImageJ as described above. 

qPCR 

For qPCR analysis, mRNA was isolated using the RNAeasy kit (Qiagen) according to the 
manufactures’ protocol after which cDNA was generated using the iScript cDNA synthesis 
kit (Bio-Rad). Subsequently, real-time quantification was performed on a MyiQ Single-Color 
Real-Time PCR Detection System (Bio-Rad) using SYBR Green Supermix (Bio-Rad) for cDNA 
amplification according to the manufacturer’s protocol.

FW-SOX4 ACCGCACGCCAAGCTCATCC FW-LMO4 AAAAGCAGACCATGGTGAATCC
RV-SOX4 GTCCGCGCCTTGTACAGCGA RV-LMO4 GCTGTGCCAATAGCTGTCCA
FW-B2M CCAGCAGAGAATGGAAAGTC FW-SMARCC1 CTGTTGCAGCCAACATCCAC
RV-B2M CCAGCAGAGAATGGAAAGTC RV-SMARCC1 GGGGGATACATGCCGTTAGG
FW-EDN1 TTGAGATCTGAGGAACCCGC FW-ECE1 TGGCACCCACAACTGCAAAT
RV-EDN1 GCTCAGCGCCTAAGACTGTT RV-ECE1 GTACGTCGACATCTGGGTCC
FW-MARCKSL1 GGCTACAGAGCCATCCACTC FW-MMP10 GACACAGTTTGGCTCATGCCTACCC
RV-MARCKSL1 TGACCTCACAAGGACAGCAC RV-MMP10 TTGGTGCCTGATGCATCTTCTGTCC
FW-DBN1 GGAGTTCTTCCAGGGTGTCG FW-TEAD2 CCGCTCGAGAGTGTGGACGT
RV-DBN1 GTCTTCTGGTAGGTGGTGCC RV-TEAD2 AGGTCCGCCCAGAACTTGACCAG
FW-MARCKS TGCCCAGTTCTCCAAGACCGC FW-FZD7 ACAGAGGCCCAGGGACGAAAGC
RV-MARCKS GCCATTCTCCTGTCCGTTCGCT RV-FZD7 CTCTCCCAACCGCCTCGTCGCA

Luciferase assays

For the luciferase assay, HEK293T cells at 50% confluency were transfected in 24-well plates 
with 0.1µg EDN-1 promoter luciferase reporter or mutated versions thereof, with 0.1µg of 
pcDNA3 empty vector, pcDNA3- flag-Sox4, pcDNA3 flag-Sox4 DN (aminoacids 1-135), and 
0.02µg pRL-TK Renilla (Promega) as a transfection control. The cells were lysed in 50µl 
passive lysis buffer 3-days post-transfection, the soluble fraction was subsequently assayed 
for luciferase activity with a Dual-Luciferase Reporter Assay System (Promega).

Oligonucleotide Pull-Down Assay

Oligonucleotide pull-down assays were performed as described previously7. Briefly, cell 
extracts of HEK239T cells transfected with either an empty vector control pcDNA or flag-
Sox4 pcDNA were incubated with biotinylated double-stranded oligonucleotide probes 
which were precoupled to streptavidin beads. Binding sites matching the consensus SOX4 
binding sequence7 or the identified ET-1 promoter regions were used. After incubation, with 
the biotinylated probes the samples were washed in low-salt buffer (150 mM NaCl) and 
subsequently analyzed by Western blot using an anti-flag antibody. 
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ET-1 -70BPfw GGTGACTAATAACACAATAACATTGTCTGGGGCTGGAATAAA
ET-1 -70BPrv TTTATTCCAGCCCCAGACAATGTTATTGTGTTATTAGTCACC
ET-1 -350BPfw ATTCCCCGCACACAACAATACAATCTATTTAAACTGTGGCTCA
ET-1 -350BPrv TGAGCCACAGTTTAAATAGATTGTATTGTTGTGTGCGGGGAAT
ET-1 -70BPmutfw GGTGACTAATAACACAATACTCCCACCTGGGGCTGGAATAAA
ET-1 -70BPmutrv TTTATTCCAGCCCCAGGTGGGAGTATTGTGTTATTAGTCACC
ET-1 -350BPmutfw ATTCCCCGCACACCCTGGCACAATCTATTTAAACTGTGGCTCA
ET-1 -350BPmutrv TGAGCCACAGTTTAAATAGATTGTGCCAGGGTGTGCGGGGAAT

ELISA

HMLE-ERSOX4 cells and HMLE-ER cells were seeded at 50.000cell/well in a 6-well plates and 
were subsequently allowed to adhere overnight. The cells were subsequently treated or left 
untreated for 8 hours with 100nM 4-hydroxytamoxifen (4-OHT) after which the media was 
replaced with HMEC-1 bare media for overnight conditioning in the presence or absence of 
4-OHT. The next day the media was collected and cell-debris was removed by using a 20µM 
filter. Samples were subsequently diluted 10x and analyzed for ET-1 expression using the 
Endothelin-1 Quantikine ELISA Kit (DET100, R&D systems) according to the manufacturers 
protocol. 

Statistics

Statistical analysis was performed using IBM SPSS Statistics version 21 (SPSS Inc., Chicago, 
IL, USA) for all patient data. Associations between categorical variables were examined using 
the Pearson’s Chi-square test or Fisher’s exact test when required,.Survival analyses were 
performed using Kaplan-Meier and differences were analyzed using Log rank test.P-values 
<0.05 were considered to be statistically significant. Additional statistical analyses were 
performed using GraphPad software (v6), statistical analyses used are indicated in the figure 
legends. Statistical analysis of in vitro data was performed using the analysis of variance 
(ANOVA) with a Post Hoc Dunnett’s multiple comparisons test, unless indicated differently. 
Gene signature analysis was performed by calculating Spearman-rank correlations between 
centroids of the SOX4 signature and patient gene expression profiles. ChIP-seq is represented 
as boxplots with 5%–95% whiskers. Statistical comparison was performed with a two-tailed 
Mann-Whitney U test (****p<0.0001) for unpaired peak-sets and a two-tailed Wilcoxon-
signed-rank test for paired peak-sets (****p<0.0001). 

Results

SOX4 is an epigenome-guided transcriptional activator

To understand the functional role of SOX4 in breast cancer progression it is imperative to 
understand how target gene specificity and activation are achieved. We aimed to characterize 
SOX4 chromatin-binding on a genome-wide level by using chromatin-immunoprecipitation 
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and sequencing (ChIP-seq). To identify an antibody suitable for ChIP-seq, we analyzed a 
number of SOX4 antibodies, by Western blot, the ability to immunoprecipitate (IP) HA-tagged 
SOX4, and rapid immunoprecipitation mass spectrometry of endogenous proteins (RIME) 
(Fig. S1A; Table S1)36. This analysis yielded a single suitable antibody (Diagenode, CS-129-
100), which was subsequently used for ChIP-seq analyses.
To globally evaluate SOX4 transcriptional function, we used the well-characterized human 
mammary epithelial cell line (HMLE) as a model system. We have previously demonstrated 
that HMLEs express low but detectable levels of SOX4 and rapidly gain metastatic traits 
associated with EMT upon conditional activation of SOX47. In order to investigate the 
transcriptional output of SOX4 we generated a doxycycline (DOX)-inducible SOX4 HMLE 
cell line (HMLE-S4), allowing for rapid, conditional expression of SOX4 (Fig. S1B). We 
subsequently performed SOX4 ChIP-seq in wild-type HMLE cells and in doxycycline treated 
or untreated HMLE-S4 cells. We simultaneously generated genome-wide binding profiles for 
RNA-polymerase II (POL2), the transcription start site (TSS) associated histone mark histone 
H3 lysine (K) 4 trimethylation (H3K4me3), the repressive mark H3K27me3 and the active 
regulatory mark H3K27 acetyl (H3K27ac), in the latter (Table S2).
We successfully identified SOX4 bound loci in both HMLE wild-type (wt), untreated and DOX-
treated HMLE-S4 cells and as expected the largest number of peaks was uniquely bound 
in DOX-treated HMLE-S4 cells (Fig. 1A), as reflected by an increased SOX4 occupancy on 
the HDAC2 promoter (Fig S1C). To analyze the genomic distribution of SOX4 binding we 
determined the distance of SOX4 peaks to the closest TSS. In HMLE wt cells, untreated and 
DOX-treated HMLE-S4 cells, SOX4 binding was enriched at TSS-proximal sites, compared to 
random genomic regions (Fig. 1B; Fig. S1D-E), indicating  that SOX4 binding is enriched at 
promoter regions but also occurs at TSS distal regions.
To gain further insight into the sequence requirements for SOX4 binding we performed de 
novo motif analysis. The SOX-consensus DNA-binding motif was the most highly enriched 
motif in DOX-treated HMLE-S4 cells (Fig. 1C) and was present in over 67% of all peaks. The 
SOX4 consensus motif was also centrally enriched in the identified peaks, further confirming 
sequence-dependent binding (Fig. 1D). In addition to the SOX4 motif, a number of co-
occurring motifs were identified corresponding to AP-1, CTCF, ETS1 and SMAD3 (Fig. 1C).
To further define the features that underlie binding of SOX4 to chromatin we analyzed the 
epigenetic profile of SOX4 bound sites in HMLE-S4 cells. We found that SOX4 binding sites are 
centrally enriched in histone marks associated with active and open chromatin (H3K4me3 
and H3K27ac), as well as in high levels of POL2, whereas the repressive mark H3K27me3 
was absent from SOX4 bound sites (Fig. 1E). To quantify these effects we assessed the 
discriminating features between SOX4 bound and unbound sites within regions of open 
chromatin, as defined by H3K27ac signal. Quantitative analysis of SOX4 bound versus 
unbound H3K27ac sites revealed that SOX4 bound sites have significantly higher occupancy 
for H3K27ac, H3K4me3 and POL2 compared to unbound sites, and are devoid of H3K27me3 
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Figure 1. SOX4 is a transcriptional activator preferentially binding to open/active chromatin. 

SOX4

-4

-2

0

2

4

N
R

PK
M

(lo
g2

)

****
H3K27ac

-4

-2

0

2

4

6 ****
H3K4me3

-4

-2

0

2

4

6

8 ****
POL2

-4

-2

0

2

4

6 ****
SOX4

+-
-4

-2

0

2

4

N
R

PK
M

(lo
g2

)

****
H3K27Ac

-2

0

2

4

****
POL2

+-
-4

-2

0

2

4

6 ****

H3K27me3

-4

-2

0

2

4

SOX4 +

H3K27me3 -

TEAD2

R
PK

M

H3K27me3 +

H3K4me3 -

H3K4me3 +

POL2 -

POL2 +

H3K27ac -

H3K27ac +

10kb

SOX4 induced sites in HMLE-S4 cells (top 1000)

+-
81% 25% 21%

SOX4 bound sites vs unbound sites HMLE-S4 cells

8.0

0.0
8.0

0.0

7.0

0.0

7.0

0.0

70

0.0
70

0.0

1.5

0.0
1.5

0.0

6.0

0.2

A

1

2

-log(pValue)Transcription 
factor

SOX4

AP1 2953

7476

5

4

3 CTCF

SMAD3

ETS1 187

1842

113
0

1

2

b
it

s

1

G

C

2

T
C

3

A

4

A
G

5

C
A

6

C

7

G
T
A

8

C

G

A

0

1

2

b
it

s

1

C
G
A

2

A
G
C

3

CGA

4 5

G

6

A

7

T
A

8

A
G

9

A

C
T

1
0

T
A
C
G

0

1

2

b
it

s

1

G
C
T

2

T

G
A

3

T
C
G

4

T
C

5

A
T
G

6

T
A
C

7

C

8

T

A
C

9

T
C

1
0

C

1
1

A

C
T

1
2

T
A
G

1
3

T

C
G

1
4

C
A
T

1
5

G

1
6

C

A
T
G

1
7

A
T
C

1
8

T

A

C

1
9

C

T

G
A

0

1

2

b
it

s

1

C
G
A

2

G
A

3

C
G
A

4

A

5

G
C

6

A

7

A

8

T
A

9

A
G

1
0

A
C
G

0

1

2

b
it

s

1

C
G
A

2

T

3

T

G

4

A

5

T

A

G
C

6

A
T

7

A
C

8

T

A

9

C
G
T

1
0

T

G

C

Motif
C D E

B

F G

H

Figure 1. Vervoort et al. 
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occupancy (Fig. 1F) These findings indicate that SOX4 preferentially binds to active/open 
chromatin. 
To assess whether SOX4-induction in HMLE-S4 cells can itself result in alterations in active 
histone marks and POL2, we ranked all H3K27ac loci according to their relative change in 
SOX4-signal, or H3K27ac-signal in DOX-treated versus untreated HMLE-S4 cells. This revealed 
that induction of SOX4 results in a concomitant increase in POL2 and H3K27ac occupancy 
(Fig. 1G), which is also apparent at the genomic locus surrounding the validated SOX4 target 
gene TEAD2 (Fig. 1H)37. No change was observed for the subset of sites where SOX4 binding 
remains unaltered (Fig. S1F). In agreement, the most highly induced H3K27ac sites showed 
increased SOX4 and POL2 occupancy (Fig. S1G). Taken together, these findings show that 
increased binding of SOX4 to regions of open chromatin, promotes an active chromatin-
state. 
The reliance on a pre-existing chromatin-state for SOX4 binding implies that SOX4 
transcriptional effects are likely to be highly context dependent. Indeed, analysis of overlap 
between SOX4 bound sites in HMLE cells and sites identified in two distinct breast cancer 
cell lines, the HER2-amplified HCC1954 cells and highly metastatic triple-negative MDA-
MB-231 cells revealed a minor degree of overlap in SOX4 bound loci, although the overlap 
on the associated genes was higher (Fig. S1H-I). SOX4 thus utilizes a pre-existing chromatin-
landscape by binding to open/active chromatin, and binding to these sites subsequently 
increases the occupancy of active histone-marks and POL2. 

Identification of a SOX4 transcriptional network with prognostic significance

To characterize the SOX4 transcriptional network we performed RNA-sequencing (RNA-seq). 
To this end, we utilized HMLE cells stably expressing SOX4 fused to the estrogen-receptor 
hormone-binding domain (ERSOX4 HMLEs), which allows for extremely rapid activation 
of SOX4 by 4-hydroxytamoxifen (4-OHT)7. ER-control HMLE and ERSOX4 HMLE cells were 
stimulated with 4-OHT (8h) after which total RNA was isolated and subjected to RNA-seq 
to identify alterations in gene expression. Data analysis revealed that 1378 genes were 
significantly regulated (q-value<0.05) and differentially expressed by at least two-fold upon 

to annotated genes, represented as distance from the nearest TSS. Random genomic regions were used as 
background. (C). De novo motif analysis of SOX4-bound sites in DOX-treated HMLE-S4 cells. Selected significantly 
enriched motifs are represented. SOX4 was identified as the most highly enriched motif. (D) Density of the 
consensus SOX4 motif in SOX4 bound sites in HMLE-S4 cells 500bp up and downstream of the peak center. (E) 
Occupancy plots of SOX4, H3K27ac, H3K27me3, POL2 and H3K4me3 in the 10kb-genomic region surrounding 
the SOX4 peak center. (F) Changes in SOX4, H3K27ac, H3K4me3, POL2 and H3K27me3 are shown for SOX4-
bound and SOX4-unbound sites (5%–95% whiskers, two-tailed Mann-Whitney U test, **** indicate p<0.0001). 
(G) Changes in SOX4, H3K27ac, and POL2 in HMLE-S4 for top 1000 DOX-induced sites ranked by SOX4-signal 
(****p<0.0001, Wilcoxon-signed-rank test) (H) Genomic tracks representing the occupancy of SOX4, H3K27me3, 
H3K4me3, H3K27ac and POL2 in untreated and DOX-treated HMLE-S4 cells surrounding the genomic locus of the 
canonical SOX4 target gene TEAD2. 
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Figure 2. Identification of a novel core-SOX4 target gene signature with prognostic value and pro-
angiogenic networks. 
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Figure 2. Vervoort et al. 

(A) Gene expression analysis of SOX4 induced changes in HMLE ERSOX4 cells conditionally activated by 4-OHT 
for 8h analyzed by RNA-seq. No significantly changed genes were observed in ER-control HMLE cells (data not 
shown). Significantly changed genes (q-value<0.05) are indicated in red. Two-fold changed genes up and down 
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conditional SOX4 activation (Fig. 2A), whereas no significantly altered genes were identified 
in ER HMLE control cells. 
To identify direct transcriptional targets we overlapped this RNA-seq dataset with genes 
containing a SOX4 binding site within 20kb of their TSS (Fig. 2B). This revealed a core set 
of 650 bound and regulated transcriptional targets (Fig. 2B-C), and the largest fraction of 
genes showing increased expression upon SOX4 activation (63%) and a considerably smaller 
percentage of repressed targets (37%). 
In order to independently validate the targets identified in our RNA-seq dataset we performed 
quantitative real-time PCR (qRT-PCR) on ER-control and ERSOX4 HMLE cells stimulated with 
4-OHT (8h and 24h). For all selected target genes conditional activation resulted in a time-
dependent increase in expression in ERSOX4 HMLE cells, with no change in the expression 
in ER-control HMLE cells (Fig. 2D). As illustrated by the RNA-seq and ChIP-seq results for the 
MARCKSL1 locus (Fig. S2A).
To quantify the preferential regulation of induced target genes, we performed a weighted 
gene set enrichment analysis (GSEA) probing for enrichment of SOX4 bound genes (ChIP-
seq, 2kb from TSS) in the RNA-seq dataset ranked according by log-fold change. This 
demonstrated a strong and significant enrichment of SOX4 bound genes for positively 
regulated genes in the RNA-seq dataset (Fig. 2E). This notion is supported by the significant 
enrichment for SOX4-binding in positively regulated genes, but not repressed genes as assed 
by the hypergeometric test (Fig. S2B). Moreover, a significant increase in SOX4 occupancy 
upon DOX-treatment of HMLE-S4 cells was observed with peaks associated with the top 
1000 induced genes, whereas no  significant change was observed for peaks associated with 
repressed genes (Fig. 2F).  Taken together, these findings strongly indicate that SOX4 is a 
transcriptional activator and suggest that inhibitory effects on gene expression are the result 
of indirect secondary mechanisms.. 
Next we assessed the prognostic value of core SOX4 target gene signature of 650 genes. 
We stratified a large and well characterized breast cancer cohort of nearly 2000 patients, 

are indicated at the top of the graph, 791 and 587, respectively. (B) Venn diagram showing the overlap of genes 
regulated by SOX4 on the RNA-level (FC>2, q-value<0.05) with genes possessing a SOX4 binding site within 20kb 
from an annotated TSS in DOX-treated HMLE-S4 cells (650 genes). (C). Heatmap visualizing gene expression 
changes for core-SOX4 target genes. (D) Quantitative real-time PCR analysis of gene expression changes in 
4-OHT treated ER-control and ERSOX4 HMLE cells for selected SOX4 target genes identified by RNA-seq. Data 
represented as mean ± SD, normalized for β2M (n=3). (E) Gene-set enrichment analysis (GSEA) representing the 
enrichment of SOX4 bound sites (2kb from TSS) in the RNA-seq expression dataset ranked according to the log2 
fold change upon conditional activation of SOX4. The normalized enrichment score (NES) and FDR q-value are 
indicated (1.71; q<0.0001). (F) Quantitative analysis of changes in SOX4 occupancy in peaks associated with 
most highly induced or repressed genes derived from the RNA-seq dataset generated in ERSOX4 HMLE cells 
(****p<0.0001, Wilcoxon-signed-rank test). (G) Analysis of the prognostic value of the core-SOX4 gene expression 
signature (650 genes) in a large cohort of breast cancer patients (METABRIC). Spearman-rank correlations 
were calculated between centroids of the SOX4 signature and patient gene expression profiles. Patients were 
subsequently separated by median and analyzed for disease-specific survival probability in ER positive, ER 
negative and claudin-low breast tumors. 
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Figure 3. SOX4 directly regulates EDN1 mRNA expression and promotes production of the mature 
ET-1 peptide. 
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Figure 3. Vervoort et al. 

(A) Gene Ontology (GO) analysis on core-SOX4 target genes. Top terms are shown. (B) Heatmap of gene 
expression changes upon conditional SOX4 activation in HMLE cells for genes associated with the GO-term 
blood vessel morphogenesis (HMLE regulated and bound). Genes with a SOX4 binding site within 20kb of a 
TSS in MDA-MB-231 cells (C) Normalized ChIP-seq tracks for SOX4, H3K27me3, H3K4me3, POL2, and H3K27ac 
surrounding the EDN1 locus in HMLE-S4 cells. For histone marks and POL2 both DOX-treated and untreated 
profiles are represented (-/+). (D) Normalized RNA-seq profile for the EDN1 gene in untreated and 4-OHT treated 
ERSOX4 HMLE cells (-/+). (E) qRT-PCR analysis of EDN1 expression in 4-OHT treated ER and ERSOX4 HMLE cells. 
Data represented as mean ± SD, normalized to β2M (n=3) (F) Luciferase assay in HEK293T cells transiently 
transfected with the full-length EDN-1 promoter (FL) as well as luciferase constructs in which the conserved sites 
have been mutated (-70 and -350). (G) Pulldown assay in Flag-Sox4 transfected HEK293 cells using biotinylated 
DNA-probes. Probes matching an optimal SOX4 binding sequence, and the -70bp and -350bp of the EDN1 
promotor sequence are indicated and mutated versions thereof (- indicates empty beads). (H) Enzyme-linked 
immunosorbant assay (ELISA) analysis of ET-1 expression in the overnight conditioned media of 4-OHT treated 
and untreated HMLE-S4 cells. 
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according to their similarity to the core SOX4 signature33. This demonstrated that this 
signature significantly correlated with decreased disease-specific survival probability 
in ER positive tumors, which represent the largest group of patients, and showed a trend 
towards poor-prognosis in ER negative tumors (Fig. 2G). In addition, in claudin-low tumors 
which are characterized by high enrichment of EMT-markers, cancer stem cell-like features 
and immune-response genes38,39, the core SOX4 signature also correlates with decreases-
patient survival (Fig. 2G). These findings demonstrate the prognostic value of the core-SOX4 
signature in breast cancer, thus warranting further functional investigation to determine the 
molecular mechanisms by which SOX4 target genes may promote tumor-progression. 

SOX4 positively regulates EDN1 expression and promotes ET-1 secretion 

To identify enriched cellular processes in our core SOX4 gene set, we performed gene-
ontology (GO) analysis. GO-term analysis of the core 650 SOX4 target genes showed a 
significant association with blood vessel morphogenesis, in addition to cell cycle and cell 
migration associated processes (Fig. 3A). SOX4 target genes were also enriched for genes 
encoding secreted proteins which are involved in cell migration, extra-cellular composition, 
angiogenesis and inflammation (Fig. S3A-B). The association with vascular development 
and cell migration was restricted to the positively regulated gene-set, whereas terms related 
to cell cycle and apoptosis were enriched in repressed genes (Fig. S3C-D). 
A role for SOX4 in tumor-induced angiogenesis remains unexplored and could be an essential 
component of its pro-tumorigenic effects. To this end we examined the genes associated 
with angiogenesis more closely and 13 genes were found to be induced upon conditional 
SOX4 activation (Fig. 3B). We chose to further evaluate the role of endothelin-1 (EDN-1) since 
its expression has been demonstrated to positively correlate with breast cancer tumor-grade 
and distant metastasis, and has been suggested to promote tumor-induced angiogenesis, 
migration and invasion40,41. EDN1 encodes prepro-endothelin, which through intra-cellular 
cleavage by convertases and Endothelin Converting Enzyme-1 (ECE-1) is converted into a 
21-amino acid mature form42. Endothelin-1 (ET-1) directly induces angiogenesis by binding 
to its cognate receptors (ETAR and ETBR) expressed on endothelial cells42. Interestingly, 
both EDN1 and its converting enzyme ECE-1 were observed to be transcriptionally induced, 
indicating that SOX4 targets dual aspects of this pro-angiogenic pathway. 
In line with our previous observations, analysis of ChIP-seq and RNA-seq profiles the EDN1 
locus indicated a strong increase in POL2 and H3K27ac upon DOX-treatment of HMLE-S4 
cells (Fig. 3C) and an increase in mRNA expression of EDN1 upon conditional activation of 
SOX4 in ERSOX4 HMLE cells (Fig 3D). This induction of EDN1 expression was also observed 
by qRT-PCR in ERSOX4 HMLE cells, and was absent in control ER HMLE cells (Fig. 3E). Closer 
examination of the EDN1 promoter overlapping SOX4 and H3K27ac profiles identified two 
conserved SOX4 binding sites at 70bp and 350bp from the TSS (Fig. S4A). To assess whether 
the SOX4 bound region (-961bp - +3bp) upstream of the TSS is sufficient for transcriptional 
activation by this factor we performed luciferase assays using a reporter construct containing 
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the EDN1 promoter region. Ectopic expression of SOX4 strongly induced luciferase expression 
as compared to the empty vector (EV) control, which could be inhibited by overexpression 
of a dominant negative truncated SOX4 lacking the transactivation domain (Fig. S4B). 
Activation of the luciferase reporter was significantly inhibited when the SOX4 binding site at 
-350bp was mutated, whereas no reduction was observed upon mutation of the -70bp site, 
indicating that transcriptional activation of EDN1 by SOX4 under these conditions is mediated 
by the site at -350bp from the TSS (Fig. 3F). To determine whether SOX4 can indeed directly 
bind these sites we performed pull-down assays with biotinylated DNA-probes containing 
the identified EDN1 promoter binding sites or a consensus SOX4 binding site and mutated 
versions thereof. SOX4 was found to specifically bind to the conserved motifs at -350bp from 
the EDN1 TSS, which could be inhibited by mutation of this site (Fig. 3G). 
To assess whether transcriptional induction of EDN1 by SOX4 also results in increased 
production of the mature ET-1 peptide we performed enzyme-linked immunosorbent 
assays (ELISA). Conditional activation of SOX4 in HMLE resulted in a significant increase in 
ET-1 secretion by these cells (Fig. 3H). Additionally, SOX4 was observed to significantly and 
positively correlate with EDN1 expression on the mRNA level in a large cohort of breast cancer 
patient samples, whereas no significant correlation was found for the housekeeping gene 
HPRT (Fig. S4C). Taken together these observations demonstrate that SOX4 directly induces 
EDN1 expression on the mRNA level resulting in increased expression of the secreted ET-1 
peptide. 

SOX4 induced ET-1 expression promotes tumor-induced angiogenesis in vitro

Since we observed that conditional activation of SOX4 resulted in increased expression of ET-1 
we next investigated whether this was able to induce pro-angiogenic effects on endothelial 
cells. To this end, we activated SOX4 in ERSOX4 HMLE cells and after an initial induction 
period of eight hours, we refreshed the (serum-free) media for overnight conditioning. The 
SOX4 activated conditioned media (SCM+) was subsequently tested for its ability to affect 
pro-angiogenic processes in human microvasculature endothelial cells (HMEC-1) in three 
distinct in vitro assays assessing cell migration, network formation, and sprouting. In parallel, 
we investigated the pro-angiogenic function of synthetic ET-1 in these systems to ascertain 
whether this could phenocopy any effects observed in SCM+. 
The functional effects of SCM+ on HMEC-1 cells were first investigated in a wound-healing 
assay43. Relative to basal media alone, exposure of HMEC-1 cells to SCM+ was capable of 
increasing migration of HMEC-1 cells, whereas no significant increase was observed with 
SCM- or ER-control HMLE conditioned media (ERCM+) (Fig. 4A-B). Importantly, SCM+-
induced migration could be inhibited by the dual endothelin receptor antagonist Bosentan44, 
demonstrating that the pro-migratory effect indeed required endothelin receptor activation 
(Fig. 4B). SCM+ did not affect HMEC-1 cell proliferation, indicating that wound-closure is 
exclusively dependent on cell migration (Fig. S5A). Similar to SCM+, treatment of HMEC-1 
cells with a synthetic ET-1 peptide resulted in a significant increase in wound closure, although 
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Figure 4. SOX4 mediated induction of ET-1 expression promotes tumor-induced angiogenesis in 
vitro. 
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(A) Representative images of wound-healing assays performed on human microvasculature endothelial cells 
(HMEC-1), treated for 5h with basal media, full growth media or conditioned media from HMLE-S4 cells with or 
without overnight treatment with 4-OHT (SCM+ and SCM-, respectively). (B) Quantification of wound closure 
relative to basal media for HMEC-1 cells treated with conditioned media; SCM-, SCM+, SCM+ with Bosentan, and 
conditioned media from ER-control HMLE cells treated with 4-OHT (ERCM+). Data represented as mean ± SD. 
(n=3).  (C) Quantification of wound closure in HMEC-1 cells treated with a synthetic ET-1 peptide, the ET-1 receptor 
antagonist Bosentan (Bos), ET-1 + Bos and full growth media represented as relative migration compared to 
basal media. Data represented as mean ± SD. (n=4). (D) Quantification of the wound healing assay in presence 
of SCM-/+ generated from siEDN1 or control siRNA treated HMLE cells (n=4). (E) Quantification of the wound-
healing assay in the presence of conditioned media from MDA-MB-231 cells stably expressing either a EV or SOX4 
construct represented relative to basal media. Data represented as mean ± SD. (n=3).   (F) Representative images 
of sprouting assays performed with HMEC-1 cells bound to collagen coated sephadex beads and embedded in 
matrigel in the presence of indicated media conditions. (G-J) Quantification of sprouting length in the indicated 
conditions relative to basal media. Data represented as mean ± SD (n=4). 
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not to the same extent as complete media which contains additional pro-migratory and pro-
angiogenic factors (Fig. 4C). In order to assess whether the SCM+-mediated effects required 
transcriptional induction of EDN1 by SOX4, we performed siRNA-mediated knockdown of 
EDN-1 in HMLE cells 24 hours prior to conditional SOX4 activation. EDN1 knockdown reduced 
the SCM+-induced migration in HMEC-1 cells (Fig. 4D). Similar to conditional activation in 
HMLE cells, stable expression of SOX4 in MDA-MB-231 cells also resulted in increased EDN1 
expression (Fig. S5B) and conditioned media with the capacity to increase HMEC-1 migration 
(Fig. 4E). 
To further evaluate the pro-angiogenic effects of ET-1 and SCM+ we next performed a 
matrigel angiogenesis assay. When plated in low-density on a matrigel surface HMEC-1 cells 
rapidly form a meshed network, the length of which is an in vitro measure for their angiogenic 
potential. Relative to basal media alone, SCM+ treatment of HMEC-1 cells resulted in an 
increase in the relative network length, which could be inhibited by Bosentan, whereas no 
increase in network formation was observed in control conditions (Fig. S5C-D). Similarly, 
incubation with the ET-1 peptide significantly increased the network length, an effect that 
could also be inhibited by treatment with Bosentan (Fig. S5E). 
In an analogous manner, we also investigated the capacity of SCM+ and ET-1 to induce in 
vitro angiogenic sprouting. Collagen-coated sephadex beads were incubated with HMEC-1 
cells, allowing cell adhesion to the beads, after which cell-bound beads were embedded in 
matrigel. In the presence of pro-angiogenic stimuli HMEC-1 cells form angiogenic sprouts 
that penetrate the matrigel layer. In this assay both ET-1 and SCM+ treatment of HMEC-1 
cells resulted in a marked increase in sprouting, although less pronounced than full medium 
(Fig. 4F-J). Relative to basal media, SCM+ potently induced sprouting in this assay by 
approximately 6-fold which could be inhibited by Bosentan (Fig. 4F-G). Correspondingly, 
ET-1 induced sprouting by approximately 5-fold, which could also be completely inhibited 
by Bosentan (Fig. 4H). Similar to the results obtained in the wound-closure assays, siRNA 
mediated depletion of EDN1 prior to conditional SOX4 activation resulted in an almost 
complete inhibition of SCM+-induced sprouting (Fig. 4I). Finally, conditioned media from 
SOX4 expressing MDA-MB-231 cells also resulted in increased HMEC-1 sprouting (Fig. 4J).
Taken together, these findings show that SOX4 activation in HMLE cells can bestow pro-
angiogenic effects upon conditioned media that are dependent on ET-1. 

SOX4 expression in breast epithelial cells induces angiogenesis in vivo in a zebrafish 
tumor-xenograft model

To determine whether SOX4 may regulate angiogenesis in vivo we initially made use of a 
zebrafish tumor-xenograft model (Fig. 5A). In this model fluorescently labeled tumor cells 
(red) are injected into the yolk sac of 1 day post-fertilization (dpf) zebrafish embryos in 
proximity to the subintestinal vessel (SIV) structure. In the presence of tumors, alterations 
in the normal development of the SIV, such as protrusions extending from the structure, are 
considered to be representative of tumor-induced angiogenesis. Ectopic neovascularization 
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Figure 5. SOX4 controls tumor-induced angiogenesis in vivo in a zebrafish tumor-xenograft 
model. 
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Figure 5.  Vervoort et al. 

(A) Schematic representation of the zebrafish tumor-xenograft model, with the subintestinal vessels indicated 
in green (SIV) and tumor cells in red. (B) Representative images of zebrafish injected wild-type, ER control and 
ERSOX4 HMLE cells treated with 4-OHT. Arrows indicate newly formed blood vessels. (C) Quantification of the 
number of ectopic sprouts observed per fish injected with ER-control and ERSOX4 HMLE cells. Individual data 
points and data represented as mean ± SD (*p-value<0.05, ANOVA). (D) Quantification of the relative increase 
in ectopic sprouting in fish injected with 4-OHT treated relative to untreated ER-control and ERSOX4 cells. Data 
represented as mean ± SD. (n=3). (E) Quantification of the number of ectopic sprouts in fish injected with SCR 
control and SOX4 KD MDA-MB-231 cells (***p-value<0.001, Student’s t-test). (F) Quantification of the number of 
fish injected with MDA-MB-231 cells with or without ectopic sprouting. (G) Representative images of zebrafish 
injected with SCR control or SOX4 KD MDA-MB-231 cells. 
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originating from the subintestinal vessels (SIV) can be quantified by fluorescence microscopy 
taking advantage of the presence of GFP-positive blood vessels characteristic of the Tg(fli:GFP) 
embryos used in these experiments.
ER-control and ERSOX4 HMLE cells were either pre-treated in vitro with 4-OHT for 24 
hours or left untreated before injection into the yolk sac of zebrafish embryos (Fig. 5B). 
Neovascularization was quantified by counting the number of blood vessels protruding 
from the SIV. A significant increase in sprouting from the SIV was observed in 4-OHT treated 
ERSOX4 HMLE cells compared to untreated ERSOX4 HMLE cells as well as both treated and 
untreated ER-control HMLE cells, indicating that conditional activation of SOX4 in HMLE cells 
can induce angiogenesis in vivo (Fig. 5B-D). No significant changes were observed upon 
injection of wild-type HMLE cells (Fig. S5F). 
We next examined whether depletion of SOX4 could inhibit ectopic sprouting induced by pro-
angiogenic MDA-MB-231 tumor cells. To this end MDA-MB-231 cells stably expressing a SOX4 
targeting shRNA (SOX4 KD) or a non-targeting shRNA, were injected into zebrafish embryos. 
Quantification of neovascularization demonstrated that SOX4 knockdown MDA-MB-231 cells 
(Fig. S5G) are significantly impaired in their ability to induce ectopic sprouting from the SIV, 
as illustrated by a decrease in the number of sprouting vessels and an overall reduction in the 
percentage of fish with sprouting blood vessels (Fig. 5E-G).
Taken together, these results indicate that, similar to our in vitro observations, SOX4 also 
controls tumor-induced angiogenesis in vivo.
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Figure 6. Depletion of SOX4 in MDA-MB-231 cells reduces ET-1 expression and decreases tumor-
vascularization and metastasis in a xenograft mouse model of breast cancer. 
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(A-B). qRT-PCR quantification of SOX4 and EDN1 expression in luciferase-marked SCR control and SOX4 KD 
MDA-MB-231 cells. Data represented as mean ± SD. (n=3).  (C) Growth curve of SOX4 KD and SCR control MDA-
MB-231 tumors. Data represented as mean ± SD (D) IHC analysis of scrambled control and SOX4 KD MDA-MB-231 
primary tumors. Representative Hematoxylin and eosin stainings (H&E) and IHC stainings for SOX4, ET-1 and 
CD31 (PECAM-1) are shown. Arrows indicate blood vessels. (E) Quantification of ET-1 staining. Indicated is the 
total surface passing the filter threshold. Data represented as mean ± SD (**p-value<0.01, student t-test). (F) 
Quantitative analysis of the endothelial cell marker CD31 in SOX4 KD and control tumors. Images were analyzed 
by ImageJ software and total vessel area, blood vessel count and blood vessel size are indicated (*p-value<0.05, 
t-test). (G) Quantitative analysis of the number of visible lung metastases in SOX4 KD and SCR control MDA-
MB-231 tumors. Data represented as mean ± SD (**p-value<0.01, t-test). 
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Figure 7. Immunohistochemical analysis of SOX4 expression in human breast cancer patient 
samples reveals a positive correlation with decreased survival, increased metastasis and elevated 
blood vessel density. 
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Figure 7.  Vervoort et al. 

(A-B) Representative images of SOX4 expression in invasive lobular carcinoma (ILC, classical and pleomorphic) 
and invasive ductal carcinoma (IDC, low grade tumor and high grade tumor) cases in the tissuemicroarray (TMA) 
cohort.  (C-E) Kaplan-Meier curves for cumulative (cum) survival for patients with high or low nuclear SOX4 
expression for the total cohort, ILC and IDC breast cancers. Indicated p-values were calculated using the Log 
rank test. (F) Representative images of CD34 staining in SOX4HI and SOX4LO tumors as identified previously in 
in TMA analysis. Arrows indicate blood vessels. (G) Quantitative analysis of CD34 staining in 17 SOX4HI and 17 
SOX4LO ductal carcinomas. (Student t-test, *p-value<0.05).
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SOX4 is required for ET-1 expression, tumor-vascularization and metastasis in a 
xenograft mouse model of breast cancer.

To further study the role of SOX4 in tumor-induced angiogenesis in vivo we made use of 
xenograft mouse model of breast cancer, in which MDA-MB-231 cells are transplanted into 
the mammary fat-pad of immune-deficient mice. Luciferase expressing MDA-MB-231 cells 
were generated and lentivirally transduced with a SOX4 KD shRNA or a control scrambled 
shRNA construct. Prior to injection we validated the successful down-regulation of SOX4 by 
qRT-PCR. This revealed a significant reduction in SOX4 expression in SOX4 KD MDA-MB-231 
cells compared to scrambled control cells, which was accompanied by a significant decrease 
in EDN1 expression (Fig. 6A-B). Following validation the cells were transplanted into the 
mammary fat-pad and we subsequently monitored tumor growth up to six weeks post-
implantation. Primary tumor growth was unaffected by SOX4 depletion and both scrambled 
control and SOX4 KD mice were sacrificed in the same week (Fig. 6C). Analysis of primary 
tumors by immunohistochemistry (IHC) for SOX4, ET-1 and CD31 (PECAM-1) expression 
showed that SOX4 KD knockdown was maintained in vivo (Fig. 6D). Moreover, quantitative 
analysis ET-1 expression revealed a significant reduction in ET-1 IHC staining in SOX4 KD 
compared to scrambled control tumors (Fig. 6E). We next assessed tumor vascularization 
by quantifying expression of an endothelial cell surface marker CD3145. SOX4 KD tumors had 
significantly lower vascularization as illustrated by decreases in the total blood vessel area, 
blood vessel count and blood vessel size (Fig. 6F). These findings demonstrate that SOX4 
expression is required for tumor associated ET-1 expression in vivo, and SOX4-depletion 
correlates with reduced tumor blood vessel density. Importantly, SOX4 depletion in this 
orthotropic xenograft model also significantly reduced the development of lung metastases 
(Fig. 6G). These findings demonstrate that SOX4 can control multiple aspects of breast tumor 
biology, for the first time correlating the SOX4-dependent tumor-induced angiogenesis with 
the SOX4-dependent metastasis formation. 

SOX4 expression correlates with decreased survival, increased metastasis and elevated 
blood vessel density in breast cancer patients 

To evaluate whether SOX4 expression correlates with clinical parameters in breast cancer 
we performed IHC analysis of nuclear SOX4 expression levels in a tissue microarray (TMA) 
representing a cohort of 452 breast cancer patient tumor samples from both invasive ductal 
(IDC) and lobular carcinomas (ILC) (Fig. 7A-B). Nuclear SOX4 expression was found to 
significantly correlate with tumor size, histological grade and mitotic index, all parameters 
of poor-prognosis (Table S3-S7). Accordingly, high levels of SOX4 expression significantly 
correlated with decreased overall survival in breast cancer patients, and this was also 
observed when patients were subdivided into the major subtypes ILC and IDC (Fig. 7C-E). 
Stratification of breast cancer patients according to the ER-status revealed that patients with 
high levels of SOX4 have a significantly worse prognosis in the ER-positive tumor group, and 
a trend towards poor-prognosis in the ER-negative tumor group (Fig. S6A). 
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We next evaluated the correlation between nuclear SOX4 intensity and the metastatic status 
for those cases in the TMA cohort where this information was available. This revealed that 
the percentage of tumors with high SOX4 expression was observed to be significantly higher 
in those patients that develop metastasis as compared to patients that do not present with 
metastatic disease (p=0.016; Table S7). Moreover, analysis of SOX4 expression in 23 matched 
primary-tumor metastasis patient samples revealed that SOX4 expression in the primary 
tumor reflects the expression level observed in the metastasis (p=0.039; Table S7). These 
observations indicate that SOX4 expression is a clear marker of poor-prognosis in breast 
cancer and underscore the important role of SOX4 in tumor-progression and metastasis 
observed in breast cancer model systems. Interestingly, no significant benefit to patient 
survival was observed for adjuvant radio or chemotherapy treated SOX4-high tumors as 
compared to untreated tumors, whereas a significant treatment response was observed 
for SOX4-low tumors (Fig. S6B). These findings suggest that SOX4 may also contribute to 
therapy resistance. 
To investigate whether SOX4 expression is also associated with increased angiogenesis in 
human breast cancer patient samples, we examined CD34 expression a marker for small 
and newly formed blood vessels in 17 SOX4-low (SOX4LO) and 17 SOX4-high (SOX4HI) ductal 
carcinomas from our cohort (Fig. 7F). Quantitative analysis of CD34-staining revealed that 
tumors expressing high levels of SOX4 had a significantly increased total blood vessel area 
and size, with an apparent but non-significant increase the total number of blood vessels, 
thus suggesting that SOX4 can influence tumor-induced angiogenesis in human breast 
cancer (Fig. 7G). 
Taken together our integrative genome-wide analysis of the SOX4 transcriptional network 
has uncovered a novel role for SOX4 in tumor-induced angiogenesis in vitro and in vivo as well 
as in breast tumors, revealing a novel mechanism by which SOX4 may contribute to breast 
metastasis. 

Discussion

Using a combination of in vitro experiments utilizing multiple epithelial-derived breast cell 
lines, in vivo animal models, and analysis of patient tumor samples we show that SOX4 can 
impacts on metastasis in breast cancer by promoting tumor-induced angiogenesis. SOX4 
activation promotes ET-1 expression and controls the angiogenic behavior of endothelial 
cells both in vitro and in vivo, thus affecting tumor-progression in a non-cell autonomous 
manner. Finally, we demonstrate that elevated SOX4 expression correlates with increased 
blood vessel density in patient tumors and predicts poor-prognosis. 
Despite observations of increased SOX4 expression in a wide variety of tumors, effects 
can differ greatly between cancer-types resulting in cellular transformation, increased 
proliferation, EMT and metastasis, or even tumor-suppression2,3. The cell-type and context 
dependent effects underlying this differential SOX4 response are poorly understood. Our 
findings indicate that SOX4 acts as an opportunistic transcription factor directed by a pre-
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existing chromatin landscape, which upon recruitment to open chromatin further enhances 
the active chromatin-state. This effect that is most likely mediated by co-recruitment of 
specific co-activators such as p300/CBP which has previously been demonstrated to interact 
with SOX446. This type of transcriptional regulation does not preclude a role as a pioneering 
transcription factor on a limited subset of target genes which may rely on SOX4 expression 
levels, binding-site kinetics and the presence of co-factors47. In addition to the epigenome, 
co-factors may determine SOX4 target gene selection as indicated by the co-occurrence 
of consensus-binding sites for AP-1, ETS-1 and SMAD3 in SOX4-bound sites. Cooperative 
binding appears to be a common theme in the SOX-family, as highlighted by SOX2 and 
OCT4 in embryonic stem cells, which results in the specific regulation of pluripotency genes 
including NANOG6,48. These observations indicate that both the specific cell-type epigenome 
and the expression of co-factors are important in shaping the SOX4 transcriptional network, 
providing an explanation for the relatively minor degree of overlap in SOX4 target genes 
between cancer-types3. This implies that caution needs to be taken when analyzing SOX4 
target genes and extrapolating findings between cell-types. 
SOX4 has been demonstrated to contribute to the TGF-β response in a number of cell types and 
can mediate TGF-β-induced EMT in breast cancer. Accordingly, we find that EMT and TGF-β 
associated genes are significantly enriched our SOX4 target gene dataset (Fig. S7A), although 
major EMT associated transcription factors SNAI1, SNAI2 or TWIST-1 were not observed to be 
regulated (data not shown) 3,7,13,14. Despite a previous report that SOX4 mediated induction 
of EMT occurs through upregulation of EZH2 levels, we did not detect significant regulation 
of EZH2 upon conditional SOX4 activation in HMLE cells (data not shown). This suggests 
that the direct transcriptional network of SOX4 is not dependent on the induction of EZH2 in 
HMLE cells. Nonetheless, it is possible that SOX4-mediated regulation of EZH2 occurs upon 
prolonged activation of SOX4, thus contributing to EMT. These finding indicate that SOX4 
may contribute to EMT and the TGF-β response in breast cancer on multiple levels.
We identified a core-SOX4 signature that correlates with poor-prognosis in breast cancer 
patients and is significantly enriched for a number of pro-metastatic processes. We provide 
the first evidence of a non-cell autonomous role for SOX4 in tumor-induced angiogenesis 
by regulating ET-1 expression and increasing blood vessel formation in the tumor-niche 
in vitro and in vivo. Primary tumor-growth was not significantly affected in vivo by SOX4 
depletion, suggesting that under these circumstances the pro-angiogenic effects contribute 
to distinct aspects of tumor-progression. Accordingly, we find that SOX4 depletion in MDA-
MB-231 cells reduces the number of spontaneous lung metastases in a murine xenograft 
model that correlated with decreased ET-1 expression and blood vessel density. These 
observations signify a potential connection between SOX4-mediated alterations in the 
tumor-microvasculature and the ability of cells to metastasize, possibly by increasing the 
opportunity for intravasation or increasing outgrowth of micro-metastases in the lung by 
conditioning the local tumor. In agreement with a role in tumor-progression, ET-1 expression 
has been demonstrated to positively correlate with tumor-grade and the formation of distant 
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metastasis in breast cancer49. In addition to promoting angiogenesis, SOX4 induced ET-1 may 
also promote tumor-progression in an autocrine manner by inducing EMT or for example by 
affecting T-cell infiltration both of which have demonstrated in ovarian cancer42,50,51. SOX4-
ET-1 induced autocrine and paracrine signaling may thus affect multiple tumor-promoting 
processes. Interestingly, the association between SOX4 and ET-1 could extend beyond cancer, 
the developmental defects observed in SOX4-/- and ET-1-/- knockout mice are very similar 
including impaired cardiac outflow tract development and craniofacial abnormalities5,37,52,53.
In the last decade a number of anti-angiogenic therapies mostly targeting the VEGF-
receptor pathway have been tested in clinical trials with limited success54. In recent years it 
has become apparent that this approach can have unwanted side-effects, in particular by 
inhibiting the effective delivery of anti-cancer therapeutics to the tumor, but also by inducing 
pro-metastastatic processes including EMT, activated by nutrient deprivation and hypoxia54. 
As a driver of both EMT and tumor-induced angiogenesis, SOX4 is an interesting therapeutic 
target in breast cancer, allowing for the simultaneous inhibition of multiple biological 
processes required for tumor metastasis. Alternatively, ETAR and ETBR receptor inhibitors 
such as Bosentan are currently used to treat pulmonary vascular hypertension, and based 
on our results could potentially be repurposed to specifically treat aggressive SOX4HI breast 
tumors42. Although success of ET-1 receptor antagonists in the treatment of advanced 
cancers including glioma and melanoma has been limited, promising results were obtained 
in a number of ovarian cancer patients when combined with standard chemotherapeutics42. 
Based on our findings, patients with SOX4HI tumors are more likely to profit from treatment 
with ET-1 receptor antagonists thus arguing for the specific monitoring of this subgroup in 
future clinical studies.
Taken together, our global-transcriptional analysis provides mechanistic insight into the 
contextual nature of SOX4 responses in cancer and uncovers a novel role for SOX4 in tumor-
induced angiogenesis by direct regulation of ET-1 expression. The identification of this novel 
SOX4 controlled pathway underscores the validity of our approach and highlights the value 
of our dataset as a resource to uncover further novel functions for SOX4 in cancer. 

Supplemental Information 

Supplemental information includes Supplemental Experimental Procedures, seven figures, 
and seven tables.
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Supplemental Figures
Supplementary Figure 1. Antibody validation and ChIP-seq analysis. 
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(A) Commercially available and a custom made SOX4 antibodies were tested for their ability to immunoprecipitate 
(IP) HA-tagged SOX4. HEK293T cells were transiently transfected with HA-tagged SOX4. Two days post transfection 
cells were lysed in radio-immunoprecipitation buffer (RIPA) and IPs were formed using the indicated antibodies 
including an antibody against the HA-epitope. This demonstrated that the SOX4 diagenode antibody was most 
efficient at immunoprecipitating SOX4. (B) Validation of the successful lentiviral transduction and inducibility 
of the DOX-inducible pINDUCER-Sox4 construct in HMLE-cells. Transduced cells were treated with DOX (1 µg/ml) 
for the indicated time points after which induction of SOX4 expression was analyzed using an anti-HA antibody. 
(C) A representative example of SOX4 occupancy profiles derived by ChIP-seq normalized for sequencing depth 
(reads per kilobase per million reads sequenced; RPKM) in wt-HMLE and non-induced and induced HMLE-S4 
cells. The genomic regions surrounding the HDAC2 locus is shown. (D) Histogram representing the distance 
of SOX4 peaks relative to the TSSs of annotated genes. (E) Genomic distribution of SOX4 peaks in DOX-treated 
HMLE-S4 cells over annotated regions compared to the genomic background. (F-G) Quantitative analysis of 
enhancer regions as defined by H3K27ac peaks. Normalized read density used to determine the sites without or 
with DOX-induced changes in SOX4, H3K27ac, H3K4me3, POL2 and H3K27me3 occupancy. Data are shown as 
boxplots with 5%–95% whiskers. Statistical comparison was performed with a two-tailed Wilcoxon-signed-rank 
test (****p<0.0001) (H) Venn-diagram representing the overlap of SOX4 binding sites in MDA-MB-231, HCC1954 
and DOX-treated HMLE-S4 cells. (I) Venn-diagram showing the overlap between genes with a SOX4 peak within 
20kb of their TSS in MDA-MB-231, HCC1954 and DOX-treated HMLE-S4 cells. 
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Supplementary Figure 2. Overlap of ChIP-seq and RNA-seq datasets. 
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Supplementary Figure 3. Analysis of patient survival and cellular processes associated with the 
core-SOX4 target gene signature. 
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Vervoort et al. Supplementary Figure 3
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(A) GO-term analysis for core-SOX4 target genes based on location in cell for gene-product. (B) Selected genes 
coding for secreted factors (C-D) GO-term analysis performed in cytoscape using ClueGO of the 411 positively 
regulated and 239 negatively regulated genes. Visualized GO-terms are significantly enriched (p<0.05). 
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Supplementary Figure 4. SOX4 activates the EDN1-luciferase promoter and SOX4 expression 
correlates with EDN1 in breast cancer patients. 
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is a schematic image of the EDN1-luciferase promoter used in this study. (B) Luciferase assay in HEK293T 
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Supplementary Figure 5. Conditioned media from conditionally activated ERSOX4 HMLE cells does 
not affect HMEC-1 cell proliferation. 
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(A) HMEC-1 cells were plated and incubated for 48 hours in the presence of basal media or indicated conditioned 
media, as well as full growth media. Subsequently cells were counted and the change in numbers was 
represented relative to the basal control media. Data is represented as mean ± SD (n=3). (B) qPCR validation of 
SOX4 overexpression in MDA-MB-231 cells and EDN1 expression. (C) Representative images of network formation 
assays in HMEC-1 cells plated on top of matrigel in the presence of indicated media. (D-E) Quantification of 
relative network length for the indicted conditions relative to basal media. Data is represented as mean ± SD 
(n=3)  (F) Quantification of ectopic sprouting in zebrafish tumor-xenograft model using wild-type (wt) HMLE cells 
in presence of absence of 4-OHT. (G) qPCR validation of SOX4 knockdown (KD) relative to SCR control in MDA-
MB-231 cells with matching EDN1 expression. Data is represented as mean ± SD (n=3).
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Supplementary Figure 6. SOX4 mRNA expression correlates with decreased patient survival in 
both ER positive and negative breast cancers. 
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Supplementary Figure 7. Gene set enrichment analysis on RNA-seq data derived from conditional 
activation of SOX4 in HMLE cells.  
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Supplementary Table 1.
Table S1.

Antibody  Description  Score  Coverage
# 
Proteins

# Unique 
Peptides 

# 
Peptides

# 
PSMs 

Pfam 
IDs 

# 
AAs 

MW 
[kDa]

calc. 
pI 

Diagenode Transcription factor SOX-4 
OS=Homo sapiens  
[SOX4_HUMAN] 

437,08 27,64 3 4 7 17 Pf00505 474 47,2 7,36

Abcam Transcription factor SOX-4 
OS=Homo sapiens  
[SOX4_HUMAN] 

24,90 9,49 1 1 1 10 Pf00505 474 47,2 7,36

           
No other SOX‐family 
members were detected  

No SOX4 detected with other 
antibodies or IgG control         

Supplementary Table 2
 
Table S2

ChIP‐seq 
datasets 

HMLE wt  HMLE‐S4 untreated HMLE‐S4 treated DOX 16h  MDA‐MB‐
231 

HCC1954

SOX4  x  x  x x  x
H3K27ac    x  x  
H3K27me3    x  x  
H3K4me3    x  x  
POL2    x  x  
       
RNA‐seq 
datasets 

HMLE ERSOX4 untreated  HMLE ER  

untreated  x  x   
treated  x  x   
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Supplementary Table 3. Correlation of nuclear SOX4 expression with clinicopathological and 
molecular features of invasive breast cancerTable S3. Correlation of nuclear SOX4 expression with clinicopathological and molecular features of invasive 
breast cancer 
  Nuclear SOX4 expression

Feature  N  Low  High  p‐value 

  N (%) N (%)

Histological type 
IDC  301  259 (86.0) 42 (14.0)
ILC  123  88 (71.5) 35 (28.5)
Other  28  24 (85.7) 4 (14.3) 0.002

Histological grade 
1  80  77 (96.3) 3 (3.8)
2  160  139 (86.9) 21 (13.1)
3  195  139 (71.3) 56 (28.7) <0.001

Tumor size  
pT1  202  177 (87.6) 25 (12.4)
pT2  197  153 (77.7) 44 (22.3)
pT3  50  38 (76.0) 12 (24.0) 0.018

MAI (per 2mm2) 
≤ 12  230  210 (91.3) 20 (8.7)
≥ 13  222  161 (72.5) 61 (27.5) <0.001

Lymph node status 
Positive  212  172 (81.1) 40 (18.9)
Negative  220  182 (82.7) 38 (17.3) 0.667

Molecular classification 
Luminal  377  311 (82.5) 66 (17.5)
HER2‐driven  17  15 (88.2) 2 (11.8)
Basal/TN  58  45 (77.6) 13 (22.4) 0.528

ERα 
Positive  372  308 (82.8) 64 (17.2)
Negative  80  63 (78.8) 17 (21.3) 0.392

PR 
Positive  268  220 (82.1) 48 (17.9)
Negative  183  150 (82.0) 33 (18.0) 0.973

HER2 
Positive  44  36 (81.8) 8 (18.2)
Negative  407  334 (82.1) 73 (17.9) 0.968
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Supplementary Table 4. Correlation of nuclear SOX4 expression with clinicopathological features 
of IDC and ILCTable S4. Correlation of nuclear SOX4 expression with clinicopathological features of IDC and ILC 

  Nuclear SOX4 expression IDC Nuclear SOX4 expression ILC

Feature  Low  High  p‐value  Low  High  p‐value 

  N (%)  N (%) N (%) N (%) 

Histological grade     
1  50 (94.3)  3 (5.7) 22 (100.0) 0 (0.0) 
2  86 (89.6)  10 (10.4) 40 (80.0) 10 (20.0) 
3  113 (79.6)  29 (20.4) 0.013 20 (45.5) 24 (54.5)  <0.001

Tumor size      
pT1  134 (89.9)  15 (10.1) 33 (80.5) 8 (19.5) 
pT2  109 (82.0)  24 (18.0) 34 (65.4) 18 (34.6) 
pT3  14 (82.4)  3 (17.6) 0.142 20 (69.0) 9 (31.0)  0.265

MAI (per 2mm2)     
≤ 12  129 (92.1)  11 (7.9) 65 (87.8) 9 (12.2) 
≥ 13  130 (80.7)  31 (19.3) 0.004 23 (46.9) 26 (53.1)  <0.001

Lymph node status     
Positive  125 (86.2)  20 (13.8) 36 (66.7) 18 (33.3) 
Negative  124 (85.5)  21 (14.5) 0.866 46 (74.2) 16 (25.8)  0.374

Molecular classification     
Luminal  207 (87.0)  31 (13.0) 84 (71.8) 33 (28.2) 
HER2‐driven  15 (93.8)  1 (6.3)  
Basal/TN  37 (78.7)  10 (21.3) 0.216 4 (66.7) 2 (33.3)  0.786

ERα     
Positive  206 (87.3)  30 (12.7) 82 (71.9) 32 (28.1) 
Negative  53 (81.5)  12 (18.5) 0.236 6 (66.7) 3 (33.3)  0.736

PR     
Positive  149 (87.6)  21 (12.4) 56 (69.1) 25 (30.9) 
Negative  110 (84.0)  21 (16.0) 0.361 31 (75.6) 10 (24.4)  0.455

HER2     
Positive  34 (89.5)  4 (10.5) 1 (25.0) 3 (75.0) 
Negative  225 (85.6)  38 (14.4) 0.514 86 (72.9) 32 (27.1)  0.071
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Supplementary Table 5. Clinicopathological characteristics of 452 breast cancer patients studied 
for the expression of SOX4.Table S5. Clinicopathological characteristics of 452 breast cancer patients studied for the expression of SOX4. 

Feature  Grouping  N or value %
Age (years)  Mean  61
  Range  28 to 88
     
Histological type  IDC 301 66.6
  ILC 123 27.2
  Other  28 6.2
     
Tumor size   pT1 202 44.7
  pT2 197 43.6
  pT3 50 11.1
  Not available  3  0.7
     
Histological grade  1  80 17.7
  2  160 35.4
  3  195 43.1
  Not available  17 3.8
     
MAI#  ≤ 12 230 50.9
  ≥ 13 222 49.1
     
Lymph node status  Negative*  220 48.7
  Positive**  212 46.9
  Not available  20 4.4
#: per 2 mm2; *: negative = N0 or N0(i+); **:positive  = ≥N1mi (according to TNM 7th edition, 2010) 

   

1

#: per 2 mm2; *: negative = N0 or N0(i+); **:positive  = ≥N1mi (according to TNM 7th edition, 2010)



Global transcriptional analysis identifies a novel role for soX4 in tumor-induced 
anGioGenesis

181

Ch
ap

te
r 6

Supplementary Table 6. Clinicopathological characteristics of 27 patients with metastatic breast 
cancer studied for the expression of SOX4.

 

Table  S6.  Clinicopathological  characteristics  of  27  patients  with  metastatic  breast  cancer  studied  for  the 

expression of SOX4. 

Feature  Grouping  N or value %
Age (years)  Mean  51
  Range  28 to77
     
Histological type  IDC 22 81.5
  ILC 1  3.7
  Other  4  14.8
     
Tumor size   pT1 7  25.9
  pT2 13 48.2
  pT3 6  22.2
  Not available  1  3.7
     
Histological grade  1  0  0.0
  2  1  3.7
  3  26 96.3
     
Lymph node status  Negative*  10 37.0
  Positive**  16 59.3
  Not available  1  3.7
     
ERα  Positive  6  22.2
  Negative  21 77.8
     
PR  Positive  4  14.8
  Negative  23 85.2
     
HER2  Positive  6  22.2
  Negative  21 77.8
     
Localization 
metastases 

Brain  17 63.0

  Lung 5  18.5
  Skin 4  14.8
  Gastro‐

intestinal 
1  3.7

     
ERα metastases  Positive  5  18.5
  Negative  22 81.5
     
PR metastases  Positive  3  11.1
  Negative  24 88.9
     
HER2 metastases  Positive  7  25.9
  Negative  20 74.1
 *: negative = N0 or N0(i+); **:positive  = ≥N1mi (according to TNM 7th edition, 2010) 

*: negative = N0 or N0(i+); **:positive  = ≥N1mi (according to TNM 7th edition, 2010)
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Supplementary Table 7Table S7 

  Nuclear SOX4 expression
Feature  N  Low  High  p‐value 

  N (%) N (%)

 
Primary tumor   301  259 (86.0) 42 (14.0)
Metastasis  25  17 (68.0) 8 (32.0) 0.016

 
  Metastasis
Nuclear SOX4   N  Low  High  p‐value 

  N (%) N (%)

Primary tumor 
Low  15  11 (73.3) 4 (26.7)
High  8  2 (25.0) 6 (75.0) 0.039
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Throughout the oncogenic process tumor cells have to overcome a large number of barriers 
to form a malignant mass and ultimately metastasize. In order to progress tumors acquire 
a variety of traits that have been termed the hallmarks of cancer1. The induction of these 
processes relies on the aberrant activation of a limited set of transcription factors that act 
as effectors of oncogenic signaling pathways eliciting broad cellular responses through 
their interaction with the genome2,3. The transcription factor SOX4 is a central factor in 
oncogenesis as is signified by its elevated expression in a large number of human cancers 
and the dramatic reduction in tumor-incidence in hypomorphic mice4,5. Although these 
observations suggest a general pro-oncogenic role, SOX4 induced responses are pleiotropic 
and can even be dichotomous in nature6. The underlying factors governing these context and 
cell-type dependent effects have remained largely unexplored. In the studies comprising this 
thesis we sought to identify novel molecular mechanisms shaping the SOX4 transcriptional 
network and controlling its output in breast cancer, to gain fundamental insights into the 
context-dependent nature of this factor. Here, these findings are placed in the frame-work of 
cancer progression and the potential to intervene in the pro-metastatic effects induced by 
SOX4 are discussed. 

Control of SOX4 transcriptional output and target gene selectivity

Since its identification as factor contributing to the pathogenesis of human cancers, diverse 
and contrasting roles have been attributed to SOX4. However, our fundamental understanding 
of SOX4 as a transcriptional activator has shown only minor progress. In Chapters 3, 4, 5 
and 6 we report novel mechanism controlling SOX4 expression, activity and target gene 
selectivity in breast cancer, providing important insight into its transcriptional mechanisms 
and context dependent nature.

How to match SOX with genes: epigenome directed binding

The elevated expression of SOX4 in a large number of human cancers could point to a 
common mechanism by which SOX4 affects tumorigenesis. However, this concept appears 
to be incorrect since, depending on the cellular context, SOX4 expression and activation may 
result in either cellular transformation, tumor-progression, or even tumor-suppression6. This 
prompts the questions of how this single transcription factor can have such diverse effects 
and what the factors are that shape the SOX4 response?
In Chapter 6 several mechanisms are detailed that contribute to the context and cell-
type specific effects of SOX4 in breast cancer by utilizing global-transcriptional analysis 
and epigenetic profiling. This analysis demonstrated that SOX4 binds predominantly to 
“open”/”active” chromatin regions where it acts as transcriptional activator by further 
enhancing the occupancy of H3K27ac, H3K4me3 and RNA-polymerase II. The positive 
transcriptional response induced by SOX4 could be mediated by recruitment of co-factors 
such as the histone acetyltransferase p300/CBP, with which SOX4 has previously been 
demonstrated to interact7. In agreement with epigenome-directed binding, we observed 
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that SOX4 binding also differs greatly between distinct mammary epithelial cell lines. These 
findings indicate that SOX4 primarily acts as an opportunistic transcription factor utilizing a 
pre-existing chromatin landscape which directs its binding and shapes the transcriptional 
network (Figure 1). This also provides an explanation for the divergent transcriptional 
responses observed between distinct cancer-types, which may be, in part, determined by 
distinct epigenomes. This opportunistic nature of SOX4, closely resembles MYC-mediated 
transcriptional regulation, which preferentially binds open regions on the genome and 
subsequently promotes transcription8. Consequently, MYC responses are also context and 
cell-type dependent, ranging from the induction of cell death though apoptosis and cellular 
transformation by promoting proliferation9,10. The transcriptional output of opportunistic 

Figure 1. Epigenome and co-factor guided context dependent target gene regulation by SOX4. 
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The transcription factor SOX4 binds to regions of active/open chromatin and subsequently acts as a positive 
transcriptional regulator. SOX4 is highly dependent on the cell-type dependent chromatin-state and expression 
of co-factors, indicating that the transcriptional response induced by SOX4 is context dependent, providing an 
explanation for the limited degree of overlap between target gene datasets.
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transcription factors such as SOX4 and MYC is thus determined by the availability of binding 
sites, making these factors intrinsically context dependent. 
Nevertheless, it is possible that on a limited number of sites SOX4 acts as a pioneer 
transcription factor. It has been proposed that even for classical pioneer transcription 
factors such as FOXA1 and SOX2/OCT-4. chromatin opening mediated by stochastic events 
precedes transcription factor binding11–13. This would imply that pioneer factors do not differ 
significantly from non-pioneer factors. In contrast to this stochastic view, a number of studies 
have indicated that pioneer factors can bind directly to compacted chromatin through their 
ability to interact with nucleosomes14–16. In the case of FOXA1 this is mediated by its winged 
helix DNA-binding domain which resembled the linker histone H1 enabling direct binding 
to nucleosomes15, whereas SOX2, KLF4 and OCT-4 have recently been demonstrated to 
interact with “closed”-chromatin through direct binding to exposed partial DNA-sequences 
on nucleosomes14. Regardless of the mechanism, epigenetic reprogramming by these 
factors to promote pluripotency takes several weeks, indicating the process of opening 
heterochromatin is relatively inefficient, and implying that these effects are easily obscured 
by direct transcriptional effects on “open”/”active” chromatin.
Similar to reprogramming, the conversion of an epithelial cell into a mesenchymal-state, 
through the induction of EMT, also involves profound phenotypic and epigenetic changes17,18 
This example of cellular plasticity occurs during development, wound-healing and cancer-
progression17,19. In Chapter 4 we have demonstrated that SOX4, perhaps through a concerted 

Figure 2. Overview of the hallmarks of cancer controlled by SOX4. 

Sox4

Evading growth   

 

supressors 

 
Epigenetics

Avoiding Im
m

une

 

destruction 

 

Enabling replicative

 

im
m

ort ality 

  

Tum
or-p

ro
m

ot
in

g

In�am
at

io
n

 

Activating invasion

 

and metastsis

 

 

 

Inducingangiogenesis

  

G
enom

e instability

and m
utation

 

Re
si

st
in

g  
Ce

ll
 

 

D
ea

th

 

 

D
er

eg
ul

at
in

g 
ce

lular
 

 

en
er

get
ics

 

 

Sustaining proliferative 
 

signalling 

 

SOX4-regulated hallmarks are indicated by a dot. 



General Discussion

187

Ch
ap

te
r 7

action with distinct factors, can induce EMT and is required for the TGF-β mediated induction 
of this process20–22. Most of the EMT-transcription factors, such as the E-box factors ZEB1 and 
SNAIL act primarily through repression of CDH1 (E-cadherin) expression, which is actively 
expressed in epithelial cells19. In contrast, we observed that SOX4 mostly mediates the 
induction of mesenchymal genes, such as CDH2 (N-cadherin)20. Since most genes associated 
with mesenchymal traits are not expressed in epithelial cells and are contained within 
“closed” chromatin, this suggests that SOX4 may act as a pioneer factor on a selected number 
of genes. It would be interesting to assess whether, similar to SOX2, SOX4 has the ability to 
bind exposed DNA-sequences on nucleosome and bind to repressed chromatin and which 
of its co-factors are required to confer this ability. 

How to match SOX with genes: co-factor directed binding

Even though the epigenome provides the platform for SOX4 target gene selection, this alone 
is not sufficient to confer transcriptional specificity. To this end, SOX-transcription factors 
appear to have evolved to cooperate with distinct transcription factors to acquire additional 
DNA-binding specificity, resulting in spatio-temporally controlled target gene activation23,24. 
Similar to other SOX family members, SOX4 has also been described to interact with 
distinct transcription factors including p537, TCF25, and TBX326. However, these studies have 
predominantly focussed on the consequences of these interactions on a single gene level 
and have not provided insight into the spectrum of potential co-factors in a given cell-type. 
In Chapter 6 we observed that SOX4 bound sites contain the consensus DNA-binding motifs 
of a number of distinct transcription factors including SMAD3, CTCF and ETS-1, providing 
the indication that cooperative binding contributes to target gene selection on a genome-
wide scale in mammary epithelial cells. In order to evaluate the spectrum of potential 
SOX4 co-factors we performed a global transcription factor interaction screen (Chapter 5). 
This revealed that SOX4 interacts with a number of distinct transcription factors including 
members of the ETS-family as well as PIT-1/POU1F1 and MAFB. Strikingly, we also found an 
interaction between SOX4 and SMAD3, suggesting that SOX4 is not only a transcriptional 
target of the TGF-β pathway as we have demonstrated in Chapter 4, but also interacts with 
its main effectors. This role will be discussed below. In addition to SMAD3, distinct SOX4 co-
factors such as ETS-1 and PIT-1/POU1F1 may be involved in cooperatively regulating pro-
metastatic genes. The latter is of particular interest as POU-transcription factors appear to 
have co-evolved with SOX-transcription factors to cooperatively regulate transcriptional 
networks throughout development with the SOX2/OCT4 (POU5F1) as the most well-known 
example23,24. Interestingly, PIT-1 has been demonstrated to induce breast cancer metastasis 
and EMT-features in experimental settings and has been correlated to the increased 
occurrence of distal metastases. Similar to SOX2 and OCT-4 in embryonic stem cells, SOX4 
and PIT-1 may cooperatively control EMT and metastasis associated transcriptional targets. 
As discussed in Chapter 1 ETS-1 has been demonstrated to mediate pro-angiogenic effects, 
in part by inducing expression of PLAU and MMP127,28. In breast cancer, ETS-1 expression is 
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an independent marker of poor-prognosis29. Interestingly, our data demonstrated that PLAU 
and MMP1 are also transcriptional targets of SOX4 (Chapter 6), possibly indicating that ETS-1 
together with SOX4 mediates pro-angiogenic responses in breast cancer. These observations 
suggest that specific aspects of the SOX4 transcriptional network may be controlled through 
cooperative regulation with distinct factors. More thorough investigation of this modular 
transcription factor network may allow for specific inhibition of pro-oncogenic SOX4 
responses by specifically disrupting its association with co-factors. 
Taken together, our findings demonstrate that the SOX4 transcriptional network is highly 
dependent on the cell-type specific epigenome and the expression levels of co-factors which 
modulate target gene selection and transcriptional output. SOX4 induced transcriptional 
responses are thus proposed to be inherently variable when comparing between cancer-
types or even different stages of disease progression of the same cancer, as we observed 
in breast cancer (Chapter 6). This notion is fitting with observations discussed in Chapter 
2, indicating the limited correlation between existing SOX4-target gene microarray datasets 
derived from prostate, lung, bladder cancer and adenoid cystic carcinoma6,30–33. Importantly, 
these findings identify part of the molecular mechanisms determining the divergent and cell-
type specific cellular processes reported to be regulated by SOX4 in cancer. This has crucial 
implications for the field as it implies that the transcriptional targets and observed effects 
in one cancer-type cannot be extrapolated to distinct cancers without prior validation of 
specific transcriptional networks herein. Moreover, these findings entail that great caution 
needs to be taken when considering therapeutic targeting of SOX4, as this could inhibit pro-
oncogenic but also tumor-suppressive effects, indicating that a personalized, tumor-specific 
approach might be required. 
We have extensively discussed the context dependent nature of the SOX4 transcriptional 
response. Does this mean that canonical target genes do not exist? It is possible that a limited 
number of genes are regulated by SOX4 in a large number of cell-types, if for example the 
target gene has a large number of potential binding sites, rendering it resistant to variations 
in the local chromatin-state. It is also possible that a canonical target simply represents 
a gene that is broadly expressed in all human cell-types, and is thus amendable to SOX4 
mediated regulation. The transcriptional target TEAD2, which is part of the hippo-signaling 
pathway, controlling organ size by affecting apoptosis and proliferation, might be such a 
target gene as it has been identified as a SOX4-dependent gene in human cancer, neuronal 
and mesenchymal tissues as well as in hypomorphic mice5,34,35. The SOX4 transcriptional 
network thus largely consist of cell-type specific targets, but may comprise a limited number 
of canonical targets.

SMADly in love with SOX: partners on many levels

The highly context-dependent transcriptional network of SOX4 with only a small number of 
potential canonical targets closely resembles the transcriptional response elicited by TGF-β. 
Similar to SOX4 this pathway also has dichotomous roles in cancer, acting as a pro-metastatic 
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or tumor-suppressive factor depending on the cellular context36. In Chapter 4, 5 and 6 we 
have demonstrated that SOX4 is a target gene of TGF-β pathway but also interacts with 
SMAD3 to cooperatively control target gene expression through cooperative binding on a 
genome-wide level. These findings indicate that SOX4 is intrinsically connected to the TGF-β 
pathway. In normal mammary epithelial cells a model could be envisioned where there is a 
primary TGF-β response that regulates tumor-suppressive target genes, but also results in 
increased SOX4 expression. This subsequently induces secondary pro-metastatic response 
that is SOX4-dependent and relies on the association and cooperative binding between 
SOX4 and SMAD3. In non-transformed cells or early stage cancers the tumor-suppressive 
TGF-β response is dominant over the pro-metastatic part, thus resulting in cell-cycle arrest 
and cell death. However, in advanced breast cancer, the tumor-suppressive response is 
inactivated through for example mutational inactivation of p15INK4b37,38, allowing for the 
SOX4-dependent TGF-β response to contribute to disease progression and metastasis. The 
SOX4 mediated modulation of TGF-β signaling may also apply to distinct cell types in which 
SOX4 has been demonstrated to be regulated by TGF-β such as T-cells, glioma and pituitary 
cells39–41. Moreover, enrichment of the SMAD3 motif in SOX4 bound sites was also observed in 
prostate cancer31, suggesting that SOX4 is an integral part of the TGF-β pathway in multiple 
cell-types. In order to differentiate the effects mediated by transcriptional induction of SOX4 
and its cooperative binding with SMAD3, it is imperative to further define the interaction 
between these two proteins and find mutations or compounds that disrupt binding whilst 
maintaining the transcriptional activity of both factors.
In stem and progenitor cells, SMAD3 co-occupies sites bound by cell-type specific master 
transcription factor including SOX2, MYOD1 and PU.1, which consequently direct the 
transcriptional response to TGF-β42. In Chapter 5, we observed that SMAD3/SOX4 co-bound 
sites are highly cell-type specific, which matches the context-dependent binding observed 
for SOX4 in Chapter 6. Consistently, SOX4-dependent TGF-β target genes are also context-
specific, thus indicating that SOX4 acts as a SMAD3 co-factor increasing transcriptional 
activation of cell-type specific target genes. In addition, we observe that SOX4 controls a 
specific part of the TGF-β response. In this respect our observations closely mirror the model 
proposed in differentiated cells where cooperative binding with multiple transcription factors 
controls specific parts of the TGF-β transcriptional network, as has been demonstrated in 
keratinocytes where the induction of CDKN1A and SERPINE1, is mediated by SMAD3 through 
an interaction with FOXO and AP1, respectively43,44. As SMAD3, by virtue of its low-affinity for 
its DNA-consensus sequence, is reliant on cooperative binding with additional transcription 
factors, it could be argued that SMAD3 genome-wide binding and transcriptional activation 
is a reflection of the cell-type specific expression of its co-factors45. Consequently, in cancer 
where multiple transcription factors drive oncogenesis SMAD3 binding does most likely not 
rely on a single master transcription factor. Similar to SOX4, SMAD3 binding and target gene 
activation in cancer, may also impinge on the state of the epigenome adding a new level 
regulation to explain the dichotomous nature of TGF-β responses in cancer.
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Interestingly, the SOX4 interaction partner Syntenin-1 (Chapter 3) has recently been shown to 
increase TGF-β signaling by inhibiting Caveolin-1 mediated TGF-β receptor I internalization, 
which was found to promote EMT. Syntenin-1 may thus control SOX4 expression by increasing 
TGF-β mediated transcriptional induction as well as by stabilizing SOX4 on the protein level, 
thus adding a connection between SOX4 and the TGF-β pathway.
In addition to the TGF-β signaling pathway, SOX4 may be induced by a large number of 
factors present in the tumor-niche including WNT46, hypoxia/HIF1α47, TNF-α48, and retinoic 
acid/RORα signaling pathways49. Since these pathways each control important aspects of 
tumor-progression, it would be interesting to investigate the role of SOX4 herein. 
Taken together, this results in a model where numerous niche-derived factors, induce SOX4 
expression, which in turn elicits a broad context-dependent transcriptional response in the 
tumor, resulting in the activation distinct and divergent tumor-cell processes. 

Matching SOX for every occasion: SOX4 and its pro-metastatic transcriptional network

The SOX4 transcriptional network and consequently the cellular response to SOX4 activation, 
are thus dependent on cell-intrinsic factors and extracellular cues regulating its expression, 
activity and target gene selection. Despite its potential role as a tumor-suppressor, it is 
apparent that in advanced disease SOX4 nearly always acts as a potent oncogene promoting 
a variety of tumor-promoting processes. It is possible that the tumor-suppressive effects 
of SOX4, constitute a cellular defense mechanism to prevent pro-oncogenic effects from 
arising. In this respect, the effects of SOX4 are similar to those elicited by MYC, which also has 
a dichotomous nature depending on the cell-type50. As one of the most potent oncogenes, 
the tumor-suppressive effects of MYC have been proposed to represent a fail-safe mechanism 
preventing excessive activation which would otherwise result in cancer51. Even with these 
barriers in place, in most cases these the responsiveness to tumor-suppressive target genes 
is quickly lost in advanced cancers, as previously discussed for the TGF-β pathway37. For 
example SOX4 mediated tumor-suppressive responses mediated by its ability to promote 
p53 stability and DNA-damage signaling, are quickly negated by mutational inactivation of 
p537,52. Once this has occurred, the pro-oncogenic effects of SOX4 become dominant. The 
transcriptional response to SOX4 activation is broad and affects a large number of genes 
in mammary epithelial cells, which could influence a large number of cancer hallmarks. 
In agreement with this notion, SOX4 has been demonstrated to affect a number of cancer 
hallmarks including the activation of invasion and metastasis and sustaining proliferative 
signaling (Figure 3.). This multi-facetted role in cancer strongly indicates that the 
consequence of SOX4 activation in these cells is most likely not determined by the induction 
of a single gene or even process. As discussed in Chapter 1, metastasis is a multi-step process 
in which tumor cells induce vascularization, invade the extra-cellular matrix, intravasate 
into blood or lymph vessels, survive in the bloodstream, extravasate to enter distant tissue, 
and finally form a secondary tumor by conditioning the foreign tumor-niche and resuming 
proliferation53. These processes are affected on multiple levels by interactions with the tumor-
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niche and cell-intrinsic processes such as EMT53,54. The various pathways through which SOX4 
may induce pro-metastatic effects will be discussed in the next section and are schematically 
represented in Figure 3 and Figure 4.
 

Figure 3. SOX4 target genes interact with the tumor-niche affecting angiogenesis and possibly 
immune-cell infiltration
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SOX4 regulates a large number of secreted factors. These tumor-derived factors may subsequently act in an 
autocrine or paracrine manner to remodel the tumor-niche and potentially also pre-metastatic sites. 
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SOX4-mediated conditioning of the tumor-niche: angiogenesis

The tumor-vasculature is one of the main sites through which cancer cells enter the circulation 
and disseminate. Consequently, angiogenesis is closely linked to the ability of tumor-cells to 
metastasize. In Chapter 6 we demonstrated a novel link between SOX4 and tumor-induced 
angiogenesis through direct regulation of endothelin-1 expression (Figure 3). It is seems 
logical that the SOX4-mediated regulation of ET-1 occurs in distinct cancer which express 
elevated levels of ET-1 such as ovarian and prostate cancers, in which SOX4 expression has 
also been demonstrated to be elevated55,5657,58. Interestingly, both SOX4 and ET-1 have been 
demonstrated to be induced by hypoxia, potentially indicating that SOX4 mediated induction 
of ET-1, contributes to pro-angiogenic effects under hypoxic conditions47,59. 
In addition to ET-1, SOX4 induces a number of pro-angiogenic factors in mammary epithelial 
cells including VEGFA, MMPs, TNFAIP2, and IL-1β (Figure 4). Interestingly, the regulation of 
these factors by SOX4 appears to be distinct between HCC1954 and MDA-MB-231, suggesting 
that SOX4 may mediate angiogenesis by different factors depending on tumor-stage or type. 
Interestingly, most of these pro-angiogenic factors regulated by SOX4 can also contribute to 
distinct aspects of the metastatic-cascade as will be discussed further below. Recently, it has 
been shown that in addition to tumor-induced angiogenesis, vascular-mimicry by dedicated 
subsets of tumor-cells can also contribute to metastatic spread60. A number of the pro-
angiogenic factors regulated by SOX4 have also been implicated in vasculogenic mimicry 
in melanoma including MMP2, MMP14 and VEGFA61. MMPs support this process by cleaving 
Laminin 5γ2, which results in the deposition of matrix-rich network mimicking vasculature61. 

Figure 4 The transcriptional network of SOX4 may impact on all aspects of tumor-metastasis. 
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It is therefore possible that SOX4 potentiats tumor metastasis by promoting vasculogenic 
mimicry. Although we have identified a novel link between SOX4 and tumor-induced 
angiogenesis it remains to be determined how this increased angiogenesis influences tumor-
progression. The correlation with reduced lung metastases upon SOX4 depletion, without 
an effect on tumor-growth implies that this response contributes particularly to late stage 
disease, potentially by increasing the opportunity for cells to intravasate and enter the 
circulation. Taken together, these observations suggest that in addition to ET-1, SOX4 could 
influence angiogenesis or vasculogenic mimicry through a number of distinct factors, thus 
contributing to the metastatic process. 

SOX4 mediated conditioning of the tumor-niche: inflammation

In addition to angiogenesis, there are a number of SOX4 induced immune-modulatory factors, 
including IL-1β, LIF and GM-CSF, that may impact on the immune-system by changing the 
infiltration or activity of immune-cells such as macrophages, T-cells and neutrophils (Figure 
3). The role of the immune-system in cancer is complex and may act to promote or inhibit 
cancer-development. Many human cancers arise from sites of chronic inflammation which 
contributes to tumorigenesis by fostering cell migration, proliferation and survival62, and 
anti-inflammatory therapies have been proposed to halt tumor-associated inflammation. In 
contrast, the immune-system is also actively involved in anti-cancer responses by for example 
eradicating circulating tumor-cells. To this end, immune-checkpoint inhibitors targeting 
CTLA-4 and PD1 have been developed to boost the immune-system and induce anti-cancer 
responses, which have yielded promising results the treatment of advanced melanoma62,63. 
The SOX4 mediated regulation of IL-1β is interesting in the context of breast cancer (Figure 
3). It has recently been demonstrated that in mouse models of breast cancer, IL-1β promotes 
the secretion of IL-17 by γδ-T-cells, which results in the expansion of immune-suppressive 
neutrophils that promote breast cancer metastasis by iNOS-mediated suppression of CD8+ 
T-cell mediated anti-tumor responses64. In addition, IL-1β may be has been shown to induce 
tumor-invasiveness and angiogenesis in melanoma, mammary and prostate cancer mouse 
models65. Accordingly, IL-1β inhibition or depletion has been demonstrated to reduce tumor-
formation in vivo in breast, gastric and carcinogen-induced cancer models66–68. SOX4 could 
also affect monocytes in the tumor-niche by inducing leukemia-inhibitory factor (LIF) (Figure 
3). LIF, in combination with IL-6 and subsequent induction of M-CSF, has been demonstrated 
to convert monocytes in the tumor-niche into immune-suppressive tumor-associated 
macrophages (TAM)69. The TAM cells promote an immune-suppressive environment which 
inhibits T-cell mediated anti-tumor responses69,70. Recently, another SOX4 target gene CSF2 
(GM-CSF) has also been connected to TAM function (Figure 3)71. Mesenchymal-like breast 
cancer cells (post-EMT) were demonstrated to induce TAM cells through the secretion of 
GM-CSF, which activated an positive feedback-loop by TAM-mediated secretion of the EMT-
inducing cytokine CCL1871. Activation of GM-CSF signaling resulted in increased metastasis 
in humanized mice, and high tumor GM-CSF expression increased TAM infiltration, EMT, 
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metastasis en poor-prognosis. It is possible that SOX4 is essential in this EMT-mediated 
induction of GM-CSF, suggesting that SOX4 links EMT, to tumor-induced immune-modulation. 
Interestingly, the direct SOX4 target ET-1 identified in Chapter 6 has also been demonstrated 
to affect immune-cells. ET-1 was found to reduce the homing and infiltration of T-cells to 
tumors by decreasing ICAM-1 expression on endothelial cells, thus preventing tumor-
infiltrating lymphocytes from eliciting anti-tumor responses72. 
Taken together, these findings strongly suggest that SOX4 mediated induction of these 
secreted factors affects the immune-system on a local and potentially systemic level, 
possibly promoting tumor-progression by creating an immune-suppressive environment 
which prevents T-cell mediated anti-tumor responses. For future experiments it is therefore 
imperative to study the role of SOX4 in vivo and in the context of a functional immune-system.

SOX4: EMT, invasion, migration and intravasation

In Chapter 3 we have demonstrated that SOX4 is an EMT-inducer and is required for the TGF-β 
mediated induction of the mesenchymal-like phenotype20. The SOX4-mediated induction 
of EMT in breast cancer has been confirmed in two independent studies21,22 and has since 
also been reported in prostate cancer73,74. We observed that SOX4 directly regulates CDH2 
(N-cadherin). In mouse models of breast cancer ectopic expression of N-cadherin, regardless 
of E-cadherin status, has been demonstrated to be sufficient to induce invasion, migration 
and metastasis, in part by enhancing tumor-stroma interactions75–77. This suggests that SOX4 
mediated induction of N-cadherin controls important aspects of the EMT associated pro-
metastatic effects. In mice, Sox4 mediated EMT has been suggested to be regulated by its 
transcriptional regulation of Ezh2, which subsequently results in genome-wide changes in 
H3K27me3 and EMT-associated genes21. However, in our dataset of direct target genes we did 
not detect significant induction of EZH2, indicating that in these cells this gene is not a direct 
target and most likely does not contribute to the immediate induction of EMT-associated 
genes. It important to point out that we observe induction of EMT-associated genes within 
8 hours of conditional SOX4 activation, making it unlikely that these effects are mediated 
by genome-wide epigenetic remodeling, although it is possible that EZH2-mediated effects 
contribute to effects that occur late in SOX4 induced EMT. Interestingly, we did observe 
the SOX4-mediated induction of epigenetic modifiers including a large number of lysine 
demethylases (KDMs) and HDAC9, suggesting that SOX4 activation may result in changes at 
the epigenetic level. 
In epithelial breast cancer cell lines, SOX4-induced EMT has also been demonstrated 
to increase mammosphere formation, potentially indicating a role in the induction or 
maintenance of cancer stem cells22. Interestingly, SOX4 has also been shown to be required for 
the maintenance of tumor-initiating cells in glioma by regulating the expression of SOX2 upon 
activation of the TGF-β pathway, thus promoting tumorigenesis40. Moreover, SOX4 has been 
demonstrated to be specifically expressed in adult stem and progenitor cell populations6, 
and SOX4 has been shown to regulate transcriptional networks in hematopoietic stem 
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cells controlling  self-renewal 78,79. Taken together, these studies suggest a role for SOX4 in 
acquiring and maintaining stem cell properties in diverse cell-types, which in epithelial cells 
is associated with the induction of EMT.
Although SOX4 regulates a large number of EMT-associated genes, the effects of its 
transcriptional network on metastasis are most likely not limited to its role in this process  
alone. There are a large number of SOX4 target genes that have been demonstrated to 
contribute to tumor cell migration and invasion, mediating matrix-degradation, matrix-
deposition or filipodia formation, including TNC80, MMPs81, TEAD282, LOXL283 and FNBP1L84 
(Figure 4).
Once the tumor-cells reach the blood vessels, they must gain access to the vasculature in 
order to spread throughout the body. The neovasculature in the tumor is often permeable 
due to weak endothelial cell-cell interactions and is not lined by pericytes53. Nevertheless, 
tumor-cells need to activate specific pathways to pass this barrier. In order to gain access 
to the blood vessel interior, tumor cells secrete a variety of proteases that break down 
endothelial cell-cell contact54. A number of SOX4 induced secreted proteases may assist in 
intravasation including MMP281 and PLAU85,86. Additionally, the tumor-cells need to interact 
with the endothelium. This process has been demonstrated to depend on N-cadherin in 
melanoma and breast cancer cells77,87. Finally, in mouse mammary tumors intravasation can 
be enhanced by perivascular TAMs, which can be induced by SOX4, as discussed previously88. 

SOX4: survival in the bloodstream, extravasation and secondary tumor formation

After intravasation tumor-cells need to survive in the bloodstream. In order to survive 
they need to develop anoikis-resistance, a pro-apoptotic process induced by the loss 
of anchorage to the ECM89,90. This metastasis-suppressing process can subverted by the 
induction of pro-survival signaling pathways impacting on for example PI3K-PKB/c-akt 
signaling or autophagy89. SOX4 has been demonstrated to impact on oncogenic cell-survival 
in acute-lymphoid leukemia by enhancing the expression of MAPK and PI3K-PKB/c-akt 
signaling pathway components91. In a similar manner, SOX4 may contribute to anoikis by 
activating these pro-survival pathways, through for example the regulation of Insulin growth 
factor receptor 1 and 2 (IGF1R, IGF2R), insulin growth factor binding-protein 4 (IGFBP4), PIK3K3, 
and FYN (Figure 4). The latter controls survival signaling mediated by ERK when cells are 
attached to the ECM, it is thus possible that SOX4-mediated induction of this factor promotes 
survival and anchorage independent growth92,93. In agreement with this notion, FYN is highly 
expressed in metastatic breast cancer cells, and contributes to pro-invasive properties by 
activating RAS and PI3K signaling pathways94. Alternatively, anoikis-resistance may be 
mediated by SOX4-mediated activation of autophagy, through transcriptional induction of 
ULK1 (VPS34), an inducer of autophagy downstream of AMPK and mTOR95,96. Interestingly, 
ATF4 mediated induction of ULK1 in breast cancer has been demonstrated to mediate pro-
survival signaling under distinct stress such as ER-stress and hypoxia, and its expression is 
correlated with poor-prognosis in patients97. 
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In addition to anoikis, tumor cells also need to avoid NK-cell mediated anti-tumor responses 
as well as intense shearing forces present in the bloodstream. To this end, tumor-cells can 
secrete anti-inflammatory factors as mentioned previously, but intriguingly, they can also 
form aggregates with platelets which prevents recognition by NK-cells and protects from 
shear forces54,98. This aggregation between platelets and cancer cells could be promoted by 
SOX4 regulated metalloproteases, MMP2, MMP10 and MMP1499. MMP2 secretion by platelets 
has been demonstrated to promote aggregation, and MMP2 has been connected to breast 
cancer metastasis, suggesting that MMP2-mediated platelet aggregation could enhance 
cancer cell survival in the bloodstream100,101. Interestingly, platelets have also been shown to 
induce EMT in breast cancer by promoting TGF-β signaling through platelet-derived TGF-β 
and direct platelet-tumor contact, thus indicating that platelet-cancer cell interactions 
promote metastasis on multiple levels102. These mechanisms could also contribute to the 
effect on lung metastasis observed in Chapter 6.
After entry and survival in the bloodstream, circulating tumor cells (CTCs) have to leave 
the vasculature and enter distant sites. This may happen in a passive manner by lodging 
in a capillary and forming a mass that ruptures the vessel, but can also occur in an active 
through extravasation103. Extravasation can be promoted by the secretion of proteases from 
the primary tumor which reduce cell-cell junctions of endothelial cells in for example the 
pulmonary vasculature53,54. SOX4 could promote this hyperpermeability of the vasculature 
by inducing the aforementioned proteases MMP2 and MMP10, but also by activating the VEGF 
signaling pathway by induction of VEGFA104,105.
In order to finally form a solid mass at a distant site, the extravasated tumor cell has to 
adapt the metastatic-niche to create suitable conditions for outgrowth106. A number of the 
factors that mediate conditioning of the primary tumor-niche, also mediate metastatic-niche 
formation by inducing angiogenesis and attracting immune-cells. In addition, SOX4 may 
promote metastastic-niche conditioning by inducing FN1 a critical component of the ECM 
which appears to be required for the recruitment of myeloid cells106–108. Another SOX4 target 
gene, Lysyl-oxidase-like 2 (LOXL2) may also contribute to pre-metastastic niche-condition, by 
crosslinking collagen-fibrils, facilitating myeloid cell infiltration, as has been shown for LOX in 
hypoxic breast tumors108. As a final example, the extra-cellular matrix protein versican (VCAN), 
which is regulated by SOX4 and is found to be highly expressed in metastatic cancer, may 
increase metastatic outgrowth by inducing TNF-α secretion in myeloid cells by interacting 
with CD14 and TLR2, activating TLR2-signaling109. Recently, tumor-derived exosomes have 
also been proposed to play an important role in this process110. Interestingly, the SOX4 
interaction partner Syntenin-1 (Chapter 3) is an important factor promoting exosome 
biogenesis, suggesting that in addition to stabilizing SOX4, Syntenin-1 may increase the 
secretion of exosomes, perhaps carrying pro-metastatic factors induced by SOX4 or even 
SOX4 itself111. 
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Taken together, these observations indicate that the transcriptional network of SOX4 in breast 
cancer has the potential to contribute to tumor-progression and metastasis on a variety of 
levels, thus making SOX4 an interesting target for anti-metastasis therapies. 

SOXcessfully treating cancer: SOX4 and its transcriptional network as therapeutic 
targets

In Chapter 4, 5 and 6 we have demonstrated that in breast cancer SOX4 may promote 
tumor-progression by inducing EMT and metastasis as well as by increasing tumor-induced 
angiogenesis. Importantly, we also observed that elevated SOX4 levels in breast cancer 
patients correlate with tumor-grade, greater blood vessel density, decreased patient survival 
and increased therapy-resistance, thus classifying SOX4 as an exciting novel therapeutic 
target. The SOX4 mediated chemotherapy-resistance could be mediated by transcriptional 
regulation of TUBB3 and KIF3C both of which have been demonstrated to mediate resistance 
to taxanes112,113. This indicates that in addition to reducing pro-metastastic effects, SOX4 
inhibition may render tumor-cells sensitive to conventional therapeutics. 
Although transcription factors are interesting therapeutic targets, they are notoriously 
difficult to target effectively using small molecule inhibitors114,115. Recently, a small number of 
transcription factor inhibitors have been developed with anti-cancer properties, by specifically 
disrupting protein-protein interactions, rather than attempting to completely inhibiting 
function. The transcription factor CBFβ-SMMHC (core binding factor β and the smooth-
muscle myosin heavy chain) is created in AML through a chromosomal inversion (inv16). 
By outcompeting the binding of wild-type CBFβ to RUNX1, this fusion protein deregulates 
RUNX1 function and consequently promotes AML116. A small molecule specifically disrupting 
the interaction between RUNX1 and CBFβ-SMMHC, but not wild-type CBFβ, restored RUNX1 
function and was effective in treating cells carrying the inversion in vitro. In a similar manner, 
inhibitors have been developed to disrupt the interaction between MYC and its co-factor 
MAX117 and dominant negative MYC inhibitors are in development118. 
In Chapter 5 and 6 we have revealed the first indications that SOX4 co-factors shape its 
transcriptional network on a genome-wide level, which may be the first step to generate SOX4 
targeting therapies in the future, which specifically eliminate its pro-oncogenic response. In a 
similar manner to the small molecule inhibitors developed for MYC and CBFβ- SMMHC it may 
be possible to develop inhibitors that specifically disrupt the interaction between SMAD3 
and SOX4. This could result in the targeted disruption of pro-metastatic targets of both these 
factors in advanced breast cancers affecting EMT and metastasis, possibly without affecting 
their tumor-suppressive function. However, as discussed previously the context dependency 
of both factors stresses the need to carefully select which patients to treat. Taking this into 
consideration, treatment of aggressive high-grade breast cancers that have already lost the 
tumor-suppressive components of both pathways, may result in the most beneficial effects, 
with minimal risk of deteriorating the disease. In order to predict unwanted side-effects of 
SOX4/SMAD3 targeting therapies it is crucial to investigate whether the interaction between 
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these factors also occurs in non-malignant tissues. If the transcriptional upregulation of 
SOX4 by TGF-β is predictive of its interaction with SMAD3 then unwanted side-effects may be 
expected in distinct cells including T-cells41 and normal mammary epithelial cells. 
In addition to targeting the SOX4-SMAD3 interaction, disruption of binding between SOX4 
and syntenin-1 reported in Chapter 3 could also be envisioned. Similar to SOX4, syntenin-1 
overexpression results in increased lung metastasis in xenograft models of breast cancer and 
elevated expression of syntenin-1 correlates with poor-prognosis in breast cancer patients119. 
Moreover, syntenin-1 has been demonstrated to promote tumor-induced angiogenesis120. 
These effects closely mirror those observed for SOX4 in Chapter 6, suggesting that perhaps 
the part of the tumor-promoting responses attributed to syntenin-1 may be mediated by 
SOX4. Targeting the SOX4-syntenin-1 interaction would be expected to result in a global 
decrease in SOX4 expression and transcriptional activity. This could thus be used to reduce 
SOX4-induced pro-oncogenic processes in breast cancer. 
Although direct inhibition of SOX4 may be preferred due to its potentially broad anti-tumor 
response, therapeutic targeting of specific pathways affected by SOX4 activation may be 
more feasible. As discussed in Chapter 6, SOX4 mediates tumor-induced angiogenesis by 
directly regulating Endothelin-1 (ET-1). Inhibitors targeting the ET-1 pathway are currently 
being used in the clinic to treat pulmonary hypertension 59,121. This opens up the possibility 
to repurpose this inhibitor to treat highly aggressive and therapy resistant SOX4 high 
breast tumors. The ET-1 signaling pathway has also been shown to affect processes such 
as EMT56,122, T-cell infiltration123 and therapy resistance124, suggesting that in addition to an 
expected effect on angiogenesis and metastasis, inhibition of this pathway may abrogate 
additional SOX4-induced pro-oncogenic effects. In addition to ET-1, targeting of distinct pro-
oncogenic factors induced by SOX4 such as IL-1β may have therapeutic benefit. Interestingly, 
therapeutic targeting of the IL1-β pathway by the IL-1 receptor antagonists such as Anakinra, 
have already been developed to treat refractory rheumatoid arthritis patients125. Similar to 
ET-1 inhibitors, this compound could be repurposed to treat SOX4 high breast tumors, which 
may result in inhibition of its effects on inflammation and angiogenesis126. 
Finally, SOX4 expression could also be used as marker of aggressive and therapy-resistant 
breast cancers. This information may be used in the clinic to adjust treatment accordingly, 
switching to alternative treatment methods or more regular investigation of tumor-
recurrence. 
Taken together, the findings reported in this thesis have provided novel mechanistic insights 
into the factors regulating its transcriptional output and target gene specificity. This has led 
to the identification of novel SOX4 induced pro-tumorigenic effects and has resulted in the 
generation of valuable dataset that may be mined to uncover additional pro-oncogenic 
pathways affected by SOX4. Moreover, the molecular mechanisms identified here, could be 
targeted in the future to improve treatment of therapy resistant breast cancer. 
To this date, SOX4 has been demonstrated to regulate number of the hallmarks of cancer 
associated with cell proliferation, cell death, invasion and metastasis and angiogenesis 
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(Figure 2). As discussed assessment of the transcriptional targets of SOX4 in breast cancer 
identified additional cancer hallmarks that could be regulated by SOX4, including tumor-
promoting inflammation and evasion of immune-destruction (Figure 2). Thus, therapeutic 
targeting of SOX4 has the potential to affect various cancer hallmarks to disrupt tumor-
progression. 
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Het ontstaan van kanker is een process that uit een groot aantal verschillende stadia bestaat. 
Normaal gesproken wordt iedere stap die mogelijk tot kanker zou kunnen leiden streng 
gecontroleerd. In een kankercel raken deze processen ontregeld waardoor er een tumor 
kan ontstaan. De cellen in tumoren kunnen, in tegenstelling tot normale cellen, onbeperkt 
delen en zijn ongevoelig voor groeiremmende en celdood inducerende signalen. Wanneer 
de tumor verder groeit ontstaat er een solide massa, die bloedvaten aantrekt om in zijn 
voedingsbehoefte te voorzien. Ondanks dat er op dit moment al sprake is van een tumor, 
is er op dit moment het tumor-vormende process, in de meeste gevallen, nog geen groot 
probleem. De solide tumor massa kan namelijk verwijderd worden en is in deze fase nog goed 
te behandelen met standaard chemo en/of radiotherapie. Het grootste deel van de kanker-
gerelateerde doden (90%) zijn dan ook het gevolg van latere fases in het tumor-vormende 
process, wanneer de tumorcellen zich door het lichaam gaan verspeiden. Dit uitzaaiien van 
tumorcellen naar andere weefsels heet metastaseren. Metastases onstaan in pas laat in het 
ziekte-process en zijn het gevolg van een groot aantal aanpassingen van de tumorcel om 
specfieke barriers te overwinnen. De tumorcel moet uit de primaire tumor treden, zich een 
weg banen door gezond weefsel en een extra-cellulaire eiwit laag (extra-cellulaire matrix) 
om bij een nabijgelegen bloedvat te geraken. Vervolgens moet de tumorcel het bloedvat 
binnentreden en in de bloedcirculatie overleven, om daarna in een ander orgaan weer uit 
te treden en daar een tweede tumor te vormen. Deze metastaserende cellen zijn aggresief 
en ongevoelig voor reguliere therapie. Het is daarom noodzakelijk om beter te begrijpen 
hoe deze metastases ontstaan, om in de toekomst nieuwe therapieen te genereren die dit 
process aanpakken. 

Transcriptiefactoren: de schakelaars die cellulaire processes controleren.

Zoals vermeld is het process van metastaseren gecompliceerd en vergt het een groot aantal 
aanpassingen van de tumorcel. Om dit te bewerkstelligen zetten tumorcellen specifieke 
transcriptiefactoren aan die normaal gesproken maar beperkt of zelfs helemaal niet tot 
expressie komen. Deze potentieel gevaarlijke transcriptiefactoren binden op specifieke 
plekken op het DNA, waar ze genen aan of uit kunnen zetten. Deze genen coderen voor 
mRNA wat vervolgens omgezet kan worden naar nieuwe eiwitten die cellulaire processen 
in gang zetten. Een transcriptiefactor kan een heel netwerk van genen reguleren en werkt 
dus als een soort schakelaar om cellulaire processen aan of uit te zetten. Gedurende de 
normale embryonale ontwikkeling, weefsel onderhoud en wond genezing zetten deze 
transcriptiefactoren op precies de juiste plek en tijd een cellulair proces en zijn dus onmisbaar 
voor alle fasen van het leven. Een klein aantal transcriptiefactoren kan echter ook aangezet 
worden door tumoren, waardoor er een abnormale activatie plaats vindt van specifieke 
cellulaire processen zoals het migreren van cellen of het induceren van bloedvaten. Door 
de expressie van transcriptiefactoren te meten in gezond weefsel en tumor weefsel weten 
we inmiddels welke van deze eiwitten betrokken zijn bij zowel het ontstaan als ook het 
metastasen van tumoren. 
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SOX4: twee gezichten, een formule

De transcriptiefactor SOX4 komt in bijna alle humane tumoren hoog tot expressie en wordt 
daarom gezien als een algemene kanker-geassocieerde factor. Gedurende de normale 
ontwikkeling speelt SOX4 een belangrijke rol in het vormen van onder andere het hart, het 
immuunsysteem en de hersenen. In overeenstemming met deze cruciale rol, is bij muizen die 
deze factor missen aangetoond dat meerdere defecten ontwikkelen, waardoor deze muizen 
uiteindelijk dood gaan gedurende de embryogenese. SOX4 is dus een essentiele factor die 
cellulaire programmas reguleert voor correcte ontwikkeling en zou dus als een goedaardige 
factor gezien kunnen worden. Tumoren misbruiken SOX4 echter om verschillende pro-
oncogene (tumor-inducerende) processen aan te zetten. Ondanks dat we weten dat SOX4 
door veel tumoren aangezet wordt, weten we maar weinig hoe tumoren verhoogde expressie 
van SOX4 krijgen en van de mechanismen waardoor SOX4 bijdraagt aan metastaseren. Het 
begrijpen van deze mechanismen is essentieel om meer inzicht te krijgen in het ontstaan van 
metastasen en om aangrijppunten te vinden voor anti-kanker therapieen die SOX4 specifiek 
aanpakken. In dit proefschrift staat de rol van SOX4 in metastasering en de regulatie hiervan 
centraal. 

In Hoofdstuk 2 geven we een overzicht van de huidige kennis over de transcriptiefactor SOX4. 
Hierin vergelijken we de rol van SOX4 in normale ontwikkeling met de rol in kanker, waarbij 
we ingaan op de regulatie van deze factor zowel als de cellulaire processes die met SOX4 zijn 
geassocieerd. Daarnaast benadrukken we de noodzaak om meer te weten te komen over 
deze pro-oncogene factor en zijn duale rol in kanker. 
In Hoofdstuk 3 beschrijven we de interactie tussen SOX4 en een cellulair eiwit genaamd 
Syntenin. Syntenin is een multifunctioneel eiwit dat verschillende eiwit-eiwit interactie 
domeinen heeft waardoor het als een verzamel platform functioneerd. Syntenin komt ook 
in kankertypen tot expressie en is ook met metastase geassocieerd. Wij vinden dat Syntenin 
met een specifiek domein van SOX4 interactie aan kan gaan wat resulteert in een stabilizatie 
van beide factoren en dus verhoogde expressie. Daarnaast verhoogt Syntenin de activiteit 
van SOX4 waardoor het de SOX4-geinduceerde genexpressie toeneemt. Dit is mogelijk een 
belangrijk mechanisme waardoor tumoren verhoogd SOX4 expressie verkrijgen en kan dus 
aan kanker bijdragen
In Hoofdstuk 4 vinden we een nieuwe metastase-inducerende rol voor SOX4 in borstkanker. 
De TGF-beta signaleringscasade staat centraal in kanker omdat het metastasering in de late 
fase van tumor ontwikkeling kan induceren. Dit doet TGF-beta voor een groot deel door het 
activeren van een cellulaire transformatie waarbij tumor cellen van identiteit veranderen 
genaamd EMT. Activatie van EMT zorgt ervoor dat tumor cellen sneller gaan uitzaaien, 
resistenter zijn voor therapie en sneller terug komen. Wij vinden dat TGF-beta SOX4 expressie 
can induceren, en dat de expressie van SOX4 noodzakelijk is om de EMT transformatie te 
voltooien. We vinden bovendien dat SOX4 activatie zelf voldoende is om EMT te induceren. 
Dit hoofdstuk ontrafelt dus een deel van de pro-metastase rol van SOX4. Daarnaast 
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beschrijven we in Hoofdstuk 5 dat SOX4 niet alleen door TGF-beta geinduceerd wordt maar 
dat SOX4 ook een interactie aan kan gaan met een van de belangrijkste eiwitten in de TGF-
beta signaleringscascade, genaamd SMAD3. Wanneer SOX4 niet aanwezig is kan TGF-beta 
via SMAD3 bepaalde pro-metastase genen niet aanzetten. Deze bevindingen onderschrijven 
de essentiele rol van SOX4 voor TGF-beta geinduceerde effecten in kanker. Wellicht is het 
mogelijk om in de toekomst de interactie tussen SOX4 en SMAD3 te verstoren en zo bepaalde 
effecten van TGF-beta te remmen. 
Naast het ophelderen van de manieren waarop SOX4 tot expressie kan komen in kanker 
is het ook essentieel om de genen die door SOX4 regeleerd worden te identificeren. In 
Hoofdstuk 6 hebben we een aantal geavanceerde technieken gebruikt om de hele SOX4 
response in kaart te brengen. Dit hebben we gedaan door specifiek te kijken waar SOX4 kan 
binden op het DNA en welke genen er vervolgens aangezet worden. We vinden dat SOX4 
voornamelijk genen aan zet en niet uit, wat SOX4 dus een transcriptionele activator maakt. 
In borstkanker zet SOX4 een kerngroep van ongeveer 650 genen direct aan, die als geheel 
geassocieerd zijn met een slechte prognose voor borstkanker patienten. Dit komt overeen 
met de bevinding dat SOX4 expressie zelf in borstkanker geassocieerd is met aggressieve 
tumoren, meer metastasen en therapie-resistentie. Door nauwkeurig deze kerngroep van 
genen te analyseren hebben we ontdekt dat deze verrijkt zijn voor processen die het ontstaan 
van bloedvaten (angiogenese) kunnen beinvloeden. De tumor-geinduceerde angiogenese is 
essentieel voor de progressie van kanker. We vinden dat SOX4 door het activeren van een 
pro-angiogeen eiwit genaamd Endothelin-1 (ET-1) angiogenese kan beïnvloeden in zowel 
celkweek maar ook in verschillende proefdieren. Deze door SOX4 geinduceerde angiogenese 
lijkt belangrijk te zijn voor metastaseren van borsttumoren en het therapeutisch verstoren 
van SOX4/ET-1 zou dit kunnen stoppen. Interessant genoeg zijn ET-1 remmers inmiddels 
al in gebruik voor benauwdheid en zijn dus goed gekeurd voor gebruik in mensen. Het is 
dus mogelijk dat deze zelfde remmers in de toekomst tegen borstkanker gebruikt kunnen 
worden. 
De uitkomsten van de studies beschreven in deze thesis bevatten dus belangrijke 
aanknopingspunten om in de toekomst borstkanker beter te kunnen behandelen door 
verschillende aspecten van SOX4 geinduceerde metastase te remmen. Bovendien zijn er 
nog veel mogelijkheden om met de gegenereerde datsets nieuwe door SOX4 gereguleerde 
signaleringspaden te ontdekken. 
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stukje van je proefschrift dat iedereen wel leest, het dankwoord. Hoewel er niks meer van af 
hangt is het misschien wel de moeilijkste taak om recht te doen aan de vele hulp die ik van 
verschillende mensen heb gekregen op zowel wetenschappelijk als persoonlijk vlak. Het is 
een beetje als een bergetappe in een wielerwedstijd, je moet zelf trappen om die berg op te 
komen, maar gedurende de rit zijn er teamgenoten die dezelfde bergen over moeten en je 
daarbij uit de wind houden, je een zetje geven, aanmoedigen en steunen, en overwinningen 
en verliezen samen met je vieren of verwerken. Daarnaast zijn er natuurlijk de enthousiaste 
mensen langs de kant die om wielrennen niks geven maar de hele rit wel leuker maken en 
onvoorwaardelijke steun geven. 
Het allerbelangrijkste aan een goed team en individuele prestaties is misschien wel de coach. 
Paul, ik wil dan ook als eerste jou bedanken. Toen ik de cursus signaaltransductie deed en 
even daarna een korte stage deed in jouw lab, kreeg ik al snel in de gaten dat het Coffer-lab 
“the place to be” was. Muziek aan, hard werken, en tegelijkertijd veel lol maken. Ik ben dan 
ook blij dat ik bij jou als AIO mocht beginnen om te werken aan de tofste eiwitten, transcriptie 
factoren, en nog een met een coole naam ook. Ik heb in de afgelopen jaren veel van jou 
geleerd over moleculaire biologie en science in het algemeen. Het belangrijkste is echter dat 
zoals een echte coach je me gedurende de periodes van overmatig enthousiasme wist af te 
remmen en tijdens inzinkingen wist op te peppen. Ik ben heel blij met onze samenwerking en 
hoop dat we nog een aantal overwinningen samen binnen halen. 
Beste Cornelieke, zonder jou geen functionerend Coffer-lab. Hoewel ik moeite had met 
opruimen en me aan de regels houden, realiseer ik me maar al te goed dat jij zorgt dat alles in 
goede banen wordt geleid en we überhaupt reagentia hebben om proeven te kunnen doen. 
Succes met nog een verhuizing, hopelijk is dit de laatste. 
In elk team heb je een harde kern:
Jeffke! Vergeetachtig, chaotisch, enthousiast en gepassioneerd ben je in het lab en 
daarbuiten. In het lab is het SOX4 werk voor mij allemaal met jou begonnen en een betere 
start had ik niet kunnen wensen. Lekker met Andre Hazes staan mee te zingen en jij je 
cellen buiten de hood op je bench transfecteren. Concerten bezoeken, aardappelkanonnen 
bouwen, karaoke zingen en vele kilometers rennen, allemaal goede herinneringen. Jij 
en Kimmie zijn er ook voor mij geweest in moeilijke tijden, daarvoor ben ik jullie enorm 
dankbaar. Twee super lieve vrienden! Jeff ik ben heel blij dat je ondanks je drukke agenda 
mijn paranimf wilde zijn! 
Als je Jeff zegt moet je ook Jorg zeggen, zou het spreekwoord kunnen zijn. Jullie waren al een 
sterk team voordat ik op het lab kwam, maar ik ben erg blij dat ik tegenwoordig volwaardig 
lid ben geworden van de club. Jorg, je bent de meest positief ingestelde kerel die ik ken. 
Of we nou als idioten over zandduinen rijden in Arizona, staan te bouncen op Kanye West 
(Kennie West) en Jay-Z, of samen op een lab staan het is altijd vele malen toffer met jou erbij. 
Ik wens jou, Joyce, Emma en Stan veel sterkte toe in de komende tijd. Dikke knuffel voor jullie 
allemaal. 
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Marije en Veerle (Fles) jullie zijn twee vrouwelijke powerhouses!! Veer, bakkie doen? Het 
was altijd gezellig, inmiddels spreek je al een beetje Limburgs, ga zo door! Marije, wat een 
bikkel ben jij! Bedankt voor je steun en ik hoop dat we in de toekomst samen kunnen blijven 
werken.
Ruben! Je was een aanwinst voor het lab, ik heb veel van je geleerd, zonder jou geen ChIPs 
en RNAseq. Jij laat zien dat een bioloog ook kan computeren en dat daar nog wat mee valt te 
bereiken ook. Al het beste voor je Muis en gezin!
De periode in het WKZ was niet compleet geweest zonder de inbreng, wat (voormalige) 
Coffers, onze buren en de inbreng van wat gezellige buitenlanders. Lodewijk, Marit, 
Florijn, Christian, Heike, Kristan, Andrana, Jessica, Evelien, Koen B, Diede, Koen S, 
Liesbeth, Estel, Marita, Anton, Richard, Linda en vele Anne’s. Lena and Pernilla it was 
great hanging out with you guys! Staying till late in the lab and having a few drinks afterwards 
was a lot of fun. I hope we will meet up again in the future! Beste buren van het Prakken-lab, 
en Theo, Thijs en Ewoud in het bijzonder, bedankt voor de gezelligheid.
Met de tijd worden gaan sommige renners naar andere teams of willen zelf coachen in plaats 
van rijden. Gelukkig wordt de oude garde vervangen door nieuw talent. Luca, Catalina, 
Janneke and Ana Rita you are the top-players from abroad (Janneke has Limburgse genes). 
Luca! Dude! You introduced me to the electro music and have become a true friend, let’s 
keep partying and discussing science/life. I hope to see you in Australia. Catalina, now that 
I am done, you will be the labs’ most evil person. Joking aside, I admire your tenacity and 
perseverance, and it was great sharing an office with you. All the best finishing your PhD. 
Janneke, we are a good team! You organize my chaos and I mess up your organization. Ana 
Rita…..first my student, then my colleague. We share the love for SOX and confrontations, it 
has resulted in some interesting moments. You have made amazing progress in the time that 
I have known you, I am proud that you are following up the SOX4 work. I also want to wish all 
the Coffer-lab members (especially if I forgot your name here) the best of luck both the new 
and old guys, Sandra, Sanne, Inge, Sultan, Enric, Magdalena, Emily and Guy.
Een sportploeg is niet compleet zonder medische staf. Anita en Desiree, bedankt voor de 
gratis consulten en het verzorgen van kwaaltjes. Succes met het afronden van de AIO-tijd en 
veel geluk met de kids! 
Cindy, jij bent echt een aanwinst voor het lab. Na je avonturen in Australië en Nieuw-Zeeland 
heb je echt super hard gewerkt om experimenten te doen die nu in mijn boekje staan. Je bent 
enthousiast, zelfstandig en goed georganiseerd, ik heb alle vertrouwen in de laatste proeven 
die nog gedaan moeten worden. Zie je in Australië? 
Anneloes en Gunter (en Ana Rita) jullie waren gezellige en goede studenten. Anneloes 
succes met je AIO-tijd in Leiden! Hoewel Remko en Anne nooit mijn studenten waren wil ik 
jullie toch bedanken voor de gezelligheid, laten we bier blijven drinken en ik verwacht een 
uitnodiging voor jullie promoties! 
Brooke! You deserve your paragraph ▿ In a relatively short period you became one of my 
best friends. Spinning followed by a coffee in town, drinking beer, mocking Remko, listening 
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to stories about LA-life with celebs…. Never a dull moment. Thanks for all the support, I know 
we will stay in touch wherever on this planet we may be. 
Ester, ik heb genoten van onze fietstochten, de Ritz-feesten en Limburgse gezelligheid. Gaan 
we nog een weekendje weg? ;) 
Many thanks to everyone from the Cell Biology department! A special thanks to Maui and 
Caspar for the good times in the office and for not kicking me out every time I was annoying. 
I would also like to thank all the co-authors on the various chapters for their help and 
contributions. Michal thanks for working your magic on the NGS data. Ollie wie had gedacht 
dat we na onze stages nog op wetenschappelijk gebied samen zouden werken. Je bent een 
goede vriend en zonder jouw hulp op het angiogenese stuk was het nooit zo mooi geworden. 
Nu nog publiceren! Jeroen, jouw kennis van de borstkanker biologie is jaloers makend en 
je bijdrage heeft veel relevantie gegeven aan het werk in dit boekje. Bedankt en succes met 
je artsenopleiding.  Eric and Laura thanks heaps for all the help on the angiogenesis work 
in zebrafish! 
During my PhD I had the opportunity to visit the CRUK Cambridge institute supported by 
the KWF. I would like to thank Alex and Carlos for welcoming me to the lab and would like 
to thank all the lab members for making me feel welcome. It was a great time! Ana, you are 
an exceptional scientist and it was a pleasure working together with you on the TGF-beta/
SMAD3 stories. I hope to see you at my graduation and let’s keep discussing crazy scientific 
ideas! Jose, you are entertaining in ways that you don’t even know. I will never mention 
Weinberg again I promise. Bernard, I will sing karaoke again with you because I know you 
love my voice. 
Ik wil ook graag alle commissieleden bedanken en Patrick en Jacco in het bijzonder voor hun 
bijdrage aan mijn AIO-commissie.  
Rene, jij bent een onmisbaar onderdeel van de celbio. Je verhalen en roddels over het UMC 
van de afgelopen 25 jaar zijn fascinerend. Heel erg bedankt voor het maken van een super 
mooie voorkant van het boekje. 
Willem, Martijn en Stefanie, het waren mooie tijden bij de virologie! Laten we regelmatig 
blijven treffen. 
Eva, bedankt voor alle gezellige feestjes en drankjes in het park. Veel plezier op je wereldreis 
en heel erg bedankt dat ik je paranimf mocht zijn, een echte eer.
Ricky, thanks for giving me the opportunity to come back to Australia to do some great 
science. When I think about Melbourne I cannot forget to thank Michael, Leonie and my 
self-proclaimed life-mentor Edwin. Bird = Word. 
Jochem, kerel! Toen ik ging studeren en niet meer bij de selectie teams wilde voetballen, 
kwam ik in Wittenhorst 11 terecht. Het meest beruchte team van Limburg (en binnen het 
veld waren we ook best ok). Wat een toffe herinneringen aan voorzetten, doelpunten, 
schermutselingen en bijna dat kampioenschap. Prince of Persia, Rome, feesten, FIFA1999-
2014, Horst, veel koffie, reserve-shirts jatten van het 1ste , etc etc…..de goede oude tijd. Vet dat 
je mijn paranimf wil zijn, laten we er een feestje van maken. 
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Lieve Pap en Mam, en natuurlijk mijn super broertje. Ik heb zoveel geluk met jullie in mijn 
leven, jullie staan altijd voor me klaar! Het is niet te doen om hier in woorden uit te leggen 
hoe belangrijk jullie voor me zijn, door jullie steun ben ik tot dit punt kunnen komen. Hans en 
Tonny, jullie zijn avontuurlijk, zorgzaam en lief, ik heb alles aan jullie te danken. Ik weet dat 
jullie me blijven volgen en steunen waar ik ook ga. Juul, kerel ik ben echt heel trots op jou en 
wat je hebt bereikt. Je hebt een mooi gezinnetje met Dorien en Imke. Veel liefs en een dikke 
knuffel! Opa’s en oma’s: unne gooje mins blief altied leave…bedankt. 
Dear Toga, because I know you hate it, I will skip all the corny stuff. Just know that I am super 
lucky to have you in my life. Thank you for all the support and listening to my continuous 
whining about science and the thesis. Our next adventure awaits in Australia and I know 
many will follow, together we will conquer the world. Gosto muito de ti! Amo-te!
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