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Chapter 1

Breast cancer development and progression
Breast cancer is the most common cancer worldwide in women contributing to 521,000 
deaths per year (www.who.int), therefore a better understanding of this disease can allow the 
development of novel therapeutic approaches and contribute to a better patient outcome. 
Although considerable progress has been achieved in the field of breast cancer research, the 
high heterogeneity of this disease has contributed to limited success of treatment options. 
The mammary gland undergoes the majority of its development in the postnatal period of 
mammals. It comprises several distinct cell types including adipocytes, fibroblasts mammary 
epithelial cells and immune cells 1. The glandular part itself consists of two main epithelial cell 
types, the myoepithelial cell-type (basal) and luminal cell-type, which contribute to the complex 
net of ductal and lobular/alveolar structures. The glandular epithelium is embedded in stroma 
composed by mesenchymal cells such as fibroblast and adipocytes, and extracellular matrix 
(ECM) (Figure 1) 1.  According to their molecular characteristics, gene expression and similarities 
with cells lining the mammary gland, breast cancer can be subdivided into several subtypes: 
luminal A, luminal B, Her2 enriched, basal-like, normal breast-like and claudin-low 2, and display 
remarkable differences in patient outcome and overall survival 2,3. 
About 5%-10% of breast cancers are hereditary 4,5. Germinal mutations (gain- or loss of-function) 
in numerous genes, including BRCA1, BRCA2, PALB2, PTEN, HER2, MYC and TP53, have been 
shown to contribute to breast cancer progression by increasing cell proliferation and motility 
as well as by repressing apoptosis of breast epithelial cells 6. Furthermore, sporadic breast 
cancer counts for the majority of cases, where acquisition of somatic mutations and aberrant 
activation of transcription factors and signaling pathways are observed, conferring advantage 
of cellular growth and migration 7. In addition to the breast tumor epithelial cells, a role for 
the stromal microenvironment in the progression of breast cancer has been demonstrated. 
Intricate interplay between tumor cells and stromal cells, including fibroblasts, inflammatory 
cells and endothelial cells, can affect tumor growth rate, invasiveness and metastatic ability, 
thus contributing to tumor progression efficiency in a cooperative manner 7–9. Therefore, 
paracrine signaling plays a pivotal role in the modulation of tumor cells behavior, where many 
paracrine factors as transforming growth factor-beta (TGF-β), platelet-derived growth factor 
(PDGF), vascular   endothelial   growth   factor (VEGF) and Wnt can regulate a wide range of 
biological processes including cell proliferation, angiogenesis, cell differentiation, remodulation 
of extracellular matrix and metastasis 8,9. Therefore, determining the precise role of signaling 
pathways in the development and progression of breast cancer is important in the development 
of novel therapeutic strategies. 

Canonical TGF-β signaling pathway
TGF-β plays a critical role in the regulation of cell growth, differentiation, organogenesis, 
regeneration and tissue homeostasis among Metozoa 10. The canonical TGF-β signaling pathway 
is transduced by Smad proteins, which are divided into three functional subgroups: the receptor-
activated Smads or R-Smads (SMAD1, SMAD2, SMAD3, SMAD5, SMAD8), common mediator 
Smad (SMAD4), and the inhibitory Smads (SMAD6 and SMAD7). Whereas phosphorylation-
mediated activation of SMAD2 and SMAD3 occurs in response to the binding of TGFβ ligand, 
phosphorylation-mediated activation of SMAD1, SMAD5 and SMAD8 is independent of TGF-β and 
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dependent of BMP (bone morphogenetic protein) signaling. Furthermore, SMAD4, SMAD6 and 
SMAD7 are common mediators of signaling transduction from both TGF-β and BMP pathways. 
SMAD4 assists the signaling transduction by interacting with phosphorylated Smad2/Smad3 and 
promotes nuclear translocation of the complex, hence contributing to the modulation of gene 
expression by SMAD3. SMAD6 and SMAD7 function as a negative feedback of the signaling by 
repressing the R-Smads activity through degradation of the receptors or by competing with the 
R-Smads for receptor binding 11–13. 
Activation of TGF-β pathway requires the binding of TGF-β ligand to the TGF-β type II receptor 
(TβR-II), contributing to the recruitment, phosphorylation and activation of the TGF-β type I 
receptor (TβR-I). Activated TβR-I, and assisted by Smad anchor for receptor Activation (SARA), 
recruits and phosphorylates both SMAD2 and SMAD3 proteins, which subsequently can interact 
with the mediator SMAD4 and translocate to the nucleus to regulate gene expression (Figure 2) 
13–15. The TGF-β-dedicated R-Smads (SMAD2 and SMAD3) and SMAD4 consist of two conserved 
Mad homology domains (MH1 and MH2) localized at the N-terminal and C-terminal, which are 
separated by a proline-rich linker sequence. The MH1 domain contributes to nuclear import and 
DNA binding capacity, whereas the MH2 domain is mainly involved in protein-protein interactions 
among SMADs and other proteins including other transcription factors 16. Due to an additional 
exon within its MH1 domain, SMAD2 fails to bind DNA and therefore lacks transcriptional activity 
17. In the nucleus, activated SMAD3 and SMAD4 can bind regulatory sequences containing a 
repeated CAGA sequence [also known as Smad-binding element (SBE)]. However, the affinity 
of these SMADs for their consensus DNA-motif is very weak, requiring binding of additional 
transcriptional factors to accomplish transcriptional activation 16,18. Accordingly, SMAD3 and 
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Figure 1. (A) Schematic representation of breast tissue and cell types within this structure. (B) Schematic 
representation of the mammary duct. Myoepithelial cells and luminal cells, embedded in a basement 
membrane, comprise the cellular bilayer lining the mammary duct. ECM: extracellular matrix
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SMAD4 have been demonstrated to interact with several transcription factors including FOXO3, 
FoxG1, ATF3 and C/EBPβ 19–21. This dependency of SMADs to establish protein complexes with 
diverse transcription factors means that transcriptional outcome and functional responses are, 
in part, affected by cell-type specific transcription factors, contributing to a highly diverse and 
contextual response to activation of the TGF-β signaling cascade 16. 
TGF-β signaling is well known for its ability to regulate morphogenesis of most organs during 
embryogenesis, and knockout of several genes encoding TGF-β pathway members results in 
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Figure 2. Schematic representation of the canonical TGF-β signaling pathway. In response to TGF-β 
ligand, the assembly of heterotetrameric receptor complex with two type I (TβR-I) and two type II (TβR-
II) receptor components results in the phosphorylation-mediated activation of TβR-I. Activated TβR-I, 
and assisted by Smad anchor for receptor Activation (SARA), recruits and phosphorylates both SMAD2 
and SMAD3 proteins, which subsequently can interact with the mediator SMAD4 and translocate to the 
nucleus to regulate transcription of target genes through interactions with other DNA binding transcription 
factors and chromatin-remodeling factors. Activated TGF-β signaling can ultimately regulate many cellular 
processes including apoptosis, cell growth, angiogenesis and inflammation. Additionally, activation of TGF-β 
pathway leads to the expression of inhibitory Smads (SMAD6 and SMAD7), which by interfering with TGF-β 
signaling cascade through the induction of proteasome-mediated degradation of R-SMADs or by forming 
stable complexes with activated type I receptors and thereby blocking the phosphorylation of R-Smads, 
contribute to TGF-β signaling repression and ensure tissue homeostasis.
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embryonic lethality. Mice harboring genetic deletion of upstream signaling components, such 
TGFB1 or TGFBRII, die at embryonic day 10.5 (E10.5) showing defective hematopoiesis and 
endothelial differentiation. Deletion of the more downstream members of the pathway, including 
SMAD2 and SMAD4, results in embryonic lethality around E6.5 with a more severe phenotype 
including abnormal endoderm and/or failure in gastrulation and mesoderm formation, endorsing 
the role for TGF-β in both stem cell differentiation, germ-layer specification and body plan 
architecture 22–26. 
After birth, TGF-β signaling continues to function, where is required for tissue homeostasis. TGF-β 
is a potent inhibitor of cell growth of several cell types, including keratinocytes, vascular smooth 
muscle cells, lung epithelial cells, hepatocytes, endothelial cells and T-cells 27–33. TGF-β-mediated 
growth arrest can be achieved through several mechanisms and depend, in part, on the cell 
type 32. These mechanisms include the induction of p21 and cyclin-dependent kinases (CDKs) 
inhibitors, the repression of c-Myc, E2F-1, CDK4 and CDC25A expression as well as inhibition of 
retinoblastoma (Rb) protein phosphorylation, which ultimately contributes to the suppression of 
cell cycle progression 30,32,34–39. Additionally, TGF-β signaling has been shown to induce apoptosis 
in a variety of cell types 40. Through activation of SMAD proteins and cooperative interaction 
with other signaling cascades and transcription factors, including AP1, TNFα, NGF, DAP-kinase 
and JNK cascade, TGF-β has been reported to regulate several steps of the cell death cascade 
contributing to apoptosis induction 40,41. TGF-β-mediated growth inhibition and apoptosis is 
therefore correlated with a tumor suppressor function in a wide variety of tissues (Figure 2). 
However, deregulation of this pathway is a hallmark of many cancer cells 42,43. 

TGF-β signaling in cancer: two sides of the same coin
TGF-β can be expressed as a secreted cytokine or be present on the cell surface in a membrane-
bound form 44. Soluble TGF-β ultimately controls a plethora of physiological processes during 
embryogenesis, adult tissue homeostasis and pathological processes such as cancer 11. 
Inactivation of TGF-β signaling, either through loss of-function mutations or allelic loss of 
heterozygosity (LOH), of its core components including TGFBRI, TGFBRII, SMAD2 and SMAD4 
has been demonstrated to result in the loss of TGF-β-mediated tumor suppressive function 
and to contribute to tumor initiation 45–47. Notably, acquisition of tumorigenic traits by cells 
has been demonstrated to be more elaborated than simple shutdown of the TGF-β pathway 
effectors 47–49. Indeed, activated TGF-β pathway (commonly assayed by phosphorylated SMAD2) 
has been reported in a wide variety of human cancers including non-small cell lung carcinoma 
(NSCLC), colorectal cancer, prostate cancer, and gastric carcinoma 45. Moreover, increased TGF-β 
staining has been shown to positively correlate with metastasis in breast, prostate and colorectal 
cancer 45. Accordingly, in early-stage tumors, TGF-β expression is positively associated with better 
patient outcome, while in advanced tumors its expression correlates with tumor progression and 
poor-prognosis 45. It is believed that, in cells that reach a pre-malignant state, TGF-β functions 
as tumor suppressive pathway by inducing apoptosis. However, in some tumor cells, selection 
for mutations that highjack TGF-β signaling gives clonal advantage. For example, genetic loss 
of SMADs target gene CDKN2B (encoding p15INK4B) is often reported in a wide range of 
tumors and contributes to the elimination of TGF-β-mediated cell growth arrest as p15INK4B-
mediated inactivation of CDK4 and CDK6 plays a pivotal role in cell proliferation suppression 
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32,50,51. Moreover, in keratinocytes and mammary epithelial cells, TGF-β-mediated repression of 
c-MYC expression, a transcriptional inducer of cell growth, requires the collaboration of C/EBPβ 
transcription factor 52. Therefore, inactivation of C/EBPβ is sufficient to rid the effects of TGF-β in 
cell growth regulation 52,53. Additionally, epigenetic modifications of TGF-β downstream targets 
have been demonstrated to contribute to the paradoxical function of TGF-β. For example, gene 
repression by DNA hypermethylation of TGF-β target genes involved in its tumor suppressive 
function, including apoptosis activation, cellular adhesion, Wnt signaling antagonists, negative 
regulators of cell migration and proliferation, is often found in tumors 54–57 .The dual role of TGF-β 
in acting as both tumor suppressive and oncogenic has been therefore suggested as dependent 
on cell context, tumor-stage and epigenetic landscape 46,58. 

TGF-β-mediated epithelial-to-mesenchymal transition (EMT)
TGF-β has been demonstrated to contribute to tumorigenesis by promoting immunosuppression, 
angiogenesis, maintenance of cancer stem cells and metastasis 32,46. Metastasis is a complex 
multi-step process, in which tumor cells are able to detach from neighboring cells and basal 
membrane, acquire motility and, by entering into the blood and/or lymphatic systems, can 
reach distant tissues where cell survival and proliferation leads to the impairment of tissue 
functionality 59. One of the main mechanisms through which TGF-β has been demonstrated 
to promote invasiveness is by induction of epithelial-to-mesenchymal transition (EMT) 60–63. 
EMT is an important developmental program (Box 1) exploited by cancer cells in order to gain 
mesenchymal features, including cell motility, intravasation into lymph or blood vessels and 
chemotherapy resistance 47,64,65. Cells undergoing EMT lose expression of cell-cell adhesion 
molecules (E-cadherin, ZO-1, claudins, occludins) and apical-basal polarity, exhibit increased 
expression of mesenchymal markers (N-cadherin, vimentin, fibronectin) and extracellular matrix 
remodelers [matrix metalloproteinases  (MMPs)], of which is complemented by rearrangements 
of cytoskeleton and redistribution of intracellular organelles 66 (Figure 3). Canonical TGF-β 
signaling plays a critical role in the activation of EMT by transcriptional regulation of a subset 
of transcription factors, which by direct and indirect transcriptional regulation of target genes 
contribute to the suppression of epithelial traits and acquisition of mesenchymal features (Figure 
4) 67–69. These transcription factors are commonly indicated as EMT inducers and include Snail 
family of proteins Snai1 and Snai2, zinc finger E-box-binding homeobox proteins ZEB1 and ZEB2, 
basic helix-loop-helix (bHLH) protein Twist and forkhead box protein FOXC2 67,70. In addition, 
TGF-β/SMAD pathway induces the expression of additional transcription factors, including 
HMGA2 and ETS1, also involved in the activation of the EMT inducers and therefore contributing 
to the enhancement of the signaling cascade 71,72. Moreover, EMT inducers can regulate each 
other, providing a complex interaction network (Figure 4) 67,71. In addition to the activation of 
transcription factors, TGF-β/SMAD pathway regulates the expression of miRNAs (microRNAs) and 
epigenetic and post-translational regulators, which largely affect the EMT program, as reviewed 
elsewhere 73. 
The loss of E-cadherin is considered a crucial event in EMT 74. E-cadherin (encoded by CDH1 
gene) is a calcium-dependent transmembranar molecule responsible for cell-cell adhesion 
among epithelial cells 75. Epithelial cells linked by E-cadherin form contiguous sheets, and 
these physical interactions play a critical role in limiting cell motility as well as in establishing 



1

13

General Introduction

apico-basal polarity that regulates signaling among cells and its surrounding environment 76. In 
addition to its major function in maintaining the architecture and homeostasis of the epithelial 
sheet, E-cadherin interacts and sequesters β-catenin in the membrane, preventing its nuclear 
translocation and β-catenin-mediated transcription of genes involved in cell proliferation and 
motility 75,77. Furthermore, E-cadherin/p120 complex, has been demonstrated to inhibit cell 
growth and migration through suppression of RhoA-GTP 78. Repression of E-cadherin expression 
can occur by direct binding of EMT-inducers to its promoter regions (Snail, ZEB), indirect 
repression requiring intermediate players (Twist, Goosecoid, FoxC2), somatic mutations or 
hypermethylation of CDH1 gene promoter  79–81. Regardless of the mechanism, repression of 
E-cadherin has been demonstrated to be sufficient to induce EMT in some tissues, including 
breast and colon cancer 82–85. In addition to E-cadherin repression, EMT inducers downregulate 
additional proteins involved in apical-basal cell polarity, including Crumbs3, PATJ and Lgl2 86–88. 
Loss of apical-basal polarity contributes to dysfunctional growth factor signaling and acquisition 
of a front-back polarity, which ultimately allows directional migration 76,89. 

Box 1 – EMT: a developmental process

Epithelial-to-mesenchymal transition (EMT) is a conserved developmental process that is 
essential during organogenesis and contributes to the formation of the body plan 237. This 
highly dynamic and reversible process occurs at various stages during embryonic development, 
including mesoderm formation, neural crest development, cardiac valve formation, secondary 
palate formation, and male Mullerian duct regression 69. For example, during gastrulation, 
one of the earliest stages of the body plan formation, EMT prepares epithelial cells from 
the primitive streak to ingress and form the mesoderm 69,237. Furthermore, during embryonic 
development, mesenchymal cells can revert to epithelial cell state through an mesenchymal-
to-epithelial transition (MET) process, contributing to the formation of several structures 
including notochord, somites, precursos of the urogenital system, endocardium and 
epicardium 237.  
Among other growth factors, the transforming growth factor-beta (TGF-β) signaling pathway 
has been demonstrated to function as a major inducer of EMT during several morphogenetic 
events described above 69. Mice harboring TGFB1 genetic deletions die at the embryonic day 
9.5 due to multiple heart defects, and TGFB3 knock mice display defective lung development 
and cleft palate 238. Similarly to EMT-mediated metastasis, EMT-induced morphogenesis 
requires alterations in transcriptional regulation. Repression of genes involved in cell-cell 
adhesion (e.g. E-cadherin) and cell polarity (e.g. Crumbs3 and Lgl2) and upregulation of 
mesenchymal proteins involved in cell motility (e.g. N-cadherin, fibronectin) are orchestrated 
by EMT effectors, including Snai1, Snai2, ZEB1, goosecoid, FoxC2 and TWIST1 69,73,237. 
Accordingly, Snai1 knockout mice display abnormal mesoderm formation 239 and mutations in 
Twist1 impairs the closure of the cranial neural tube. 
Taken together, signaling underlying EMT displays significant parallels between embryonic 
development and cancer progression.
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Furthermore, an important event in the progression of EMT-mediated tumorigenesis is switching 
of the expression of E-cadherin to N-cadherin, also known as the “cadherin switch” 90,91. 
N-cadherin (encoded by CDH2 gene) is also a calcium-dependent transmembrane cell-adhesion 
molecule, however, unlike E-cadherin, this protein can participate in the interaction with stromal 
and endothelial cells. Such interactions contribute to cell survival and facilitates cancer cell 
intravasation into blood and lymphatic systems 92,93. Moreover, N-cadherin expression has been 
demonstrated to sustain signaling pathways involved in the positive regulation of cell survival, 
migration and angiogenesis 93,94. For example, interaction between N-cadherin and fibroblast 
growth factor receptor (FGFR) has been shown to prevent endocytosis-mediated internalization 
of FGFR, thus sustaining FGFR-mediated activation of extracellular signal regulated kinase (ERK) 

Desmosome (desmoplakin, plakoglobin) 
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Tight Junction (e.g. ZO-1, occludin)

Gap junction

Cortical actin
N-cadherin

MMPs

Actin stress �bers

Collagen

Fibronectin

Epithelial cell
Residual apical junctions

Residual
junctions

Stromal interactions
ECM remodeling
Front-back polarity
Mesenchymal markers
Actin stress fibers

Cell-cell adhesion
Apical-basal polarity
Epithelial markers
Cortical actin

Dissolution of junctions
Loss of apico-basal polarity
Actin reorganization

SNAI1/SNAI2 ZEB1/2, TWIST1 ZEB1/2, TWIST1

EMT

MET

Figure 3. Cellular events during EMT. The initial steps of EMT comprise the disassembly of the epithelial 
cell-cell contacts (tight junctions, adherent junctions, desmosomes) and loss of cell polarity. Expression of 
mesenchymal proteins (N-cadherin, fibronectin) required for cell migration and extravasation are induced, 
along with the reorganization of actin cytoskeleton that, by forming invadopodia, allow cells to acquire 
motility and invasive capacities. Furthermore, cells contribute to the remodulation and degradation of 
the extracellular matrix by expressing matrix metalloproteinases (MMPs). This process is orchestrated by 
EMT-inducers, including members of Snail, Zeb and Twist family. On the other hand, the reverse process 
mesenchymal–epithelial transition (MET) enables the cells that have undergone EMT to revert to the 
epithelial state. In the context of cancer, this allows cells that disseminated from the primary tumor to 
revert through MET to an epithelial state, leading to the formation of metastasis.
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and MMP-9 expression, both inducers of cell motility 95–97. Additionally, N-cadherin protein can be 
subject to cleavage by proteases, including MMPs and presenillin 1 (PS-1) 93,94,98,99. This generates 
a soluble active fragment that is released into the extracellular space, and accumulation of 
these ectodomains can induce angiogenesis by enhancing FGF signaling in endothelial cells 
100. Moreover, soluble N-cadherin ectodomain has been implicated in increased cell motility, 
promoted by cytoskeleton reorganization towards a filopodia-like projections as well as 
increased cyclin D1 expression 98–101. Ectopic expression of N-cadherin in E-cadherin-expressing 
cells is sufficient to promote both cell migration and invasion, suggesting a dominant function 
for N-cadherin 102,103. 
Concomitant with the loss of epithelial features and acquisition of mesenchymal identity, TGF-
β-induced EMT contributes to the expression of additional mesenchymal cytoskeletal proteins 
(vimentin), MMPs (MMP-2 and MMP-9) and increased deposition of extracellular matrix proteins 
(fibronectin and collagens) 74. During EMT-mediated cytoskeletal reorganization, increased type 
III intermediate filament (IF) vimentin expression plays an essential role in the stability of focal 
adhesions, contributing to enhanced mechanical strength and directional migration 104. Similarly, 
fibronectin accumulation induces the formation of focal adhesion complexes and stimulates 
integrin signaling, which promotes a pro-migratory environment 105,106.  Moreover, remodeling 
of extracellular matrix (ECM) is fundamental during EMT. MMPs are capable of degrading 
extracellular matrix proteins, including collagens and laminin 107. This contributes to loosen 
the stiffness of the ECM and facilitates cell motility 76. Moreover, MMPs-mediated cleavage of 
laminin contributes to the dissociation of integrin-laminin interaction resulting in decreased cell 
adhesion to the basement membrane 108. Furthermore, ECM degradation may release stored 
growth factors, including TGF-β itself, sustaining EMT program in a positive loop 74,109. 
In summary, EMT is a complex, dynamic and reversible process 73. TGF-β induces changes in the 
epithelial cells as well as in microenvironment, providing favorable conditions for cell migration, 
invasion and intravasation. Transcription factors that control aspects of this process have raised 
particular interest due to its potential as candidates for cancer therapy.  

Transcriptional regulation by SOX4 

Sox4 protein structure and expression
The SRY-related HMG box (SOX) 4 transcription factor belongs to the HMG box family of 
transcription factors that regulate numerous aspects of embryonic development 110. This family 
consists of 20 members that have been subdivided into eight groups (A-H) 111. While elements 
within each group are highly conserved, elements between groups display around 50% similarity 
110,112. SOX4, together with SOX11 and SOX12, form the group C of Sox transcription factors 113. 
Encoded by a single exon gene, SOX4 protein contain two different functional domains: a Sry-
related HMG box DNA-binding domain, located in the N-terminal, and a transactivation domain 
(TAD), located at the C-terminus 114. The Sox4 HMG-domain (59-138aa) is a L-shape structure 
consisting of three α-helices connected by loop structures 115. It binds with high affinity to the 
consensus recognition motif AACAAAG, inducing DNA bending and alterations in chromatin 
architecture, which ultimately contributes to formation of functional transcriptional complexes 
116–120. In addition to its function in binding DNA, Sox4 HMG box domain has been demonstrated 
to interact with a variety of proteins, including other transcription factors 121. Such interactions 
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have been shown to control transcriptional activation 122,123. SOX4 TAD comprises the terminal 
33 aminoacids, and deletion of this domain results in the abrogation of SOX4 transactivation 
capacity 114. Since SOX transcription factors share a highly similar HMG box domain, selective 
interactions with cofactors through its TAD is thought to contribute to transcriptional activation 
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Figure 4. The molecular network and transcription factors that regulate TGF-β-mediated EMT. TGF-β 
signaling pathway induces multiple EMT-inducing transcription factors, including Snail, Twist and Goosecoid, 
via activation of Smads. Activated EMT-inducers modulate the transcription of both epithelial and 
mesenchymal markers via its direct binding on gene regulatory regions and/or by transcriptional activation 
of additional EMT-effectors (e.g. SNAI2, ZEB1, FOXC2). Moreover, upregulation of mesenchymal markers 
such as VIM and FN1, can be mediated by direct transcriptional activation of activated Smads.
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and mediate target gene specificity 124–126. Although SOX4 cofactors remains to be investigated, 
it has been demonstrated that other SOX members recruit coactivators, including histone acetyl 
transferases, through their TAD 127. Moreover, SOX4 TAD has been implicated in protein stability, 
where association of Syntenin-1 to SOX4 TAD prevents proteasomal-mediated degradation of 
SOX4 128. 
SOX4 expression is widespread during embryogenesis, overlapping with SOX11 and SOX12 in 
several tissues, including central and peripheral nervous system 114. Furthermore, SOX4 is 
expressed in the thymus, spleen and hair follicles 114. Sox4-/- mice die around embryonic day 14 
(E14) of cardiac failure due to circulatory system and heart outflow tract malformations 129,130. 
A more severe phenotype is observed in SoxC triple knockout mice, where animals die earlier 
at E8.5 of severe defects in organogenesis and neurogenesis, caused by impaired survival of 
neural and mesenchymal progenitor cells 129. This demonstrates that SoxC transcription factors 
can partially compensate each other function during embryonic development. 
Besides its widespread expression in embryonic tissues, Sox4 is also expressed in adult tissues, 
however more restricted. Sox4 is expressed in gonads, bone marrow, pancreatic islet cells and 
thymus, and to a lesser levels in lungs, lymph nodes, and the heart of adult mice  112,131,132. 
Restricted expression in adult tissues suggests that tight regulation of SOX4 activity is critical for 
tissue homeostasis. Indeed, deregulation of SOX4 expression has been shown to contribute to 
several human malignancies including diabetes and cancer 121,133. 

Two faces of SOX4: dual role for Sox4 in tumor progression
Sox4 is one of 64 genes upregulated as a general cancer signature 131. Its expression is found 
increased in a wide variety of cancer types including brain, bladder, prostate, colorectal, breast, 
lung, leukemia, melanoma, glioblastoma and medulloblastoma, and has been demonstrated to 
correlate with poor-prognosis and disease progression 121,134. Several cancer-associated signaling 
pathways have been implicated in the activation of SOX4, including TGF-β, WNT, TNF-α and 
hypoxia/HIF-1α signaling 135–139, and SOX4 activation has been demonstrated to control various 
aspects of tumor development and progression, such as inhibition of apoptosis, induction of cell 
migration and metastasis, induction and maintenance of cancer initiating cells 121,140. 
SOX4 directly modulates key cellular regulators involved in tumorigenesis, including TMEM2 141, 
MEF2C, PIK3R3, MAP2K5 142, CDH2 (N-cadherin) 136, EGFR, TNC (Tenascin C), ADAM10, FZD5 
(frizzled-5) 131, TCF4 143 and EZH2 144. Moreover, SOX4-mediated cancer progression can be, in 
part, mediated by functional interplay between SOX4 and core components of the Wnt signaling 
pathway 121. It has been demonstrated that SOX4 can prevent β-catenin degradation, either by 
direct interaction or transcriptional induction of casein-kinase 2 (CK2), thereby contributing to 
β-catenin-mediated activation of genes involved in cell proliferation, survival and motility 145–

147. Furthermore, through the formation of transcriptional complexes with β-catenin and p300, 
SOX4 has also been demonstrated to promote β-catenin-mediated transcription of SNAI2 (Slug), 
a key player during EMT and metastasis formation 148. The role of SOX4 during EMT is extensively 
reviewed in Chapter 2 of this thesis. 
In many human tissues, SOX4 has been reported to be target by numerous microRNAs (miRNAs), 
including miR-212, miR-129-3p, miR-204 and miR-132 (Table 1). Diminished expression of miRNAs 
is commonly observed in tumor specimens compared to healthy tissue and reduced expression 
of these factors is associated with poor-clinical outcome 149. Accordingly, ectopic expression of 
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these miRNAs suppresses several aspects of tumorigenesis, including cell proliferation, survival, 
migration and invasion 149,150. An inverse correlation between SOX4 and these miRNAs, strongly 
suggests that aberrant expression of SOX4 can be caused by repression of miRNAs transcription, 
including epigenetic modifications or direct repression by transcription factors 149. Indeed, 
promoter hypermethylation of miRNAs with ability to target SOX4 is observed in numerous 
human cancers with increased SOX4 expression 151–154. Additionally through the formation of a 
co-repressor complex with EZH2 and HDAC3, SOX4 has been demonstrated to transcriptionally 
repress numerous tumor suppressor miRNAs, including miR-129-5p and miR-31 144,155,156. On 
the other hand, upregulation of oncogenic miRNAs can facilitate tumor progression 149,152. In 
colorectal cancer, TGF-β-mediated SOX4 expression results in direct transcriptional activation 
of miR-1269a, resulting in miR-1269a-mediated repression of SMAD7 and tumor-suppressor 
HOXD10, thereby sustaining TGF-β signaling and enhancing cell motility and invasion 157. 
Several studies have shown that SOX4 expression positively correlates with chemotherapy 
resistance and tumor recurrence 148,155,158–163. it is believed that cancer cells resistant to 
chemotherapy display stem cell-like features, including self-renewal and pluripotency, and high 
levels of CD44, ABCG2, CD133 and ALDH1 188,189. Notably, SOX4 has been reported to control 

Table 1 - microRNAs that target SOX4 in cancer.
microRNA Cancer type Ref. 

miR-212/132 Osteosarcoma; lung; ovarian; prostate; breast 164–168 

miR-129-3p Renal;  169 

miR-338-3p Breast; lung  170,171 

miR-204 Renal; oral squamous cell carcinoma; gastric; T-ALL; esophageal 163,172–175 

miR-203 Endometrial;  153 

miR-133a Esophageal  176 

miR-449 Hepatocellular carcinoma  177 

miR-129-5p Breast  155 

miR-140 Gastric 160 

miR-320 Colorectal 178 

miR-363-3p Colorectal 179 

miR-211 Gastric 180 

miR-187 Colorectal 181 

miR-335 Breast 182 

miR-129-2 Endometrial 154 

miR-93 Breast 183 

miR-31 Esophageal adenocarcinoma; squamous cell carcinoma 156 

miR-138 Ovarian 184 

miR-30a Chondrosarcoma; prostate 185,186 

miR-630 Breast  187 

 



1

19

General Introduction

several molecular mechanisms underlying induction and maintenance of cancer stem-cells (CSCs), 
also known as cancer-initiating cells (CICs). Cooperativity binding between SOX4 and OCT4 or 
β-catenin contributes to transcriptional activation of the stemness genes SOX2 and SNAI2 (Slug), 
respectively 148,190.  Moreover, SOX4 pro-survival function during chemotherapy could be, in part, 
linked to SOX4-mediated induction of ABCG2 expression, an ATP-binding cassette transporter of 
various molecules across extra- and intra-cellular membranes, including xenobiotics and drugs 
158,191,192. Taken together, SOX4 contributes to tumor initiation and progression by affecting several 
aspects of tumor biology, including cell survival, proliferation, migration, invasion, metastasis and 
cancer stemness through repression of tumor-suppressors and activation of oncogenes. In line 
with these observations, hypomorphic SOX4 mice (expressing low levels of Sox4 in most tissues) 
display decreased cancer incidence 193.
In direct contrast to pro-oncogenic role of SOX4, increased SOX4 expression has been 
demonstrated to correlate with increased overall survival in patients with glioblastoma, 
hepatocellular carcinoma and bladder carcinoma, suggesting a tumor suppressive function for 
SOX4 194–196. One of the mechanisms which SOX4 is thought to prevent tumor progression is by 
induction of apoptosis. In bladder carcinoma, upon DNA-damage induction, SOX4 expression is 
rapidly increased and contributes to p53 stability. Direct interaction of SOX4 with p53 results in 
the recruitment of p300/CBP to the complex and subsequent acetylation-mediated disruption 
of ubiquitin ligase MDM2 association, thereby decreasing p53 poly-ubiquitination, inhibiting 
p53 degradation and inducing p53-mediated apoptosis 197. Moreover, transcriptome analysis of 
SOX4-expressing cells revealed an enrichment for target genes involved in cell growth arrest, 
indicating that SOX4 may function as tumor suppressor through inhibition of cell proliferation 195. 
Accordingly, ectopic expression of SOX4 in glioblastoma multiforme (GBM) cell lines contributed 
to cell cycle arrest and decreased cell proliferation 196. The anti-proliferative function of SOX4 
could be related to increased p53 and p21 expression as well as nuclear exclusion of β-catenin, 
observed upon SOX4 expression 196. In addition to its role in inhibition of cell growth and survival, 
increased SOX4 levels have been linked to decreased cell migration and invasion of melanoma 
cells 198. Ectopic expression of SOX4 results in direct transcriptional repression of the pro-
metastatic factor NF-κB p50 and transcriptional activation of DICER, a core component of the 
miRNA-processing pathway 198,199. Taken together, these studies suggest that SOX4 function as 
tumor-suppressor or oncogene is likely dependent on the type and stage of cancer, epigenetics 
contribution and cellular context. Similarly to the contrasting roles for TGF-β during tumor 
progression, SOX4 may act as tumor suppressor in the initial stages of the disease by inducing 
apoptosis, of which pathways, due to epigenetics modifications or mutations, may become 
inactivated during tumor progression. In line with this notion, positive correlation between high 
SOX4 expression with high ki67 index and high p53 expression is observed in chondrosarcoma 
185, suggesting that p53 tumor-suppressive function in inhibiting cell growth is impaired, likely 
due to hypermethylation-mediated repression of p53 target genes, vastly reported in high-grade 
tumors 200–202.  
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Transcriptional regulation by C/EBPα

C/EBPα: family and protein structure 
The CCAAT/enhancer binding proteins  (C/EBPs) are widely expressed in numerous tissues and 
regulate a variety of cellular processes including cell cycle, inflammation, metabolism, cellular 
proliferation and differentiation 203. C/EBPs are a sub-family of the basic region leucine zipper 
(bZIP) transcription factors family and comprises six members (α, β, γ, δ, ε and ζ), that recognize 
the CCAAT enhancer containing the dyad symmetrical repeat A/GTTGCGC/TAAC/T 

204. C/EBPs consist 
of three major functional domains: a transactivation domain, a DNA-binding domain and a highly 
conserved leucine-rich dimerization domain at the carboxyl terminus. Dimerization is required 
for DNA binding and mutations in the leucine-rich dimerization domain have been shown to 
result in the abrogation of transcription factor function 205,206. Due to the conservation of the 
leucine-rich dimerization domain (>90%), C/EBPs are also able to form heterodimers contributing 
to the variability of transcriptional output observed in different cell types. 
CCAAT/enhancer binding proteins alpha (C/EBPα) is the founding member of C/EBP family and 
was first identified in nuclear extracts of rat liver by its ability to bind the CCAAT box 207. It is an 
intronless gene located on chromosome 19q13.1, encoding a single mRNA that can be translated 
into two different isoforms: a full-length 42kDa isoform, also known as p42, and a shorter 30kDa 
isoform or p30 (Figure 5) 208. A variety of mechanisms have been suggested to be responsible 
for the generation of the two polypeptides including as the use of an alternative translational 
initiation codon by leaky ribosome scanning mechanism 209–211, or differential regulation in the 
availability and activity of translation initiation factors eIF-2 and eIF-4 208. The shorter C/EBPα 
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Figure 5. Schematic representation of C/EBPα p42 and p30 isoforms. The full length protein consist of 
three transactivation domains (TAD1-3), a negative regulatory domain (RD) and a highly conserved basic 
DNA binding leucine zipper domain (bZIP) at the C-terminus. The bZIP domain comprises the DNA binding 
domain (DBD), the fork domain (FORK) and the leucine zipper domain (LZ). At the N-terminus, the first two 
transactivation domains (TAD1 and TAD2) interact with the promitotic E2F/DP complex, components of the 
RNA polymerase II basal transcriptional apparatus and histone acetyltransferases CBP/p300. Both TAD1 and 
TAD2 are absent in the shorter p30 isoform. In addition to these domains, a negative regulatory domain 
involved in the modulation of transcriptional activation is found at the N-terminal region of both isoforms.
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isoform shares the same C-terminus, however it lacks the first 117 aminoacids at the N-terminus. 
The first 117 aminoacids comprise two crucial transactivation domains (TAD1 and TAD2) 
responsible for the interaction with components of the RNA polymerase II basal transcriptional 
apparatus, thus p30 is unable to initiate transcription 208,212. In addition, by lacking the N-ternimal 
transactivation domains, p30 fails to repress promitotic complexes, therefore is unable to inhibit 
cell proliferation 213–215. 

C/EBPα function in both health and disease
C/EBPα plays a fundamental role during embryogenesis, and C/EBPα-deficient mice die shortly 
after birth due to development defects, including defective lung and liver architecture, lack of 
mature neutrophils and eosinophils, and severe hypoglycemia 216–218. Moreover, regulation of 
C/EBPα expression is critical for maintaining homeostasis of both embryonic and adult tissues 
219. C/EBPα is expressed in several tissues and cell types including liver, adipose tissue, myeloid 
cells, skin, lung, mammary gland, small intestine, pancreas, adrenal gland, skeletal muscle, colon 
and prostate, however its expression is mostly observed in terminally differentiated cells 220–222. 
Full length C/EBPα activates the transcription of several lineage-specific genes including G-CSF-R 
223 and PPARγ 224 and/or interacts with tissue-specific transcription factors such as ETS-1 225 or 
HNF3β 226. In addition, interaction between C/EBPα and histone acetyltransferases CBP/p300 or 
chromatin remodeling complexes SWI/SNF have been shown to regulate C/EBPα target genes 
involved in tissue specification 227–229. In addition to its role in transcriptional regulation, C/EBPα 
is able to modulate cell fate by controlling proliferation through several means: induction and 
stabilization of p21, interaction and inhibition of cdk2, cdk4 and E2F and interaction with the 
coactivator SWI/SNF chromatin-remodeling complex 203.
Despite the fact that C/EBPα is expressed in several tissues, its function has been best 
characterized in adipocytes and the hematopoietic system. During adipogenesis, a complex 
signaling cascade ensures a two-step differentiation of mesenchymal cells towards fully mature 
adipocytes 230. Key transcription factors regulate this process including C/EBPα and PPARγ. These 
factors control each other’s expression by a transcriptional feedback loop and cooperate in the 
activation of genes responsible for adipocyte-specific functions (lipid biosynthesis, fatty acid 
metabolism, lipid storage) sustaining cellular differentiation. In the absence of C/EBPα, adipose 
tissue expansion and regeneration are impaired 218,224,231. Comparable to adipogenesis, C/EBPα is 
also a key transcription factor controlling maturation of the myeloid lineage. Differentiation of 
hematopoietic progenitors from hematopoietic stem cells requires regulation of key transcription 
factors including C/EBPα, C/EBPβ, RUNX1 and PU.1. C/EBPα induces the expression of genes 
that contribute to myeloid differentiation including G-CSF, M-CSF, IL-6, lactoferrin or human 
neutrophil collagenase 232–234. C/EBPα-deficient mice display regular percentages of common 
myeloid progenitors, however lack of granulocyte-monocyte progenitors and increased number 
of myeloblasts is observed 235. A similar phenotype is observed in acute myeloid leukemia, where 
myelopoiesis is defective. C/EBPα function is often impaired in AML due to the occurrence of gene 
translocations, hypermethylation of CEBPA promoter or mutations at several positions within 
the CEBPA gene, resulting in reduced C/EBPα expression. Additionally, nonsense- of frameshift 
mutations in the N-terminal domain prevent expression of the p42 isoform whereas the p30 
isoform is unaffected, thereby enhancing cell proliferation. Moreover, mutations (in-frame 
duplications, deletions or substitutions) in the leucine zipper domain abrogate dimerization, 
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which results in the disruption of DNA binding 236,237. 
Since numerous studies have described dysfunctional C/EBPα activity in non-hematopoietic 
tissues including liver, lung, breast or skin cancer, the potential role of such mutations has also 
been investigated. A screen for mutations within CEBPA gene performed using genomic DNA 
from 408 patients and 5 cells lines, representing several types of human cancers, only identified 
12 mutations, of which 10 were identified among hematologic tumors 205. While the majority 
of mutations identified among hematopoietic malignancies resulted in loss of DNA binding 
and  transcriptional activation, neither of the two mutations identified in lung and prostate 
cancer were predicted to alter amino acid sequence or have functional effects 205. This suggests 
that deregulated of C/EBPα function in non-hematopoietic tissues is caused by alternative 
mechanisms. Several studies have demonstrated that reduced C/EBPα could be related to 
hypermethylation of CEBPA promoter, thereby resulting in gene silencing. Additionally, aberrant 
expression of oncogenes, including YY1 and Ras, or cancer-associated signaling pathways, such 
as TNF-α and HIF-1α can lead to transcriptional repression of CEBPA. C/EBPα plays a pivotal role 
in preventing both cancer initiation and progression by regulating key processes related to tumor 
biology, including cell growth, migration, invasion and apoptosis. The role of C/EBPα in solid 
tumors is extensively reviewed in Chapter 6 of this thesis. 

Scope of this thesis
The EMT program plays a pivotal role during both embryogenesis and tissue homeostasis, 
however abnormal activation of this process can lead to tumor progression and metastasis. TGF-β 
signaling has been demonstrated to induce and support EMT in cancers of epithelial origin by 
regulating a complex network of transcription factors. During this process, transcription factors 
responsible for maintaining the epithelial homeostasis are supressed, whereas transcription 
factors involved in the acquisition of mesenchymal traits are rapidly induced. Such transcription 
factors are so called EMT-inducers (or EMT master regulators) and include family members of 
Zeb, Snail and Twis1t transcription factors. 
In Chapter 2, SOX4 is shown to be induced by TGF-β signaling and was demonstrated to be 
crucial for TGF-β-mediated induction of mesenchymal markers, including N-cadherin and 
fibronectin, thereby SOX4 was identified as critical mediator of EMT. In Chapter 3, the role of 
SOX4 as a potential master regulator of EMT is reviewed, describing a pleiotropic role for SOX4 in 
the regulation of several key processes involved during EMT-mediated tumorigenesis. In Chapter 
4, SOX4 is shown to interact with the TGF-β effector SMAD3 and co-occupy several regulatory 
regions on the genome near genes encoding key factors involved in cell migration and metastasis. 
In Chapter 5, SOX4 Y126 residue was demonstrated to be required for SOX4 transcriptional 
activity in a phosphorylation-independent manner. In Chapter 6, the tumor suppressive function 
of C/EBPα in non-hematopoietic cancers is reviewed, describing a protective role for C/EBPα 
in several tumor-promoting processes. In Chapter 7, C/EBPα is identified as a novel anti-EMT 
transcription factor. C/EBPα expression was shown to be rapidly repressed by TGF-β signaling 
pathway, and inhibition of C/EBPα was shown to be required for cells to undergo TGF-β-induced 
EMT. In Chapter 8, the main results of this thesis are summarized and discussed, speculating on 
the complex transcriptional network hierarchy regulating EMT during cancer progression. 
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Abstract
The epithelial to mesenchymal 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 mesenchymal 
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 mesenchymal 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. 

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 
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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. 

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 transcription” GO-
term (Table 1). 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 

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 

 

Table 1 - 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. 
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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 (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 
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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-β 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-β 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).
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their upstream promoters. This suggests that the TGF-β-induced SOX4 transcriptional response 
may play a role in the process of EMT.

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 
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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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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 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 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 
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Figure 3 – Sox4 activation induces upregulation of mesenchymal markers. (A) HMLE cell lines  expressing 
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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 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, 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. 

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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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-β 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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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 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 
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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 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 
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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 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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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, 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-
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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 2.

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 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 3. 
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) 

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’ 

 

Table 2 – qRT-PCR primers.
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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 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).

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 

 

Table 3 – Antibodies conditions for western blot analysis.
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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' 

 

Table 4 – Primer sequences used in the biotinylated oligonucleotide pull down assay.
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Supplementary Figures
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Figure S1 – SOX4 mRNA expression increases upon TGF-β stimulation. HMLE cells were stimulated with 
2.5 ng/mL of TGF-β as indicated, lysed and mRNA expression of SOX4 was analysed by qRT-PCR. *p<0,05 
(N=3 ± SD).
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Figure S2  - 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 
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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. (D) In addition, 
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
Epithelial-to-mesenchymal transition (EMT) is an important developmental program exploited 
by cancer cells to gain mesenchymal features. Transcription factors globally regulating processes 
during EMT are often referred as “master regulators” of EMT, and include members of Snail 
and Zeb transcription factor families. The SRY-related HMG box (SOX) 4 transcription factor can 
promote tumorigenesis by endowing cells with migratory and invasive properties, stemness 
and resistance to apoptosis, and thereby regulating key aspects of the EMT program. Here we 
propose that SOX4 should also be considered as a master regulator of EMT and we review the 
molecular mechanisms underlying its function. 

EMT, TGF-β and SOX4: the basics
Epithelial-to-mesenchymal transition (EMT) is a highly dynamic and complex program involved 
in the transdifferentiation of polarized epithelial cells into a mesenchymal phenotype, occurring 
during embryogenesis, tissue repair, and tumorigenesis 1. Cells undergoing EMT lose expression 
of cell-cell adhesion molecules such as E-cadherin, lose apical-basal polarity and exhibit increased 
expression of mesenchymal markers, including N-cadherin, vimentin, and fibronectin, which 
results in enhanced motility and invasive potential 2. EMT has emerged as a central driver of 
both tumor initiation and progression through regulation of metastasis, cancer stemness, and 
chemotherapy resistance 3.
Enhanced TGF-β signaling is a common event in human cancer progression and acts as major 
inducer of EMT 4. Activation of the canonical TGF-β pathway requires the binding of TGF-β ligand 
to the TGF-β type II receptor (TβR-II), which contributes to the recruitment, phosphorylation 
and activation of the TGF-β type I receptor (TβR-I). Activated TβR-I, together with Smad Anchor 
for Receptor Activation (SARA), recruits and phosphorylates both SMAD2 and SMAD3 proteins, 
which subsequently interact with the mediator SMAD4 and translocate to the nucleus to regulate 
gene expression 5–7. Canonical TGF-β signaling plays a critical role in the activation of EMT through 
regulation of a subset of transcription factors involved in the suppression of epithelial traits and 
acquisition of mesenchymal features 4,8,9. These transcription factors are commonly indicated 
as EMT inducers and include the well-characterized Snail family of proteins Snai1 and Snai2, 
the zinc finger E-box-binding homeobox proteins ZEB1 and ZEB2, and the basic helix-loop-helix 
(bHLH) protein Twist 4,10. 
The SRY-related HMG box (SOX) 4 transcription factor belongs to a large family of proteins that 
regulate numerous aspects of embryonic development 11. It is structurally characterized by a 
highly conserved HMG-box domain that directly binds the minor groove of DNA helix, inducing 
DNA bending and alterations in chromatin architecture, thus contributing to the organization 
of functional transcriptional complexes 12–16. SOX4 expression is increased in a wide variety of 
cancer types including colorectal, breast and glioblastoma, and correlates with poor-prognosis 
and disease progression 17,18. Several cancer-associated signaling pathways have been implicated 
in the activation of SOX4, including TGF-β, Wnt, TNF-α and hypoxia/HIF-1α signaling 19–23. SOX4 
activation controls various aspects of tumor development and progression, such as inhibition of 
apoptosis, induction of cell migration and metastasis, and the generation and maintenance of 
cancer stem cells (CSCs) 17,24.
Multiple transcription factors are required for EMT during both embryogenesis and tumorigenesis 
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25, and studies have shown that, in addition to the well-
established EMT-inducers (SNAI1, SNAI2, TWIST1, ZEB1, 
ZEB2, Goosecoid, FOXC2), other transcription factors, 
including SOX4, can also control various aspects of this 
process, 26. Accordingly, Sox4-/- and Sox4+/- mice display 
several developmental abnormalities linked to a defective 
EMT, including cleft palate, defective pancreatic islets 
formation and incomplete ventricular septation 27–30. 
Moreover, it was demonstrated that SOX4 contributes 
to tumorigenesis by controlling EMT in a wide range of 
human cancers, including prostate, colorectal and breast 
cancer 20,31,32. In this review, we highlight the contribution 
of SOX4 to EMT, and describe the molecular mechanisms 
underlying its control of the EMT program in the 
development of human cancers. 

SOX4 expression: loss of epithelial and 
acquisition of mesenchymal traits
Ectopic expression of SOX4 in epithelial cells derived 
from several different tissues results in the induction 
of  a mesenchymal phenotype, which is associated with 
reduced levels of E-cadherin and increased expression of 
vimentin, N-cadherin, and fibronectin, as well as enhanced 
cell migration and invasion 20,33–38. Conversely, depletion 
of SOX4 results in a mesenchymal-to-epithelial (MET)-like 
phenotype, suggesting that SOX4 is also a crucial regulator 
in maintaining the mesenchymal state of EMT 36,39. 
Moreover, similar to Snail- or Twist-overexpressing cells, 
ectopic expression of SOX4 induces morphological changes 
from a tightly connected cobblestone-like phenotype to 
an elongated fibroblast-like morphology with a dispersed 
distribution 40, indicating that SOX4 is equally competent 
in inducing EMT as other well-characterized EMT-effectors.
SOX4 function during EMT relies on its direct regulation 
of transcriptional targets. For example, SOX4 was shown 
to directly regulate CDH2 (N-cadherin), an important 
transmembrane protein involved in cell migration and 
extravasation (Figure 1A) 20. Furthermore, several other 
genes associated with pro-migratory and pro-invasive 
functions were shown to be bound and regulated by 
SOX4, including  TMEM2, NRP1, SEMA3, PLEXIN, TNC 
(Tenascin C), FZD5 (frizzled-5) and ADAM10 (Figure 1A) 
17,41–43. Accordingly, high SOX4 expression is associated with 

Trends box
•E p i t h e l i a l - t o - m e s e n c hy m a l 
transition is a highly conserved 
multi-step cellular program that, 
when deregulated, can adversely 
contribute to metastatic cancer 
progression, chemotherapy 
resistance and tumor recurrence, 
thereby contributing to poor 
clinical outcome. 
•“Master regulators” of EMT 
are transcription factors that are 
capable of globally orchestrating 
the mesenchymal switch and 
endowing cancer cells with stem 
cell-like traits.
•SOX4 expression is found elevated 
in a wide variety of human cancers 
of epithelial origin, where SOX4 
expression has been associated 
with the loss of epithelial features 
and gain of mesenchymal traits, 
including cell migration and 
invasion.

Glossary
E p i t h e l i a l - t o - m e s e n c h y m a l 
transition (EMT): a complex 
cellular program wherein epithelial 
cells transdifferentiate into 
mesenchymal cells, acquiring 
migratory and invasive properties. 
This phenomenon is often 
associated with cancer progression 
and metastasis, however can also 
be observed in normal physiological 
settings such as wound healing and 
during embryogenesis. 

Transforming growth factor beta 
(TGF-β): can be expressed as a 
secreted cytokine or be present 
on the cell surface in a membrane-
bound form. Ligand binding 
activates the TGF-β pathway 
cascade, where SMAD proteins 
play a critical role. Soluble TGF-β 
ultimately controls a plethora of 
physiological processes, including 
cell growth, angiogenesis and 
apoptosis, during embryogenesis, 
adult tissue homeostasis and 
pathological processes such as 
cancer.
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Figure 1. Schematic overview of EMT-associated processes controlled by SOX4. (A) Activation of 
SOX4 expression leads to the upregulation of mesenchymal proteins involved in cell migration, invasion 
and extravasation. (B) SOX4 expression itself is controlled by the canonical TGF-β signaling pathway, via 
direct binding of SMAd2/3 to the SOX4 promoter region and chromatin remodeling. (C) TGF-β-induced 
SOX4 interacts with ERG to control pro-migratory and pro-invasive traits, potentially through regulation 
of TWIST1. (D) TGF-β signaling is sustained by SOX4-mediated expression of miR-1269a and subsequent 
miR-1269a-mediated repression of TGF-β signaling inhibitor SMAD7. (E) SOX4 expression also controls the 
activation of EZH2, core component of the Polycomb Repressive Complex 2 (PRC2), (F) which contributes 
to the repression of tumor-suppressor genes. (G) SOX4 mRNA levels can be negatively regulated by several 
miRNAs, including anti-EMT miRNAs. (H) SOX4 contributes to the activation and maintenance of cancer-
stem cells (CSCs) by inducing the expression of key stemness transcription factors, including SOX2 and (I) 
Slug (J) Additionally, SOX4-mediated expression of ALDH1 and ABCG2 contributes to both stemness and 
chemotherapy resistance (K) while inhibition of apoptosis is exerted by the regulation of factors involved 
in pro-survival pathways (L) and/or by the activation of ABC transporters responsible for the elimination of 
therapeutic drugs.
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invasive cancer subtypes and high tumor grades 26,35, while 
depletion of SOX4 contributes to diminished tumor growth 
and metastatic colonization of several tissues, including 
the lymph nodes and lungs 17,18,26. 
Depletion of SOX4 in a variety of cell types is sufficient to 
impair CDH1 (E-cadherin) repression during EMT 20,26,35. 
However, based on the failure of SOX4 to repress CDH1 
promoter activity using a luciferase reporter 35, it is likely 
that repression of E-cadherin expression is indirect, and 
potentially exerted by transcriptional repressors that are 
themselves activated by SOX4. Indeed, SOX4 was shown 
to induce ZEB1 promoter reporter activity, and SOX4 
depletion in mouse mammary epithelial cells (MECs) 
significantly suppressed TGF-β-induced expression of ZEB1, 
SNAI2 (Slug), ZEB2 and TWIST1, all known transcriptional 
repressors of epithelial proteins, including E-cadherin, 
ZO-1 and occludins (Figure 1A) 26,30,35. Nonetheless, direct 
transcriptional repression of CDH1 by SOX4 cannot be 
excluded solely based on such reporter assays which include 
limited promoter regions and lack of epigenetic context. 
These studies suggest that SOX4 directly coordinates the 
induction of mesenchymal markers involved in cell motility, 
migration and metastasis, while repression of epithelial 
markers is likely exerted indirectly through downstream 
activation of other EMT-inducers. Together with the fact 
that ectopic expression of these EMT-inducers had no 
effect on SOX4 expression levels but ectopic expression of 
SOX4 was sufficient to induce the expression of multiple 
EMT-inducers 26,40, these observations indicate that SOX4 
can play a pivotal role in orchestrating EMT-transcriptional 
network, a perspective that require further investigation. 

SOX4 is a critical component of TGF-β-
induced EMT
A variety of studies have demonstrated that SOX4 
expression is clearly modulated by activation of the TGF-β 
signaling pathway 20,31,44,45. This regulates SOX4 expression 
by altering the DNA methylation state of SOX4 promoter, 
contributing to the reduction of the H3K27me3-associated 
gene silencing modification, and an increase of the 
transcriptionally permissive H3K4me3 modification 31,46. 
Interaction between activated SMADs and chromatin 
modifiers enzymes such as JMJD3, CBP/p300 and Brg1, 

Glossary (cont.) 
Polycomb Repressive Complex 2 
(PRC2): a multi-protein complex 
comprising four core components: 
SUZ12, EED, RbAp48 and EZH2. 
This complex displays histone 
methyltransferase activity and 
essentially trimethylates histone H3 
on lysine 27 (H3K27me3), which is 
associated with transcriptionally 
silent chromatin. 

microRNAs (miRNAs): are small 
non-coding RNA molecules. Mature 
miRNAs are single stranded RNA 
that comprise approximately 22 
nucleotides and play a critical 
role in RNA silencing by binding 
to target sequences within the 
3’UTR of the targeted mRNA. 
This association prevents protein 
synthesis and subsequently leads 
to mRNA degradation, thereby 
can contribute to the post-
transcriptional regulation of gene 
expression. 

CD24: is a glycoprotein expressed 
at the cell surface of multiple 
cell types, including epithelial 
cells. It functions as cell adhesion 
molecule and binds distinct ligands 
dependent on cellular context. 

CD44: is a cell surface glycoprotein 
that function as a receptor 
for various ligands, including 
hyaluronan, growth factors 
and matrix metalloproteinases 
(MMPs). Activation of this signal-
transduction processes regulate 
several physiological processes 
including cell growth, angiogenesis 
and cell survival.  

Aldehyde dehydrogenase 1 
(ALDH1): is an enzyme that can 
catalyze the oxidation of multiple 
intracellular aldehydes to carboxylic 
acids such as the conversion of 
retinol (vitamin A) to retinoic 
acid. ALDH1 is highly expressed in 
undifferentiated cells, including 
hematopoietic progenitors and 
intestinal crypt cells.
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play an important role in de-repressing TGF-β target genes 47. Furthermore, SMAD2/3 directly 
binds the SOX4 promoter and induce its transcriptional activation 45,48, suggesting that the TGF-
β-activated SMAD2/3 complex recruits and directs chromatin remodelers to SOX4 regulatory 
regions, thereby contributing to SOX4 expression (Figure 1B). TGF-β-induced SOX4 directly 
interacts with ETS-related transcription factor ERG, and compared to the depletion of either 
SOX4 or ERG, siRNA-based depletion of both factors results in a stronger inhibition of TGF-β-
mediated EMT, including cell motility and invasion 31. ERG transcriptionally regulates TWIST1 49, 
while SOX4 knockdown is sufficient to inhibit TGF-β-mediated activation of TWIST1 26, suggesting 
that interaction between SOX4 and ERG might directly participate in the regulation of TWIST1 
activity during TGF-β-induced EMT (Figure 1C). Similarly, functional cooperativity between SOX4 
and the oncogene Ras is observed in breast cancer 35. Co-expression of both transcription factors 
enhances EMT-associated traits, including cell migration and metastasis both in vitro and in vivo 
35. 
Notably, SOX4 is required for TGF-β-mediated EMT during tumor progression 20,26,35,50. In the 
context of breast cancer, depletion of SOX4 expression results in inhibition of TGF-β-mediated 
upregulation of mesenchymal markers (N-cadherin, vimentin and fibronectin) and repression 
of epithelial markers (E-cadherin and ZO-1) 20,35. Moreover, diminished phosphorylated-SMAD2 
and TGF-β ligand expression is observed in SOX4 knockdown cells 35, suggesting that SOX4 is 
important to sustain TGF-β signaling. In line with these observations, in colorectal cancer, TGF-β-
induced SOX4 contributes to transcriptional activation of microRNA (miR)-1269a and miR-1269a-
mediated repression of SMAD7, known antagonist of TGF-β signaling (Figure 1D) 32. Ectopic 
expression of miR-1269a results in elevated levels of phosphorylated-SMAD2 and contributes to 
TGF-β-mediated EMT 32. 
Increased TGF-β-mediated transcription of EZH2 by SOX4 can also play a pivotal role in the 
activation of EMT program during tumor progression (Figure 1E) 26. EZH2 is a core component of 
the Polycomb Repressive Complex 2 (PRC2) that contributes to gene silencing by trimethylating 
the nucleosomal histone H3 at lysine 27 (H3K27me3) 51. Accordingly, SOX4 knockdown cells show 
diminished levels of global H3K27me3 26. Similar to SOX4-deficient MECs, EZH2-depleted cells 
failed to downregulate the epithelial markers, E-cadherin and ZO-1, during TGF-β activation 26. 
Depletion of either SOX4 or EZH2 is sufficient to prevent colonization of cancer cells to the lungs 26. 
Combined ChIP-seq analysis with gene expression profiling revealed high variance in H3K27me3 
levels during TGF-β activation, and demonstrated that EZH2-mediated epigenome remodeling 
plays a critical role in coordinating gene expression changes towards disease progression and 
metastasis (Figure 1F) 26. SOX4-EZH2 axis also enhances H3K27me3 modification on promoter 
region of tumor-suppressor microRNAs (miRNAs), including miR-31, miR-212/132 and miR-129-
2, thereby contributing to the transcription repression of miRNAs involved in the inhibition of cell 
proliferation and migration, as well as in reciprocal repression of SOX4 expression (Figure 1F) 52–54. 
SOX4-mediated transcriptional activation of EZH2 has been linked to disease progression in a wide 
variety of human cancers, including esophageal, pancreatic, ovarian and breast cancer 39,53,55,56, 
suggesting a conserved regulatory mechanism underlying SOX4 function during tumorigenesis. 
Moreover, consistent with its oncogenic role, patients expressing high levels of both SOX4 and 
EZH2 display a worse clinical outcome 26,56. Taken together, TGF-β-mediated activation of SOX4 
plays an important role during EMT by, not only, contributing to the transcriptional activation of 
mesenchymal-related genes but also by globally affecting the epigenome through the regulation 
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of epigenetic modulators expression during EMT. 
Multiple EMT-inducers, including Snail and Twist, are able to repress tumor-suppressor genes 
(CDH1, p16INK4a) through the direct recruitment of PRC2 complex to their  promoter regions, 
resulting in an increase of H3K27me3-associated repressive mark 25,57,58. Although SOX4 is 
best known as transcriptional activator, a direct interaction between SOX4, EZH2 and Histone 
Deacetylase 3 (HDAC3) has been demonstrated in esophageal cancer cells 55, which is suggested 
to be involved in the H3K27me3-mediated gene silencing of miR-31 tumor-suppressor 55. This 
observation indicates that, similarly to other EMT-effectors, SOX4 can function as a transcriptional 
repressor by direct recruitment of the PRC2 complex component, EZH2. Supporting a 
transcriptional repressor function for SOX4, genome wide analysis of SOX4 transcriptional 
network in prostate cancer showed that multiple genes are bound and downregulated by SOX4, 
including the EMT-repressor transcription factor ELF5 59,60. 

Regulation of SOX4 expression by anti-EMT microRNAs
The microRNA (miRNA) network plays a critical role in the regulation of molecular targets 
that drive EMT, including ZEB1, SNAI2 and CDH2, thereby exerting a protective effect against 
both tumor initiation and cancer progression 61,62. Diminished expression of tumor-suppressor 
miRNAs is commonly observed in tumor samples and in more invasive cancer cell lines, and it is 
associated with poor-clinical outcome 37,38,63–67. An inverse correlation between SOX4 expression 
and several anti-EMT miRNAs, including miR-132, miR-30a, miR-203 and miR-204, indicates that 
suppression of SOX4 expression may be required to prevent “spontaneous” EMT 38,64,67–69. In fact, 
many of these anti-EMT miRNAS bind the 3’-UTR of SOX4 mRNA and suppress SOX4 expression 
(Figure 1F-G; Table 1) 70. Re-expression of miRNAs-targeting SOX4 expression is sufficient to 
revert the EMT phenotype by restoring E-cadherin expression and inhibiting N-cadherin and 
vimentin expression, followed by the impairment of cell proliferation, migration and invasion, as 
well as reduction in tumor growth and metastasis (Table 2). Notably, ectopic SOX4 expression in 
miRNA-expressing cells (miR-132, miR-187) is sufficient to restore cell survival, migratory ability 
and EMT traits, including N-cadherin and vimentin expression and E-cadherin repression 36–38,64,66. 
Conversely, depletion of SOX4 in miRNA-deficient cells contributes to significant suppression 
of cell motility and invasion as well as re-expression of E-cadherin and inhibition of vimentin 

 Anti-EMT only Common (10.6%) SOX4 only 

miR-1; miR-7; miR-15; miR-16; miR-17; 

miR-20; miR-29; miR-34; miR-96; miR-101; 

miR-122; miR-124; miR-134; miR-137; 

miR-141; miR-143; miR-145; miR-147; 

miR-148; miR-149; miR-150; miR-153; 

miR-182; miR-183; miR-194; miR-200; 

miR-205; miR-300; miR-375; miR-429; 

miR-448; miR-489; miR-491; miR-506; 

miR-612; miR-638; miR-639; miR-941; 

miR-23b; miR-26b; miR-30b; miR-30c; 

miR-33a; miR-193-3p; miR-193-5p 

miR-132; miR-138; miR-187; 

miR-203; miR-204; miR-335; 

miR-30a 

miR-31; miR-93; miR-140; miR-

211; miR-212; miR-320; miR-

449; miR-630; miR-129-3p; 

miR-338-3p; miR-133a; miR-

129-5p; miR-363-3p; miR-129-2 

Table 1 - Overlap between anti-EMT miRNAs and miRNAs that directly bind and suppress SOX4 
expression.
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and N-cadherin expression 33,37,67. This indicates that SOX4 expression is required for cells to 
undergo EMT and repression of SOX4 is sufficient to alleviate several aspects of EMT-mediated 
tumorigenesis. 
An inverse correlation between SOX4 and tumor-suppressor miRNAs also suggests that induction 
of SOX4 expression can be caused by molecular mechanisms underlying the transcriptional 
repression of anti-EMT miRNAs, including epigenetic modifications 71. Indeed, promoter 
hypermethylation of miRNAs with ability to target SOX4 is observed in many human cancers with 
elevated SOX4 expression 54,69,72,73. Additionally, activation of TGF-β signaling can downregulate 
the expression of several miRNAs, including miR-187 and miR-132/212 complex 38,64,74, suggesting 
that SOX4 activation by TGF-β can be exerted through both direct (SMAD-mediated) and indirect 
regulation.

Induction and maintenance of cancer-stem cells
In addition to its role in tumor initiation, SOX4 has been demonstrated to contribute to tumor 
progression by supporting cancer stemness 35,67,75–77. Ectopic SOX4 expression increases the 
number of CD44highCD24low population, spheroid formatting-capacity and, of ALDH1 and ABCG2 
expression, which are all associated with properties of CSCs (Figure 1H-J) 26,35,75. The pro-stemness 
function of SOX4 is likely related to its transcriptional regulation of the SOX2 and SNAI2 (Slug) 
transcription factors 75,76. Together with the transcription factor Oct4, SOX4 was shown to induce 
and maintain stemness properties of glioma-initiating cells by transcriptional activation of SOX2 
76,78 (Figure 1H).  Along with its well-established function in the maintenance of pluripotency and 
self-renewal, SOX2 expression has been demonstrated to positively correlate with spheroid growth 
capacity and increased CD44 expression 79,80. In endometrial carcinoma, SOX4 was reported to be 
directly involved in the transcriptional activation of SNAI2 by forming a transcriptional complex 
with β-catenin and p300 75 (Figure 1I). In addition to its ability to directly repress E-cadherin 
expression 25,81, Slug activation is sufficient to induce stem-cell like features, including CD44high 
CD24low phenotype and tissue-reconstitution ability, while depletion of Slug is sufficient to impair 
sphere formation 82,83. miR-204-mediated repression of SOX4 and Slug is sufficient to revert oral 
squamous cell carcinoma (OSCC)-derived ALDH1(+) positive cells into ALDH1 negative-like cells, 
of which display diminished sphere formation and self-renewal capacity, as well as reduced 
cell migration and invasion ability in both in vitro and in vivo 67. While inhibition of miR-204 
and consequent upregulation of SOX4 and Slug in pre-sorted ALDH1-negative cells results in 
increased ALDH1 activity, CD44 expression and metastasis formation, depletion of both SOX4 
and Slug in miR-204-deficient pre-sorted ALDH1-negative cells is sufficient to impair both ALDH1 
activity and spheroids formation, displaying reduced migratory and invasion ability 67. Ectopic 
expression of Slug leads to increased expression of TWIST2 82, an EMT-related factor enriched in 
CD44high/CD24low population, and is associated with self-renewal capacity of stem-like cells and 
poor clinical outcome 83,84.
Taken together, these studies indicate that SOX4 function in inducing and supporting cancer stem 
cells is likely through activation of master transcriptional regulators of stemness. 

Resistance to chemotherapy
The increase in “sternness” that is acquired during EMT has been directly linked to therapy 



3

65

SOX4: joining the master regulators of epithelial-to-mesenchymal transition?

resistance, and it has been suggested that such CSCs are responsible for poor clinical outcome 
due to high therapy resistance, owing in part to increased resistance to apoptosis 85–87. Several 
studies have reported an anti-apoptotic role for SOX4 during disease progression 17. For example, 
depletion of SOX4 in tumor-derived cell lines can induce apoptosis, indicating that SOX4 is 
important for cell survival 17. In the context of breast cancer, depletion of SOX4 during TGF-β 
activation is sufficient to increase the number of cells undergoing apoptosis, strongly supporting 
that SOX4 is necessary for cell survival during TGF-β-induced EMT 26. However, to some degree 
this is apparently context-dependent since a study performed in a genetically modified murine 
model of pancreatic ductal adenocarcinoma (PDA) provides evidence that SOX4 can induce cell 
death in a SMAD4-dependent manner 48. Disparate roles for both SOX4 and TGF-β in the context 
of cancer could be, in part, due to differences in SMAD4 expression, epigenetic context, or 
availability and levels of additional tissue-specific (transcription) factors.
The pro-survival function of SOX4 could be, in part, related to its transcriptional activation of 
regulators involved in survival pathways, including TEAD2, NRP1, CYR61 and MYB (Figure 1K) 
42,88–90. TEAD2 and CyR61 protect cells from apoptosis through activation of the survival signaling 
pathways HIPPO and NF-κB 91,92, respectively, while both NRP1 and MYB positively regulate the 
expression of the anti-apoptotic protein Bcl-2 93–95. 
SOX4 can also regulate ABCG2 expression, an ATP-binding cassette transporter of various 
molecules, including xenobiotics and drugs, across the cellular membranes (Figures 1J and 
1L), thereby exerting protective effects against chemotherapeutic agents 77,96,97. Accordingly, 

miRNA Induction Suppression Cancer type Ref. 
miR-30a E-cadherin expression  Cell proliferation, migration  and 

invasion; N-cadherin expression 
Prostate 113 

miR-133a Cell growth arrest; E-cadherin 
expression 

Cell migration and invasion; 
reduced tumor growth; vimentin 
expression 

Esophageal  33 

miR-212/ miR-
132 

Apoptosis; cell growth arrest; 
E-cadherin expression 

N-cadherin and vimentin 
expression; cell migration, invasion 
and anchorage-independent 
growth 

Ovarian; prostate; 
osteosarcoma 

36,39,64 

miR-338-3p Apoptosis and cell cycle 
arrest; E-cadherin expression  

Cell proliferation, migration, 
invasion and anchorage-
independent growth; tumor growth 
and lung metastasis; vimentin 
expression 

Breast; lung 37,65 

MiR-363-3p E-cadherin and ZO-1 
expression 

Cell migration and invasion; 
vimentin expression; lung 
metastasis 

Colorectal 66 

miR-204  Sphere-forming ability, cell 
migration and invasion; tumor 
growth 

Oral squamous 
cell carcinoma 
(OSCC) 

67 

miR-187 E-cadherin and ZO-1 
expression 

Cell proliferation, migration and 
invasion and anchorage-
independent growth; tumor growth 
and lung metastasis; N-cadherin, 
vimentin, fibronectin and p-Smad2 
expression  

Colorectal 38 

 

Table 2 – Effects of re-expression of miRNAs that target SOX4 expression.
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depletion of SOX4 in oral squamous cell carcinoma (OSCC) and cervical cancer derived cells 
enhanced chemosensitivity to cisplatin treatment, displaying significant increased apoptosis 96,98. 
These studies reveal an important pro-survival role for SOX4 during tumorigenesis, therefore 
contributing to tumor progression, metastasis and poor-clinical outcome. 

Concluding remarks
Elevated SOX4 expression is associated with a wide variety of human cancers of epithelial origin, 
including colorectal, breast and lung 17. SOX4 expression confers mesenchymal properties and 
its expression is required for maintaining mesenchymal identity, while SOX4 depletion prevents 
EMT by impairing cell survival along with migratory and invasive capacity of cells. Additionally, 
many anti-EMT miRNAs have been identified to target SOX4 and revert the EMT phenotype, 
thereby supporting that SOX4 is a crucial regulator of EMT. This suggests that alterations in SOX4 
expression levels may have significant impact in the progression of EMT and, in non-transformed 
cells, both SOX4 expression and transcriptional activity are likely limited and intrinsically regulated. 
In addition to miRNAs-mediated repression of SOX4, several additional mechanisms may be 
responsible for such tight regulation, including hypermethylation-mediated silencing of SOX4 
gene or absence of factors that interact and stabilize SOX4 protein, such as syntenin 99. During 
embryonic development, temporal expression of SOX4 is highly dependent on the methylation 
status of its regulatory regions, where increased methylation is correlated with decreased SOX4 
levels 100,101. Proteasome-mediated degradation of SOX4 protein is prevented by the interaction 
between SOX4 and the adapter protein syntenin, which is itself rapidly upregulated upon TGF-β 
activation 99,102. In addition, SOX4 is a labile protein with a very short half-life 99, suggesting 
that post-translational modifications (PTMs) such as phosphorylation may also play a role in 
the regulation of SOX4 stability. Further investigations studying the contribution of PTMs in 
regulating SOX4 activity will provide a more comprehensive understanding of SOX4 function in 
cancer progression (Outstanding questions box).
SOX4 contributes towards a tumorigenic and metastatic phenotype by regulating key EMT genes, 
involved in apoptosis, angiogenesis, migration, morphogenesis, cell cycle as well as cytoskeleton 
and extracellular remodeling. SOX4 also plays a critical role in coordinating epigenetic 
reprogramming by transcriptional regulation of a key component of the Polycomb Repressive 
Complex 2 (PRC2). Ectopic expression of EZH2 was shown sufficient to increase SOX4 levels, and 
inhibition of EZH2 by 3-Deazaneplanocin A (DZnep) treatment results in downregulation of SOX4 
expression 55, suggesting that SOX4-EZH2 axis is bidirectional and SOX4 itself is dependent on 
epigenetic reprograming. 
Despite the fact that oncogenic capacity of SOX4 has been best studied in the context of TGF-
β-mediated EMT, SOX4 expression has also been shown to be regulated by additional signaling 
pathways that can induce a transdifferentiation response in epithelial cells that results in EMT, 
including WNT and hypoxia/HIF-1α pathways 19,21,30, suggesting that SOX4 may be a general key 
regulatory factor required for EMT activation. Synergy between distinct signaling pathways is 
commonly required to induce full-EMT, where common targets coordinate the activation and 
maintenance of various signaling pathways necessary for the progression of EMT 25. SOX4 has 
been reported to transcriptionally activate key core elements of many EMT-associated signaling 
pathways, including EGFR and Frizzled 3/5/8 59,103.
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Similar to TGF-β, SOX4 has a complex role in tumorigenesis, acting both as tumor suppressive and 
pro-metastatic factor. Elevated SOX4 expression has been reported in nearly all human cancer 
types, and although most studies describe a pro-oncogenic function of SOX4, some studies have 
shown that increased SOX4 expression is correlated with better clinical outcome 17. Contrasting 
SOX4 functions may result from cellular context-dependent availability of SOX4 protein partners 
and/or post-transcriptional mechanisms regulating SOX4 activity. Moreover, and similar to other 
EMT-inducers, some studies have reported an EMT-independent role for SOX4 in tumorigenesis 
(Box 1). 
Taken together, SOX4 clearly plays a central role in EMT-mediated tumorigenesis by regulating 
the expression of number of genes implicated in several aspects of tumor biology, including 
cell survival, cell migration and invasion, metastasis and cancer stemness. Consistent with this 
notion, hypomorphic Sox4 mice (low levels of Sox4 in most tissues) display decreased cancer 
incidence 104. Furthermore, ectopic expression of SOX4 is sufficient to initiate the EMT program 
and an extensive functional overlap is observed between SOX4 and well-stablished EMT-
inducers, thereby supporting a role for SOX4 as a true master regulator of EMT. For these reasons 
we believe that SOX4 should be considered a master regulator of the EMT program. However, 
several questions remain to be answered, including the potential contribution for SOX4 in the 
upstream regulation of other EMT-transcription factors (Outstanding questions box).

Box 1 – EMT-independent functions of SOX4 during tumorigenesis
In recent years, several studies have reported a critical role for SOX4 during EMT-mediated 
tumorigenesis, however, evidence that SOX4 promotes tumorigenesis through EMT-
independent mechanisms have also been provided, and which have been previously discussed 
in detail 17. Much of this evidence has come from studies based on non-solid tumors, where 
EMT is not relevant. For example, aberrant activation of SOX4 in bone marrow cells or 
myeloid progenitor cells impairs myeloid differentiation and contributes to myeloid leukemia 
development 105–107. While in acute lymphoid leukemia (ALL), SOX4 expression confers pro-
survival signals through the transcriptional activation of components involved in PI3K-PKB/
AKT and MAPK pathways 108. Interaction between SOX4 and various core components of the 
WNT signaling pathway has been demonstrated to induce cell proliferation of colon carcinoma 
cells 109. For further insight into SOX4 pleiotropic role please see the following review on this 
topic 17. 
EMT-independent functions have also been reported for other well-known EMT-inducers. 
Aberrant activation of Slug by E2A-HLF oncogene in human pro-B lymphocytes sustains cell 
survival and contributes to the development of leukemia 110. In the context of skin papilloma, 
conditional depletion of Twist1 resulted in tumor regression, however, no change in the 
expression of E-cadherin or mesenchymal markers (N-cadherin, vimentin and fibronectin) was 
observed, supporting an oncogenic function for Twist independently of EMT 111. Moreover, 
Zeb1 is able to repress miR-34a, which has been shown to impair metastatic properties of 
distinct cell types, including anchorage-independent growth and invasion, with no effect on 
EMT markers 112. Taken together, SOX4 can exert its pro-oncogenic function through distinct 
mechanisms which can be dependent or independent of the EMT program. 
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Outstanding Questions Box
•How does SOX4 coordinate the transcriptional activation of other EMT-inducers such as Slug 
and Twist? Direct or indirect mechanism? 
•Can SOX4-EZH2 complex also function independently of PCR2 complex and contribute to the 
activation of cancer-associated genes? 
•Is SOX4 expression globally enriched in the cancer stem-like CD44high/CD24low population? 
•What is the methylation status of SOX4 gene in healthy tissues compared to tumor specimens? 
•Is there a role for SOX4 in induction of EMT by other factors such as WNT or hypoxia? 
•Is SOX4 post-translationally modified and how does this impact tumorigenesis?
•Is context-specific SOX4 activity defined primarily by epigenetic state or also co-factor 
expression?
•How broad ranging is the pro-apoptotic role of SOX4?
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Abstract
Expression of the transcription factor SOX4 is often elevated in several human cancers, where 
it generally correlates with tumor-progression and poor-disease outcome. Reduction of SOX4 
expression results in both diminished tumor-incidence and metastasis. In breast cancer, TGF-
β-mediated induction of SOX4 has been shown to contribute to epithelial-to-mesenchymal 
transition (EMT), which controls pro-metastatic events. Here, we identify SMAD3 as a novel, 
functionally important SOX4 interaction partner. Genome-wide analysis showed that SOX4 and 
SMAD3 co-occupy a large number of genomic loci in a cell-type specific manner. Moreover, 
SOX4 expression was required for TGF-β-mediated induction of a subset of SMAD3/SOX4-co-
bound genes regulating migration and extracellular matrix-associated processes, and correlating 
with poor-prognosis. These findings identify SOX4 as an important SMAD3 co-factor controlling 
transcription of pro-metastatic genes and context-dependent shaping of the cellular response to 
TGF-β. Targeted disruption of the interaction between these factors may have the potential to 
disrupt pro-oncogenic TGF-β signaling, thereby, impairing tumorigenesis.

Introduction
Increased expression of SOX4 transcription factor has been observed in a large number of human 
cancers, suggesting a general role in tumorigenesis 1,2. In agreement with this notion, Sox4 
hypomorphic mice have been found to have greatly reduced spontaneous tumor-incidence 3. 
Conversely, increased expression of SOX4 has been demonstrated to promote tumor progression 
in both hematopoietic and solid tumors 4–6. 
Recently, 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 7–10. The TGF-β signaling pathway elicits pleiotropic 
responses in cancer, acting as both a tumor-suppressor and metastasis-promoting factor 
depending on the cellular context 11. In late-stage cancers, the tumor-suppressive component 
of the TGF-β response is lost, allowing TGF-β to enhance tumor-progression by, for example, 
promoting EMT 12. 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 context-specific target gene selection require cooperative binding 
with distinct transcription factors and rely on a permissive epigenomic state 11,13. 
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 14. Recently, a 
number of studies by ourselves and others have demonstrated that SOX4 is also involved in pro-
oncogenic TGF-β responses in (tumorigenic) breast epithelial cells. The transcriptional regulation 
of SOX4 by TGF-β is essential for the TGF-β mediated induction of 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 5,10,15–17. 
Ectopic expression of SOX4 has been shown to be sufficient to induce EMT in mammary epithelial 
cell lines in vitro, which correlates with increased metastasis in vivo 5,10,17. The EMT-promoting 
effects of SOX4 have also been linked to its direct transcriptional induction of EZH2, which is 
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part of the polycomb-repressive complex 2 (PRC2), resulting in remodeling of the epigenome 5. 
Recently, it has been demonstrated that SOX4 has a dichotomous role downstream of TGF-β in 
pancreatic ductal adenocarcinoma (PDA), where depending on the cellular transcription factor 
landscape, SOX4 may mediate apoptosis or promote oncogenesis 18. These findings indicate that 
cooperativity between SOX4 and distinct transcription factors likely shapes the SOX4-dependent 
transcriptional network and cellular response.
In support of a pro-metastatic role, SOX4 has been identified in gene expression signatures 
mediating breast tumor metastasis to the lung and brain 19,20. 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 21. 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. 
Here, by performing an unbiased transcription factor interaction screen we identify SMAD3 
as a novel interaction partner of SOX4. We demonstrate that SOX4 specifically controls a pro-
oncogenic subset of SOX4/SMAD3 co-bound TGF-β target genes, associated with poor-disease 
outcome. Our findings thus highlight a novel role of SOX4 in the TGF-β pathway by cooperatively 
regulating target genes with SMAD3 in a context-dependent manner, thereby skewing TGF-β 
responses. 

Results
SMAD3 is a novel SOX4 interaction partner
In order to achieve target selectivity and control of cell-type specificity, SOX transcription factors 
interact with distinct DNA-binding factors 28. To identify SOX4 transcription factors partners, 
we performed an unbiased interaction screen by utilizing a TF-TF interaction array. This highly 
sensitive and rapid technique enables the generation a global view of transcription factor 
networks (Fig. S1). Since we and others have previously identified a role for SOX4 in regulating 
mammary epithelial homeostasis, MCF-7 cells, a well characterized breast cancer cell line, were 
utilized in this assay 5,10,29. Analysis of co-immunoprecipitated probes identified the specific 
association between Sox4 and the TGF-β pathway effector transcription factor SMAD3 (Fig. 1A). 
As it has been previously shown that SOX4 is itself a TGF-β target gene 5,10,17, interaction between 
SOX4 and SMAD3 indicates that SOX4 is not only a transcriptional target of TGF-β but may also 
be a relevant player in the TGF-β signaling cascade. 
In order to validate this interaction, co-immunoprecipitation 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 30, indicating that a protein-protein interaction and not DNA-mediated interaction is 
likely responsible for the co-immunoprecipitation of SMAD3 (Fig. 1B). 
To evaluate endogenous interaction between SOX4 and SMAD3, in situ proximity ligation 
analysis (PLA) was utilized, which selectively enables the detection of proteins that are in very 
close proximity. For the PLA analysis, we utilized human mammary epithelial cells (HMLEs), 
that we have previously demonstrated to express SOX4 and respond to TGF-β by increasing 
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Figure 1. SOX4 associates with the MH2-domain of SMAD3 independent of receptor-mediated 
phosphorylation. (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- antibody. Subsequently, specifically bound probes were hybridized to the TF-TF array and 
visualized using streptavidin antibodies. (B) HEK293T cells were transfected with HA-Sox4 and FLAG-SMAD3. 
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SOX4 at the transcript level 10. 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, whereas only unspecific signal was observed in single antibody control conditions 
(Fig. 1C). Increased PLA-signal was observed upon TGF-β treatment, indicating that activation of 
TGF-β signaling pathway is important for SOX4-SMAD3 association. Moreover, although to a lesser 
extent, interaction between SOX4 and SMAD3 was observed in untreated conditions, suggesting 
autocrine TGF-β signaling in these cells. In line with these observations, both SOX4 and SMAD3 
baseline protein expression was found decreased upon the incubation with SB431542, a specific 
Inhibitor of TGF-β receptor kinase 7,31. Taken together, these findings identify a novel interaction 
between SOX4 and SMAD3. 

SOX4 interacts with SMAD3 in a phosphorylation independent manner
To further define both the specificity and functional protein domains mediating the interaction 
between SOX4 and the SMAD3, interaction with other members of the SMAD-family of 
transcription factors was evaluated. To this end, co-immunoprecipitation was performed using 
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 SMAD4 (Fig. 1D). In contrast to SMAD3, 
SMAD2 does not directly bind to DNA 32. 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 (Fig. 1D). These observations indicate that SOX4 is specifically 
associated with the effectors of TGF-β signaling pathway. 
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 protein-
protein association, respectively 32. 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. 1E). Since 
activated SMAD3 requires phosphorylation at C-terminal serines, 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. 1F), indicating that this protein-protein interaction is independent of 
phosphorylation at these sites. Taken together, these findings map the interaction between SOX4 

Lysates were treated with 25 µg/ml EtBr for 20 min after which Sox4 was immunoprecipitated and 
immunoblots were probed for HA and FLAG. Results are representative of at least three independent 
experiments. (C) The SOX4-SMAD3 interaction was analyzed by PLA. HMLE cells were treated with 2.5 
ng/ml TGF-β overnight or left untreated. Left panel: Punctate staining indicates the specific interaction 
between the two proteins and DAPI was used to co-stain the nucleus. Right panel: Quantification of 
punctate staining relative to anti-SOX4 condition (negative control).  Results are representative of three 
independent experiments. (D) HEK293T 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. Results are representative of at least three independent 
experiments. (E) HA-Sox4 was immunoprecipitated from HEK293T cells co-transfected with full-length 
SMAD3 (1-425aa), the N-terminal (1-145aa) or C-terminal SMAD3 regions (146-425aa). Results are 
representative of at least three independent experiments. (F) 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 protein expression was assessed by immunoblot using anti-HA and Flag antibodies. 
Images are representative of three independent experiments.



4

80

Chapter 4

Overlap in binding sites

1

2

-log(pValue)Transcription 
factor

SOX4

SMAD3_2 75

624

Motif

16977 (SOX4)
19024 (SMAD3)

8212 24889

SMAD3

SOX4

1

2

SOX4

SMAD3 72

550
Known motif

1

2

-log(pValue)Transcription 
factor

SMAD3

SOX4 167

2180

Motif

1

2

SMAD3

SOX4 77

1608

De Novo motif

SOX4 ChIP-seq SMAD3 ChIP-seq

2

CT
AGTCTA

G
AC
G

CT
G

CTTTT
GTT

CT
CAGT

CG
A

G
T
CCA

TTTGTG
C
T

G
T
C

G

T
C

C
G
A
T

G

A
C
T

A

G
T
C

A
T
C
G

T
C
A
G

G
A
T
C

C
A
T
G

C
T
A
G

GT
G
CT

C
A
TTTC

GTC
TC

T
G
C
T

G
T
C

G
T
C

C
AG

C
AC

T

G
A

G
T

G
T
C

G
T
C

C
AG

C
AC

T

G
A

G
T

GT
G
CT

C
A
TTTC

GTC
TC

T
G
C
T

0

0,0025

-2500 2500

SMAD3 motif

SOX4 motif

SOX4 peak center

SOX4

SMAD3 

SOX4 

A

D
SMAD3 peaks Random gemonic regionsSOX4 peaks

G

C

E

F

-2.5kb                   +2.5kb

Motif distribution analysis

M
ot

ifs
/b

p/
pe

ak

3’UTRmiRNA

ncRNATSS

pseudo

ExonIntron

IntergenicPromoter

5’UTR

SOX4

SMAD3 
VCAN

MMP2

PDGFBR

SOX4

SMAD3 0

3,5

-2500 2500
0

8

-2500 2500SMAD3 peaks

SOX4 signal SMAD3 signal

+TGF
untr

SMAD3 peaks

+TGF

untr

B

C
hI

P-
fra

gm
en

t d
ep

th
 (b

p/
pe

ak
)

SMAD3 SOX4 SMAD3
SOX4 peaks SMAD3 peaks

-2.5kb                   +2.5kb -2.5kb                   +2.5kb -2.5kb                   +2.5kb

Figure 2. SOX4 and SMAD3 binding sites overlap on a genome-wide level. (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. miRNA: microRNA; TSS: transcription start site; 5’UTR: five prime 
untranslated region; 3’UTR: three prime untranslated region; ncRNA: non-coding RNA.
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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 breast cell lines is context dependent
To further evaluate 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. TGF-β signaling activation in these cells has been shown to promote 
pro-oncogenic responses 10,33,34. We successfully identified both SOX4 and SMAD3 bound loci and 
binding of both factors can be observed on the selected examples for TGF-β/SOX4 target genes 
VCAN, MMP2 and PDGFBR (Fig. 2A). Additionally, as can be observed for the VCAN, PDGFBR 
and MMP2 loci, SOX4 and SMAD3 binding occurs in the same region as indicated by overlapping 
peaks (Fig. 2A). In HMLE cells, SOX4 and SMAD3 co-occupancy was observed in the absence 
of exogenous TGF-β, but increased markedly upon TGF-β treatment (Fig. 2B). These findings 
suggest that the transcriptional response to TGF-β is driven by increased recruitment of both 
SOX4 and SMAd3, rather than by de novo recruitment or a global redistribution. The baseline 
binding may be the result of autocrine activation of TGF-β signaling, which has previously been 
demonstrated to occur in mammary epithelial cells 35. Analysis of the genomic distribution of 
SOX4 and SMAD3 in annotated regions demonstrated that binding of both factors is enriched at 
promoter regions compared to the contribution of promoter regions in the total genome (Fig. 
2C). To assess whether co-binding occurs on a genome-wide scale we overlapped SOX4 and 
SMAD3 bound loci, and found that the majority of SOX4 bound sites are co-occupied by SMAD3 
(Fig. 2D), The co-occupied sites, which occur at both TSS-proximal and more distal regions, are 
enriched for markers associated with active/open chromatin (H3K27ac, H3K4me3 and POL2) 
(Fig. S2A-B). This observation is consistent with the notion that SMAD3 binding is directed by the 
epigenome 13. Approximately, 30% of sites were exclusively bound by SOX4, and these sites were 
enriched at TSS-proximal regions, including 5’UTR, TSS and promoter region, and characterized 
by high-levels of the TSS-associated histone-mark, H3K4me3 (Fig. 2D and S2A-B). Since the 
number of SMAD3 bound loci exceeds the number of SOX4 bound sites, a larger proportion of 
SMAD3 binding appears to be SOX4-independent. These SMAD3-only sites are mostly located 
at TSS-distal sites and are also characterized by markers of active regions in the genome (Fig. 
S2A-B). 
The large degree of overlap between SOX4 and SMAD3 is also highlighted by co-occupancy 
analysis of SOX4 and SMAD3 bound sites, which identified reciprocal and central enrichment of 
the binding of both factors (Fig. 2E). 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. 2F-G). Moreover, the central 
and reciprocal enrichment of these DNA-binding motifs could 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. 
To further extend these observations, ChIP-seq analysis were performed in MDA-MB-231 and 
HCC1954 cells, two breast cancer cell lines in which TGF-β elicits contrasting responses, by 
either promoting or inhibiting tumor-initiating cell activity, respectively, thereby by supporting or 
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inhibiting tumorigenesis 22. 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, and a significant portion of 
the SMAD3 sites were observed to be SOX4-independent (Fig. S3A). Additionally, co-occupancy 
analysis demonstrated that the SOX4 signal is also centrally enriched at SMAD3 bound sites in 
both MDA-MB-231 and HCC1954 cells (Fig. S3B). Similarly, in these cells both SOX4 and SMAD3 
binding was found to be induced by TGF-β (Fig. S3C). Interestingly, comparison of SOX4-SMAD3 
co-bound sites in all cell lines demonstrated only a small degree of overlap (Fig. S3D). Taken 
together, these findings demonstrate that interaction between SOX4 and SMAD3 occurs in a 
wide variety of breast (cancer) cell lines but this has distinct context-specific roles, similar to the 
contextual role for TGF-β in breast cancer. 

Identification of SOX4-dependent TGF-β target genes 
Since we observed extensive co-binding of SOX4 and SMAD3, we investigated to what degree 
the transcriptional response to TGF-β is SOX4-dependent. To investigate this, we depleted SOX4 
in HMLE cells, non-tumorigenic mammary epithelial cells that upon exposure to TGF-β undergo 
EMT 5,10,29.  In order to deplete SOX4  expression, two independent shRNA constructs targeting 
human SOX4 were used and considering the efficiency of both shRNAs, further experiments 
were performed using shSOX4_1 (Fig. S4A). Subsequently, the global transcriptional response to 
TGF-β using RNA-sequencing (RNA-seq) was determined. Analysis of the RNA-seq data showed 
167 genes differentially regulated after 16 hours of TGF-β treatment in the SOX4-depleted HMLE 
cells compared to control cells (Fig. S4B). 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 (64%). Within the group of SOX4-dependent TGF-β target genes, 84 were 
found to be co-bound by SOX4 and SMAD3 in HMLE cells (Fig. 3A), 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 SOX4-SMAD3 co-bound and SOX4-dependent 
TGF-β target genes (84 genes) were found to be positively regulated by TGF-β in control cells and 
reduced upon SOX4 depletion (73%) (Fig. 3A). Gene-ontology enrichment analysis of this co-
bound SOX4-dependent TGF-β signature gene-set identified significant association with cellular 
processes connected to metastasis, including extracellular matrix remodeling, blood vessel 
development, cell-adhesion and cell-migration (Fig. 3B). In order to validate these targets, we 
performed quantitative real-time PCR (qRT-PCR) on SOX4 knockdown and control (SCR) HMLE 
cells treated with TGF-β for 16 hours (Fig. S4C). For all the selected SOX4-SMAD3 co-bound and 
SOX4-dependent TGF-β target genes, depletion of SOX4 resulted in the suppression of TGF-β-
mediated upregulation of such targets, whereas no significant alteration in gene expression was 
observed of SOX4-independent TGF-β-regulated genes in SOX4-depleted HMLE cells (Fig. 3C). 
Taken together, our data supports the role of SOX4 in mediating TGF-β/SMADs transcriptional 
upregulation of genes involved in cancer development and progression. 

SOX4-dependent TGF-β target genes correlate with poor-prognosis 
TGF-β pathway activity is associated with bad prognosis in only a subset of breast cancer patients 
of the claudinlow subtype. This is consistent with, TGF-β’s in vitro and in vivo pro-tumorigenic roles 
in claudinlow cells 22,36,37. To evaluate whether the SOX4-dependent and independent TGF-β gene 
expression signatures were associated with patient survival in claudinlow tumors, gene expression 
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Figure 3. Identification of SOX4-dependent TGF-β target genes. (A) Heatmap of SOX4-SMAD3 co-bound 
and SOX4-dependent TGF-β target genes core identified by RNA-seq. HMLE cells transduced with scrambled 
control and SOX4 targeting shRNA constructs were treated with TGF-β (2.5ng/ml) for 16 hours after which 
RNA was isolated and analyzed by RNA-seq. (B) Gene-ontology analysis using metascape (http://metascape.
org) of SOX4-SMAD3 co-bound and SOX4-dependent TGF-β target genes. Significant GO-term clusters are 
visualized (p<0.05). (C) qRT-PCR results showing the effect of TGF-β (16 hours) on expression of SOX4-
dependent and independent TGF-β target genes. Data represented as mean ± SD, normalized for β2m 
(N=3).
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data from the METABRIC cohort of breast cancer patients was stratified according to similarity 
to each of the signatures. Kaplan–Meier analysis of breast tumors with the 25% extreme high 
and low correlation values with SOX4-dependent TGF-β gene expression signature (84 genes) 
demonstrated a significant correlation with diminished disease-specific survival (DSS) in claudinlow 
tumors (Fig. 4A; left panel). In contrast, analysis of the total TGF-β signature devoid of SOX4-
SMAD3 co-bound and SOX4-dependent TGF-β target genes showed little-to-no association with 
clinical outcome (Fig. 4A; right panel). This, suggests that SOX4 redirects TGF-β cellular response 
towards a pro-malignant clinical outcome, where SOX4-dependent transcriptional targets play an 
important role in TGF-β-mediated tumor progression. In agreement with the context dependent 
nature of the TGF-β response, no association with survival was observed in luminal A, luminal 
B, HER2 and basal-like tumor subtypes for both signatures, with the exception of normal-like 
tumor subtype (Fig. S5A). Since SOX4 modulates a TGF-β gene transcriptional network enriched 
in genes associated with cell migration and that are associated with poor-prognosis in claudinlow 
breast cancer patients, we asked whether SOX4 is required for the TGF-β mediated induction 
of pro-migratory effects in the claudinlow MDA-MB-231 cell line. To this end, we performed 
transwell assays utilizing SOX4 depleted and control MDA-MB-231 cells (Fig. S5B) expressing 
a control vector or a vector containing the constitutively active TGF-β receptor. SOX4 depletion 
significantly reduced migration of highly metastatic MDA-MB-231 breast cancer cells ectopically 
expressing the constitutively active TGF-β receptor (Fig. 4B-C). In addition, SOX4 knockdown 
also affected migration in control cells, suggesting that SOX4 affects autocrine TGF-β signaling 
in these cells. 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 claudinlow breast 
tumors.

Discussion
Although SOX4 is overexpressed in a large number of human cancers, the cellular responses 
elicited by this transcription factor are highly divergent, thus SOX4 can act as a tumor-suppressor 
or pro-oncogenic factor depending on the cell-type and context 2. 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., 2013). These observations suggest that cell-
type specific factors, such as the epigenome and co-factors shape the transcriptional network 
of SOX4. However, the contextual effects induced by SOX4 remain poorly defined. Here we 
aim to identify the molecular mechanisms determining the cell context-specific transcriptional 
output and target gene selection to better understand SOX4-driven tumorigenesis and identify 
therapeutic avenues that specifically disrupt its pro-oncogenic function. 
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 28,38. Here, we identified a novel interaction between SOX4 and the TGF-β effector 
transcription factor SMAD3 and subsequently identified SOX4 as a mediator of the pro-oncogenic 
effects of the TGF-β signaling pathway. Many of the previously described SMAD3 co-factors are 
also transcriptional targets of the TGF-β signaling pathway thus forming a feedback loop that 
regulate TGF-β’s transcriptional network 11. In a similar manner, transcriptional regulation of SOX4 
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Figure 4. SOX4-dependent TGF-β target genes correlate with poor-prognosis and invasiveness in breast 
cancer. (A) Kaplan–Meier estimates of disease-specific survival (DSS) for top (red) and low (blue) quartiles of 
SOX4-dependent TGF-β signature or TGF-β signature minus SOX4-SMAD3 co-bound and SOX4-dependent 
TGF-β target gene-set in claudinlow breast tumors subtype. (B) Quantification of transwell migration of MDA-
MB-231 cells transduced with empty vector (EV) or the constitutively active TGF-β receptor (TGFBR-CA) and 
scrambled control or SOX4 knockdown shRNA constructs. The number of cells present in the lower well 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. (C) Representative images of 
transwell assay stained for DAPI to visualize migrated MDA-MB-231 cells.



4

86

Chapter 4

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 TGF-β responses in additional cell-types in which SOX4 is 
induced by TGF-β including glioma, pituitary-cells and T-cells 8,9,14. 
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 
39,40. Depletion of SOX4 affected a specific subset of TGF-β transcriptional targets, suggesting that 
in HMLE 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 showing that C/
EBPβ, FOXO and AP1, control distinct subsets of TGF-β target genes through cooperative binding 
with SMAD3 41,42. 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 HMLE, 
MDA-MB-231 and HCC1954 cells, suggesting that additional cell-type specific factors in concert 
with the epigenome determine binding and target gene activation. 
SOX4-dependent TGF-β target genes were observed to be enriched for processes such as cell 
migration and extracellular matrix organization. Interestingly, this subset of SOX4 dependent 
TGF-β target genes was also enriched for gene ontology terms related to cardiovascular system 
development matching phenotype connected to SOX4 depletion in knockout mice 43. 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 the claudinlow subtype. The majority of claudinlow breast cancers are 
characterized by low expression levels of luminal differentiation markers and high levels of EMT 
markers 26. In line with these observations, SOX4 expression has been shown to contribute to 
TGF-β-mediated EMT in human mammary cells 5,10,29, suggesting that SOX4-mediated reduction 
of disease-specific survival (DSS) is achieved by regulating genes involved in the acquisition of 
mesenchymal traits. Differences in outcome in breast cancer have been linked to cell-type-
dependent co-factors and enrichment of stem cell-like traits 22. Taken together, our results 
suggest a novel role for SOX4 in the TGF-β signaling pathway by acting as a SMAD3 co-factor and 
cooperatively regulating pro-metastatic genes contributing to poor outcome in breast cancer 
patients. Lack of correlation with disease outcome and SOX4-dependent TGF-β signature in 
other breast cancer subtypes is possibly due to differences in cell-type specific epigenomes and 
SOX4 co-factors. 
Consistent with a pro-metastatic role in claudinlow tumors, we observed that SOX4 depletion 
affects MDA-MB-231 migration in the presence of TGF-β. 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 22. Accordingly, we observe that SOX4-
SMAD3 co-bound sites are almost 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. In line with these observations, it has been demonstrated that in pancreatic 
ductal adenocarcinoma (PDA), SOX4 can control either pro-apoptotic or pro-metastatic gene 
expression networks downstream of TGF-β, dependent on the cell-type dependent expression 
of SMAD4 and KLF5 18. In our dataset, the SOX4-dependent TGF-β signature does not appear to 
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correlate with genes associated with apoptosis and SOX4-depedent induction of pro-metastatic 
TGF-β target genes in breast cancer appears to be independent of KLF5 expression (Fig. S5C), 
suggesting that regulation of these gene-sets is dependent on distinct transcription factors and 
a permissive epigenome.
Taken together, our findings strongly support that SOX4 is not only a TGF-β target but also 
a critical effector of the TGF-β signaling pathway in breast epithelial cells. 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 claudinlow tumors indicates that targeting of the interaction 
between SOX4 and SMAD3 may have therapeutic merit in this subtype. 



4

88

Chapter 4

Materials and Methods
Cell culture and co-Immunoprecipitation assays
HEK293T, MDA-MB-231, HCC1954, MCF-7 and HMLE cells were cultured as described previously 
(Beekman et al., 2012; Bruna et al., 2012; Vervoort et al., 2013). For co-immunoprecipitation 
experiments HEK293T cells 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 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 2 hours at 4°C. After 3 
wash steps in E1A buffer, samples were collected and boiled for 5 min in Laemmli sample buffer. 
Western blot analysis was subsequently performed as described previously 23. In order to avoid 
background signal from the IgG heavy chain of the antibody used for immunoprecipitation, HRP-
conjugated FLAG (A8592, Sigma-Aldrich) and HA (A00169-40, Genscript) antibodies were used 
for the detection of co-immunoprecipitated proteins. Protein expression of whole cell lysates 
was assessed by using the following primary antibodies: anti-FLAG (Sigma, F7425) and anti-HA 
(A00168-40, Genscript). 

Generation of shRNA-based deletion of SOX4
To generate SOX4-depleted HMLE cells and respective control, 2 independent pLKO.1-puro 
lentiviral constructs expressing shRNA targeting SOX4 (Sigma) or expressing shRNA control  were 
used, respectively. Lentivirus particles were produced by transfection of HEK293T cells with 3.25 
ug of Pax2, 1.8 μg of pMD2.G and 5 μg of shRNA contracts. 24 hours after transfection, medium 
was replaced by MEGM:DMEM/F12 media. Viral supernatants were collected 24 hours after and 
filtered through a 0.22 μm filter and added to the HMLE cells. Cells were selected using 1μg/
ml of puromycin (invivoGen). Cells were maintained in 1μg/ml of puromycin through the cell 
culture. 

TF-TF interaction array
MCF7 cells were transiently transfected with FLAG-tagged Sox4 or empty vector control. Nuclear 
extracts were generated 48 hours after transfection. Immunoprecipitation was performed using 
anti-FLAG coupled beads (A2220, Sigma-Aldrich). The TF-TF-screen was performed according to 
manufacturer’s protocol (Panomics). The hybridized arrays were probed using streptavidin-HRP 
and were detected using ECL (GE Healthcare). 

Chromatin immunoprecipitation – sequencing (ChIP-seq)
Chromatin-immunoprecipitation was performed in HMLE, MDA-MB-231 and HCC1954 cells 
using five 15cm dishes per condition, as described previously 24. HMLE cells were either treated 
with TGF-β (2.5ng/ml) for 16 hours or left untreated prior to the assay.  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 5 min after which cells were washed in PBS and nuclear extracts were generated. 
Sonication using covaris was subsequently performed for 8 min at maximum output, after which 
immunoprecipitation was performed using 15μl of the rabbit anti-SOX4 (CS-129-100, Diagenode) 
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or 2µg of the rabbit anti-SMAD3 (ab28379, abcam) antibodies coupled to protein A/G sepharose 
beads (sc-2003, 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
HMLE cells were cultured on microscope glasses (Sigma-Aldrich) and were left untreated or treated 
for 16h prior to the assay. For the proximity ligation assay, cells were washed once in phosphate-
buffered saline (PBS) solution and fixed using 4% paraformaldehyde in PBS for 20 minutes at 
room temperature (RT). Subsequently, cells were washed twice in PBS and permeabilized in PBS 
0.25% triton for 5 min at RT. Samples were washed in PBS and blocking was performed in PBS 
containing 2% bovine serum albumin (BSA) for 1 hour at RT. Posteriorly, cells were incubated 
with anti-SOX4 (Sigma-Aldrich, HPA029901) and/or anti-SMAD3 (Thermo Scientific, MA5-15663) 
antibodies, overnight at 4 degrees. After incubation with primary antibodies, procedure was 
followed according to the manufacturer’s protocol (Olink Bioscience). Accordingly, cells were 
washed twice in PBS and subsequently incubated with the secondary mouse PLUS (DUO92001, 
Sigma-Aldrich) and rabbit MINUS (Duo92005, Sigma-Aldrich) probes for 1 hour at 37°C in a dark 
humidity chamber. Cells were washed 3 times in PBS, followed by a ligation step for 30 minutes at 
37°C in a dark humidity chamber (DUO92007, Sigma-Aldrich). Again, cells were washed, followed 
by amplification and detection for 90 minutes at 37°C in a dark humidity chamber (DUO92007, 
Sigma-Aldrich). After this, cells were washed 3 times in PBS and mounted in 4uL Prolong Gold 
anti-fade reagent with DAPI (Invitrogen). PLA signal was assessed by confocal microscopy (Zeiss 
LSM 700) using the 555 nm channel. 

RNA sequencing
HMLE cells were transduced using lentiviral transduction with scrambled control or SOX4 targeting 
shRNA constructs as described previously 10. The cells were treated with TGF-β for 16 hours after 
which RNA was isolated using the RNeasy kit (Qiagen) according to the manufacturer’s protocol. 
Purified RNA was subsequently used for RNA-seq library preparation as described previously 
24, and sequenced on the SOLiD Wildfire sequencer (Applied Biosystems Life Technologies). 
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.

Transwell migration assay
Transwell assay were performed according to the manufacture’s protocol (Corning). Briefly, 
30.000 scrambled control or 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. 
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Survival Analysis
The Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) cohort 
includes DNA copy number, whole gene expression and breast cancer-specific survival of 1980 
patients (accession number EGAS00000000083) 25. Claudin-low subtyping was performed 
using transcriptomic data and the predictor developed by Prat et al. 26. Signature analysis was 
performed using the genes that were more than 0.5 log2 fold change differentially expressed 
between TGF-β-treated or SOX4 knockdown cells and their respective controls. Two signatures 
were derived: 1) overlapping regulated genes between TGF-β and SOX4 and 2) TGF-β without 
SOX4-associated genes. Samples were assigned a Spearman correlation-based score calculated 
between the gene expression data of each tumour and each signature. Survival was analysed 
using Kaplan-Meier curves and significance assessed by log-rank test. Data were analysed using 
R 3.2.2 and a two-sided p<0.05 was considered significant.

Quantification of RNA expression (q-PCR)
mRNA was extracted from cells using the Rneasy Isolation Kit (Qiagen). 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). cDNA samples were amplified using SYBR 
green supermix (BIO-Rad), in a white 96 multiwell plate by LightCycler 96 system instrument 
(Roche) 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. 

Signature analysis
Analysis of the SOX4-dependent TGF-β target genes was performed using the online GOBO-
software 27.

Statistical analysis 
Data are represented as mean ± SD of at least three independent experiments. Differences 
were analyzed by unpaired two-tailed t-test between two groups and by Two-way ANOVA for 
differences between more than two groups.
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Supplementary Figures
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Figure S1. Schematic representation of the TF-TF interaction array procedure.
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Figure S2. (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, 
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indicated peak-centers. (C) Motif distribution of SOX4 and SMAD3 consensus DNA-binding motifs in SOX4-
only, SMAD3-only and co-bound sites.



4

94

Chapter 4

SMAD3
Control TGFβ

SOX4
Control TGFβ

HCC-1954

(WT TGFβ)
SMAD3 SOX4

HCC-1954

MDA-MB-231
SOX4 peaks (24905)

SMAD3 peaks (62456)

19876

5029

42580

HCC1954

SOX4 peaks (13874)

SMAD3 peaks (62397)

12520

1354

49877

A
(WT TGFβ)

SMAD3 SOX4

MDA-MB-231B

SMAD3
Control TGFβ

SOX4
Control TGFβ

MDA-MB-231C

D
Co-bound sites overlap within 1kb distance 

MDA-MB-231

HCC1954

HMLE

2909

26671717
2074

117409465

5957

Figure S3. (A) Venn-diagrams representing the overlap in SOX4 and SMAD3 binding sites identified by ChIP-
seq in MDA-MB-231 and HCC1954 cells. (B) Heatmap representing SOX4 and SMAD3 occupancy at genomic 
loci surrounding SOX4 and SMAD3 bound sites (10kb window). (C) Heatmap representing the occupancy of 
SOX4 and SMAD3 at 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 S4. (A) Validation of SOX4 knockdowns in HMLE cells by quantitative real-time PCR analysis. (B) 
Gene-expression heatmap of SOX4-dependent TGF-β target genes identified by RNA-seq. (C) qRT-PCR 
results showing the effect of TGF-β (16 hours) on SOX4 expression. (D) Validation of SOX4 knockdowns in 
MDA-MB-231 cells by quantitative real-time PCR analysis.



4

96

Chapter 4

� � �

�
� �� � � � � � �� � � � ��� � �� � � � � � � � � �

�

� �

�
�

�

�

�

���

�� � � �� � � �� � � � � � � � � � � �

50 100 150 200 250 300
Time (months)

0

D
SS

 (%
)

20
40

60
80

10
0

0

Bottom 25%  (n=53)
Top 25% (n=52)

pvalue= 0.9

Basal-like tumors
� � �

� � � �� ��� ��

� �� � � �� � � � �� � � � � � � � �� � � � �

�

�

�
� ��

� ��

�

������� �� � �� � �� � � � �� � � �

0 50 100 150 200 250 300
Time (months)

D
SS

 (%
)

20
40

60
80

10
0

0
Bottom 25%  (n=53)
Top 25% (n=52)

pvalue= 0.4

�

�

�
�

� � � �

�

� ����

�

�� �

� � ���� �

� � � � �

�

�

�

�

�
��

�

�

�

� �

� �

� �� �� � �� � � � � � � � � �

0 50 100 150 200 250 300
Time (months)

D
SS

 (%
)

20
40

60
80

10
0

0

Bottom 25%  (n=56)
Top 25% (n=56)

pvalue= 0.7

Her2 tumors
�

��

�

� �

�

�

�� � �

�

�

� � ��

� �� �

� � � � � � �

� �

� �

�

�

�

��� ��

�

�

���

� � ��

� � �� � � �

Bottom 25%  (n=56)
Top 25% (n=56)

0 50 100 150 200 250 300
Time (months)

D
SS

 (%
)

20
40

60
80

10
0

0

pvalue= 0.2

�� ���
��� �� � �� �� ����� ���� ���� ������������� � �

��� �

�
� �� ���� ���

���������
���

����
����

�� �����

�
������ ��� �

��������������������������������� � �� �� ���� � � � �

� �������
�

� � �����

��� �������������������������
�

�� ����
����

� ��� ����� �����
� �������

��
���

��������
��� ���������������� �������

������� ����� ��

� ��� � � �� � �

0 50 100 150 200 250 300
Time (months)

D
SS

 (%
)

20
40

60
80

10
0

0

pvalue= 0.5

Bottom 25%  (n=175)
Top 25% (n=175)

Luminal A tumors
����

� � � � � ����� �� ����� � �������������� ��������

����� �� � ���
���

� ����
����

� ��
���

��� ������
����������

������������������ �

� � � ������� ������� � �� � � �� �� � �� � � � � �

� ���� � �����
�������� � �������� ���� �������������������

���� �������
�
��� ������� � �����

�

�

����� �� �������������������� �����

� ������ � ���

������ � � � �� �� � �

0 50 100 150 200 250 300
Time (months)

D
SS

 (%
)

20
40

60
80

10
0

0

Bottom 25%  (n=175)
Top 25% (n=175)

pvalue= 0.8

���� ���
� �� � ��

�

�
� ���

�
�

����

�

���
�����

�� �

���
�

� �� ��
�
���

� � ��� � ���� � ���

�

���� � ��������� �� �

� � �

�� ��
�� �

�

��
�

�

�
��
�
�
�

� ��������������
�� ��

�
��

�

�

�� �� ��
� ������

���� � ���� � �� � � �� ��� � � �� � � �

0 50 100 150 200 250 300
Time (months)

D
SS

 (%
)

20
40

60
80

10
0

0

Bottom 25%  (n=119)
Top 25% (n=118)

pvalue= 0.3 �� � ��
� � �

� �
�
�

�
�
�

�
��� ��

���
��

��
� ��

� �
�

�� �� � ����

�� �
���� � �

� � � ���� �� ��� � ����� �

� �

� �

�

� � �

���
���

�
�

�

���
�

�
��

�

��
����

��������
������������

�
�
� �� �� ��

�
�

�
� � �

���� � �

���

� �� � ��� �� � � �

Bottom 25%  (n=119)
Top 25% (n=118)

pvalue= 0.4

0 50 100 150 200 250 300
Time (months)

D
SS

 (%
)

20
40

60
80

10
0

0

Luminal B tumors

�

� � ��

�

� � � �

� �

� � � ��

� � ���� � ��� � ��

�

� � ��

�

�

�

�� �

� � �

�

�

� �

� � � �

Bottom 25%  (n=37)
Top 25% (n=37)

0 50 100 150 200 250 300
Time (months)

D
SS

 (%
)

20
40

60
80

10
0

0

pvalue= 0.015

Bottom 25%  (n=37)
Top 25% (n=37)

pvalue= 0.3

0 50 100 150 200 250 300
Time (months)

D
SS

 (%
)

20
40

60
80

10
0

0

�

�

� � �

� �

�

�

� �� ��

� �� � �� � � � � �

�� � ��

���

��� �� � � ��� �

� �

�

�� � � � � � � �

Normal-like tumors

TGFβ-SOX4 TGFβ minus 84 co-bound TGFβ-SOX4 TGFβ minus 84 co-bound 

KLF5

shSCR_Unt1

shSCR_Unt2

shSCR_16h(1)

shSCR_16h(2)

shSOX4_16h(1)

shSOX4_16h(2)

shSOX4_Unt1

shSOX4_Unt2

0

235

0

235

0

235

0

235

0

235

0

235

0

235

0

235

R
PK

M

5KbC

A

B

SCR

sh
SOX4_

1

sh
SOX4_

2
0.0

0.5

1.0

1.5
SOX4

Fo
ld

 c
ha

ng
e 

re
la

tiv
e 

to
 β

2m

Figure S5. (A) Kaplan–Meier estimates of disease-specific survival (DSS) for top (red) and low (blue) 
quartiles of SOX4-dependent TGF-β signature or TGF-β signature minus SOX4-dependent and SOX4/SMAD3 
co-bound genes in profiled breast cancers patient samples. (B) Results from qRT-PCR showing SOX4 mRNA 
levels in MDA-MB-231 expressing shRNA control (SCR) or two independent shRNAs targeting human 
SOX4 (shSOX4_1 and shSOX4_2). Data represented as mean ± SD of three independent experiments. (C) 
Visualization of RNA-seq profile for the KLF5 gene in HMLE cells expressing shRNA scrambled or shRNA 
targeting SOX4 upon TGF-β stimulation (16h). RPKM: reads per kilobase of transcript per million mapped 
reads.
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Abstract
The SRY-related HMG box 4 (SOX4) transcription factor plays a determinative role during 
embryonic development and adult tissue homeostasis. In a range of human cancers, elevated SOX4 
expression has been demonstrated to contribute to both tumor-development and progression. 
However, in a small subset of tumors, SOX4 has also been reported to act as tumor suppressor. 
These contradictory roles suggest that SOX4 activity is tightly regulated. Despite the fact that there 
is a clear role for SOX4 in tumorigenesis, little is known about its transcriptional regulation. Post-
translational modifications (PTMs) are well documented to have wide effects on protein stability, 
activity and subcellular distribution of many proteins, thereby controlling a wide variety of cellular 
and developmental processes. Here, we demonstrate that tyrosine residue Y126 is crucial for 
Sox4 transcriptional activity. Although tyrosine residues (Y) can be phosphorylated, we observed 
similar phosphorylation levels between both wild-type (WT) and Y126F variant. Replacement of 
Y126 residue by phenylalanine (F) did not affect intracellular localization, whereas DNA binding 
ability was strongly reduced. Using quantitative mass spectrometry analysis, we identify Y126 
as critical residue in establishing interactions with DNA-associated proteins, including histones. 
Taken together, our data suggest that Y126 residue contributes to Sox4 transcriptional output in a 
phosphorylation independent-manner by promoting Sox4 interaction with chromatin-associated 
proteins, thereby influencing Sox4-mediated gene expression.

Introduction
Sox4 is a member of the highly conserved group C of SOX transcription factors family 1. SOXC 
members (SOX4, SOX11 and SOX12) comprise two different functional domains: a Sry-related 
HMG box DNA-binding domain and a transactivation domain (TAD). Located in the N-terminal, 
HMG box domain confers the ability to both bind and bend DNA upon binding to the minor 
groove 2. The intronless SOX4 gene encodes a 47kDa protein that migrates abnormally at 70kDa 
on SDS-PAGE gel 3,4 and is able to bind to both a primary AACAAAG and a secondary AATTGTT 
motifs 5. Modulation of gene expression by Sox4 contributes to a variety of cellular processes 
during embryogenesis, including neurogenesis, T- and B- cell differentiation, cardiogenesis and 
pancreatic islets formation 6–9. Consistent with its role in in these tissues, Sox4-/- mice die around 
embryonic day 14 (E14) due to circulatory system and heart outflow tract malformations, resulting 
in cardiac failure 6,10. Besides its widespread expression in embryonic tissues, Sox4 is also expressed 
in adult tissues. Although to a lesser extent, Sox4 expression is found in gonads, pancreatic 
islet cells, female reproductive tissues, thymus, hematopoietic stem cells and mammary stem 
cells 9,11–16. Restricted Sox4 expression in adult tissues suggests that tissue homeostasis relies 
on tight regulation of Sox4 activity. Indeed, elevated Sox4 expression levels have been linked 
to the pathogenesis of a wide variety of human cancer 17. Forced expression of Sox4 has been 
demonstrated to contribute to tumor initiation by modulating distinct cellular processes including 
inhibition of apoptosis, increased cell migration and self-renewal ability of cancer stem cells 18–

21. Additionally, recent studies have shown that Sox4 expression is rapidly induced upon TGF-β 
signaling, contributing to epithelial-to-mesenchymal transition (EMT), a potent developmental 
process involved in metastasis formation 22–24. Contrastingly, elevated SOX4 expression have also 
been demonstrated to correlate with better prognosis in a variety of cancers, including bladder 
cancer, melanoma and hepatocellular carcinoma, where SOX4 tumor suppressive function has 
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been attributed to its ability to induce apoptosis and to negatively regulate cell migration and 
invasion 25–27. These counter intuitive roles for SOX4 function suggest that SOX4 activity could be 
functionally regulated post-transcriptionally, such as by post-translational modifications (PTMs). 
Despite the important role of PTMs for the functional output of many transcription factors, 
knowledge about Sox4 regulation at this level remains limited. Phosphorylation is one of many 
PTMs that have been demonstrated to regulate the transcriptional activity of transcription factors 
28. Although the frequency of tyrosine phosphorylation occurrence is much lower compared 
to serine and threonine phosphorylation, tyrosine phosphorylation plays a pivotal role in the 
regulation of a wide variety of cellular processes in all eukaryotic cells, including cell proliferation, 
neural transmission and metabolic homeostasis 29–31. In addition, unlike phosphorylated (p)-
serine or p-threonine residues, p-tyrosines rarely play a structural role in proteins, contributing 
primarily with a regulatory function 31. 
Here, we identified Y126 residue as critical for Sox4 transcriptional activity. The replacement 
of this amino acid was sufficient to abolish Sox4 transactivation capacity, yet nuclear import 
and phosphorylation levels were unaffected. We demonstrated that Y126 residue is important 
for Sox4 DNA binding ability by interacting with chromatin-associated proteins. Taken together, 
these data suggest that modulation of Sox4 activity by interfering with Y126 residue may inhibit 
cancer progression and contribute to better-disease outcome.

Results
Sox4 tyrosine residue 126 is crucial for Sox4 transcriptional activity
Both mouse and human Sox4 proteins display a high degree of amino acids sequence homology 
(82%), including all 9 tyrosines residues (Figure 1A), suggesting a potential conserved mechanism 
of Sox4 regulation. To identify tyrosine residues potentially involved in the regulation of Sox4 
transcriptional activity, we generated Sox4 mutants comprising single tyrosines replaced by 
phenylalanine residues as well as Sox4 mutant containing all 9 tyrosines changed by phenylalanines 
(Y9xF). To determine the effect of the mutations on Sox4 transcriptional output, luciferase assays 
were performed using a luciferase reporter containing several Sox4 optimal binding motifs (Sox4 
optimal reporter). HEK293T cells were transfected with empty vector (EV), Sox4 WT and Y to F 
mutants and co-transfected with Sox4 optimal reporter. As expected, transfection of Sox4 WT 
resulted in robust activation of the reporter. Whereas, the majority of the mutants showed no 
significant changes of their transcriptional output, the replacement of Y126 residue contributed 
to a strong reduction of reporter activation (Figure 1B). The replacement of all tyrosine residues 
completely abolished Sox4 transcriptional activity as showed by similar luciferase levels as the 
empty vector (Figure 1B). Additionally, the introduction of Y265F resulted in abnormal migration 
of Sox4 protein, therefore this mutant was not evaluated further (Figure 1B). 
To assess whether single introduction of Y126 residue could restore Sox4 transcriptional activity, 
individual tyrosines were re-introduced in the Y9xF mutant background and luciferase assays 
were performed using the Sox4 optimal reporter. The introduction of Y126 alone was sufficient 
to rescue over 75% of Sox4 transcriptional activity, whereas no increased activity was observed 
in the other mutants (Figure 1C). To determine the effect of Y126F and F126Y mutants on the 
transcriptional regulation of known Sox4 target genes, luciferase reporters containing regulatory 
regions of CDH2 and TEAD2 genes were used. To this end, HEK293T cells were transfected with 
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Figure 1 – Sox4 tyrosine residue 126 is crucial for Sox4 transcriptional activity. (A) Sequence alignment 
of murine and human SOX4 showing conservation among tyrosine residues. (B) HEK293T cells were 
transfected with empty vector (EV), Flag-tagged Sox4 WT or Flag-tagged Sox4 single Y-to-F mutants and 
co-transfected with Sox4 optimal reporter and internal transfection control pTK-Renilla reporter. Cells 
were lysed and assayed as described in Material and Methods. Sox4 expression levels were assessed by 
immunoblotting using anti-Flag antibody and tubulin as loading control. (C) HEK293T cells were transfected 
with empty vector (EV), Flag-tagged Sox4 WT or Flag-tagged Sox4 single F-to-Y mutants and co-transfected 
with Sox4 optimal reporter and internal transfection control pTK-Renilla reporter. Cells were lysed and
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EV, Sox4 WT, Sox4 Y126F or Sox4 F126Y and co-transfected with TEAD2 or CDH2 reporters. In 
both reporters, transfection of Sox4 WT induced transcriptional activation of luciferase (Figure 
1D). Consistent with the results observed using Sox4 optimal reporter, Sox4 Y126F showed 
reduced transcriptional activity and Sox4 F126Y mutant was able to rescue Sox4 activity, 
although to a lesser extent (Figure 1D). To assess whether changes in Sox4 transcriptional 
activity by Y126F mutation was also observed in more physiological settings, luciferase assays 
using CDH2 reporter were performed in human epithelial mammary cells (HMLEs), where SOX4 
has been demonstrated to contribute to TGF-β-mediated EMT by inducing CDH2 expression 
22. Accordingly, transfection of Sox4 Y126F resulted in diminished transcriptional activation of 
CDH2 reporter, whereas the transfection of Sox4 F126Y contributed to a significant restoration 
of luciferase levels (Figure 1E). Differences in the strength of transcriptional activity among 
Sox4 constructs are unlikely to be a result of differences in protein expression as showed by 
Immunoblotting analysis (Figure 1F). These findings suggest that Y126 is critical for the activation 
of Sox4 gene expression. Previous studies performed on Coffin–Siris syndrome patients have 
identified a missense mutation in the HMG box domain of Sox11, in which Y116 residue was 
altered to a cysteine (C) resulting in a dysfunctional and transcriptional inactive Sox11 40. As HMG 
box domains are highly conserved within Sox family groups, sequence alignment between Sox4 
and Sox11 HMG domains was performed (Figure 1G). Sox4 Y126 is indeed the homolog of Sox11 
Y116, corroborating the importance of this tyrosine residue on transcriptional regulation of Sox 
elements. Together, these data demonstrate that Y126 plays a pivotal role in the transcriptional 
ability of Sox4.

Regulation of transcriptional activity by Sox4 Y126 occurs independently of tyrosine 
phosphorylation
Although, phenylalanine and tyrosine residues display similar structural properties, phenylalanine 
lacks the hydroxyl group crucial for phosphorylation. Y-to-F substitution therefore mimics the 
unphosphorylated state of the protein. To determine whether Sox4 WT is indeed tyrosine 
phosphorylated, HEK293T cells were transfected with EV, Sox4 WT or Sox4 Y9xF and were either 
left untreated or stimulated with pervanadate, a cell permeable tyrosine phosphatase inhibitor 
that induces global levels of protein tyrosine phosphorylation. Immunoblotting analysis revealed 
that pervanadate treatment resulted in increased phosphorylation of Sox4 WT (Figure 2A). 

assayed as described in Material and Methods. Sox4 expression levels are assessed by immunoblotting 
using anti-Flag antibody and tubulin as loading control. (D) Left panel: HEK293T cells were transfected 
with empty vector (EV), Flag-tagged Sox4 WT, Flag-tagged Sox4 Y126F or Flag-tagged Sox4 F126Y and co-
transfected with TEAD2 reporter and internal transfection control pTK-Renilla reporter. Cells were lysed and 
assayed as described in Material and Methods. Right panel: HEK293T cells were transfected with empty 
vector (EV), Flag-tagged Sox4 WT, Flag-tagged Sox4 Y126F or Flag-tagged Sox4 F126Y and co-transfected 
with CDH2 reporter and internal transfection control pTK-Renilla reporter. Cells were lysed and assayed as 
described in Material and Methods. (E) HMLE cells were transfected with empty vector (EV), Flag-tagged 
Sox4 WT, Flag-tagged Sox4 Y126F or Flag-tagged Sox4 F126Y and co-transfected with CDH2 reporter and 
internal transfection control pTK-Renilla reporter. Cells were lysed and assayed as described in Material and 
Methods. (F) Sox4 expression levels were assessed by immunoblotting using anti-Flag antibody and anti-
tubulin as loading control. (G) Sequence alignment of the highly conserved mSOX4 and mSOX11 HMG box 
domains. Sox4 Y126 residue and its homolog Y116 are indicated.  “;” represent non-conserved aminoacids 
between members.
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As expected, the replacement of all tyrosines by phenylalanine residues (Y9xF) prevented any 
changes in phosphorylation levels, regardless of pervanadate treatment (Figure 2A). To assess 
the effect of Y126 residue on Sox4 tyrosine phosphorylation, HEK293T cells were transfected with 
EV, Sox4 WT, Sox4 Y126F or Sox4 F126Y and either left untreated or stimulated with pervanadate. 
Immunoblotting results showed no reduction of Sox4 phosphorylation levels in the absence of 
Y126 residue. Additionally, no phosphorylation was detected on Sox4 F126Y mutant (Figure 2B). 
Taken together, these data demonstrate that Sox4 can be tyrosine phosphorylated but this can 
occur independently of Y126 residue. 

Mutation in Y126 does not affect Sox4 nuclear localization, however disrupts DNA binding 
ability
Regulation of gene expression is accomplished by an elaborate assembly of nuclear proteins, 
including transcription factors, chromatin remodelers, and RNA polymerase, among others. 
Transcription factors can often translocate between cytoplasm and nucleus 41, and since Sox4 
Y126F variant demonstrated diminished transcriptional activity, we investigated the subcellular 
localization of this mutant. To this end, U2OS cells were transfected with Sox4 WT or Sox4 Y126F 
and localization was analyzed by immunofluorescence microscopy. As expected, Sox4 WT was 
located in the nucleus 42 (Figure 3A). Similarly, we observed that Sox4 Y126F was also localized in 
the nucleus, suggesting that differences observed in transcriptional output of the Y126F mutant 
was not a result of nuclear exclusion (Figure 3A). To determine whether Y126 residue is crucial for 
Sox4 DNA-binding, pull-down assays were performed with biotinylated DNA-probes containing 
Sox4 binding motifs (WT) or control probes (Ctrl). In addition, Sox4 Y123F mutant was included 
as a positive control since Y123F substitution had no effect in Sox4 transcriptional activity (Figure 
1B), indicating that structural conformation of DNA-recognition domain is unlikely to be affected 
by the Y-to-F replacement. Whereas Sox4 WT and Sox4 Y123F were found to specifically bind 
to the Sox4 recognition sequence, Sox4 Y126F mutant showed decreased binding capacity 
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Figure 2 – Regulation of transcriptional activity by Y126 residue occurs independently of tyrosine 
phosphorylation. (A) HEK293T cells were transfected with empty vector (EV), Flag-tagged Sox4 WT or 
Flag-tagged Sox4 Y9xF. Prior lysis, cells were treated with pervanadate for 15 minutes at 37 degrees. Cells 
were lysed using RIPA buffer and anti-Flag IP was performed. Protein phosphorylation was assessed by 
immunoblotting using anti-pY antibody and Sox4 expression levels assayed using anti-Flag antibody. Tubulin 
antibody was used as loading control. (B) HEK293T cells were transfected with empty vector (EV), Flag-
tagged Sox4 WT, Flag-tagged Sox4 Y126F or Flag-tagged Sox4 F126Y. Before lysis, cells were treated with 
pervanadate for 15 minutes at 37 degrees. Cells were lysed using RIPA buffer and anti-Flag IP was performed. 
Protein phosphorylation was assessed by western blotting using anti-pY antibody and Sox4 expression levels 
assayed by using anti-Flag antibody. Tubulin antibody was used as loading control.
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(Figure 3B), suggesting that specific alteration of Y126 residue impairs Sox4-DNA interaction. To 
confirm that Y126 is important for Sox4 DNA binding capacity, we substituted Y126 residue with 
phenylalanine on a Sox4 dominant-negative mutant (DN). This Sox4 dominant-negative mutant, 
comprising the initial 135 aminoacids of the protein, has been shown to compete with Sox4 WT 
for DNA binding, yet it is unable to induce transcription. Therefore, co-transfection of Sox4 WT 
and Sox4 DN results in the inhibition of Sox4-mediated reporter activation 4. To this end, HEK293T 
cells were transfected with Sox4 WT and increased amounts of either Sox4 DN or Sox4 DN Y126F 
and transcriptional output was analyzed by luciferase assay using Sox4 optimal reporter. In 
contrast to Sox4 DN, that strongly abrogated Sox4 WT transcriptional ability, Sox4 DN Y126F 
displayed reduced ability in inhibiting Sox4 WT reporter activation (Figure 3C). This suggests that 
Y126F substitution is sufficient to impair Sox4 DNA binding ability. According to the previously 
resolved crystal structure of Sox4 HMG box bound to DNA, Y126 residue is localized outside 
of all three alpha-helices of the protein 5. However, to evaluate whether the Y126F mutation 
may still result in structural alteration of the HMG domain folding, computational modeling 
of Sox4 WT:DNA and Sox4 Y126F:DNA complexes was performed (Figure 3D). Comparison of 
HADDOCK scores between Sox4 WT and Sox4 Y126F mutant showed no significant differences 
in Sox4:DNA stabilization, suggesting that Y126F alteration is unlikely to disturb the complex 
(Figure 3E). Taken together, these findings suggest that Y126 residue does not contribute for 
Sox4 nuclear localization signal, however plays an important role in Sox4 DNA binding capacity 
without affecting the structural conformation of HMG-box domain. 

Y126 mutation reduces Sox4 interaction with chromatin-associated proteins
Direct cooperative binding among transcription factors and co-factors plays a crucial role in the 
regulation of gene activation 43. To determine whether Y126 residue is important in stablishing 
protein-protein interactions, quantitative proteomics using SILAC (stable-isotope labelling by 
amino acids in cell culture) was performed. To this end, HEK293T cells constitutively expressing 
Sox4 WT, Sox4 Y126F or Sox4 Y123F were cultured in medium containing either light-labeled 
or heavy-labeled aminoacids for 21 days, in which cells have divided at least 15 times. Sox4 
immunoprecipitation was performed and samples were analyzed by mass spectrometry 
(Figures 4A and 4B). Scatter plots analysis of Sox4 WT/Sox4 Y123F comparison revealed no 

Figure 3 – Mutation in Y126 does not affect Sox4 nuclear localization, however disrupts DNA binding 
ability. (A) U2OS cells expressing Sox4 WT or Sox4 Y126F were fixed, permeabilized and Sox4 cellular 
localization was assessed by confocal microscopy (green). Nucleus is visualized by using DAPI.  (B) HEK293T 
cells were transfected with Flag-tagged Sox4, Flag-tagged Sox4 Y126F or Flag-tagged Y123F. Cells were lysed 
using RIPA buffer and nuclear extracts were isolated. Nuclear extracts were incubated with streptavidin-
beads previously coupled with biotin labelled dsOligos containing optimal Sox4 binding sequence (WT) 
or containing point mutated Sox4 binding sequence as control (mut). Sox4 binding to the dsOligos was 
assessed by immunoblotting using anti-Flag antibody. Sox4 input levels were assayed by immunoblotting 
using anti-Flag antibody. (C) HEK293T cells were transfected with empty vector (EV), Flag-Sox4 WT and 
increased amounts of Flag-tagged Sox4 1-135aa (DN) or Flag-tagged Sox4 1-135aa Y126F (DN Y126F). Cells 
were lysed and assayed as described in Material and Methods. Sox4 protein expression was assessed by 
immunoblotting using anti-Flag antibody and tubulin as loading control. (D) Crystal structure of mSox4 HMG 
domain and predictive structure of mSox4 Y126F. Arrow indicates the localization of the Y126 residue. The 
figures were generated using Pymol (DeLano Scientific, www.pymol.org). (E) HADDOCK score of Sox4 WT 
and Sox4 Y126F 3D structures.
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Figure 4 – Mutation on Y126 residue reduces Sox4 interaction with chromatin-associated proteins. 
(A) Schematic representation of SILAC (Stable Isotope Labeling by/with Amino acids in Cell culture) assay 
performed in HEK293T cells expressing Flag-tagged Sox4 WT, Flag-tagged Sox4 Y123F or Flag-tagged Sox4 
Y126F. Cells were labeled for 21 days and lysed using E1A buffer. An anti-Flag IP was performed and after 
washing the beads with PBS, samples were mixed in 1:1 ratio. Samples were processed by enzymatic 
digestion and analyzed by mass spectrometry. (B) Upper panel: Scatter plot comparison of bound protein
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significant differences in protein-protein partners core among WT and Y123F mutant (Figure 
4C). Contrastingly, analysis of Sox4 WT/Sox4 Y126F comparison showed decreased interaction 
of Sox4 Y126F with several proteins, as visualized by the upper left shift of a small core of 
specific interactors (Figure 4C). Closer examination of the identified core, showed enrichment 
for chromatin-associated proteins (Figure 4D). Taken together, these data suggest that Y126F 
residue is critical for association with proteins involved in DNA accessibility, including histones H3 
and H4, which may explain the required transcriptional capacity of Sox4 Y126. 

Discussion
The Sox4 transcription factor is crucial for proper embryonic development among vertebrates 
6,8. After birth, SOX4 expression is tightly regulated and deregulation of Sox4 expression has 
been implicated in tumorigenesis 17. Despite the fact that there is a clear role for Sox4 in tumor-
development and progression, very little is known about its regulation. By performing site-
directed mutagenesis studies on murine Sox4, we demonstrated that single replacement of 
Y126 residue abrogates Sox4 transcriptional activity in both optimal and physiological settings. 
Tyrosine residues can be subject to phosphorylation 30 and tyrosine phosphorylation has been 
demonstrated to control a plethora of cellular processes 29,44,45. Some transcription factors, including 
Signal Transducers and Activators of Transcription (STAT) proteins, require phosphorylation of 
tyrosine residues in order to bind DNA and regulate gene expression. 46. Additionally, tyrosine 
phosphorylation can contribute to nuclear import, switch in proteins partners or protein stability 
by preventing proteasome-dependent degradation, thus affecting transcriptional output 44,47,48. 
Although, regulation of SOX proteins by serine phosphorylation has been described 49–51, no 
evidence of tyrosine phosphorylation has been previously shown. Here, we demonstrated that 
Sox4 can be tyrosine phosphorylated, although it remains to be determined how this affects Sox4 
function. Nonetheless, Sox4 harboring a tyrosine-to-phenylalanine substitution on 126 position 
showed no reduction of total tyrosine phosphorylation levels, indicating that Y126 residue is 
unlikely to be a tyrosine kinase substrate. Together, these findings suggest a potential role of 
tyrosine phosphorylation in the regulation of Sox4, independently of Y126 residue.
The HMG box domain was originally identified as a domain that mediates DNA-binding of HMG 
proteins 52. Further studies have shown that such domain is highly versatile contributing to the 
modulation of transcriptional output beyond physical contact with DNA regulatory regions of 
target genes 2,53. For example, the HMG-box domain can contribute to the nuclear import of 
SOX transcription factors 53, and reduction of SRY nuclear translocation has been observed upon 
R133W mutation within this domain 54. No differences in Sox4 subcellular localization were 
observed upon replacement of Y126 residue, suggesting that such residue is not important 
for SOX4 nuclear localization signals (NLS). Nevertheless, SOX transcription factors are able to 

ratios between Sox4 WT and Sox4 Y123F as control. Lower panel:  Scatter plot comparison of bound protein 
ratios between Sox4 WT and Sox4 Y126F. Proteins differentially bound to Y126F are labelled in the graph. 
(C) Sox4 expression levels of SILAC-labeled HEK293T cells expressing Flag-tagged Sox4 WT, Flag-tagged Sox4 
Y123F and Flag-tagged Sox4 Y126F. (D) List of proteins which interaction is reduced in Sox4 Y126F compared 
to Sox4 WT. Ratios H/L are indicated. “C” indicates sample containing Sox4 WT light-labelled and Sox4 
Y126F heavy-labelled and “D” corresponds to sample containing Sox4 WT heavy-labelled and Sox4 Y126F 
light-labelled.
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modulate gene expression by binding DNA through their HMG domain 7. Substitution of Y126 for 
a phenylalanine resulted in a robust reduction of Sox4 DNA binding capacity. Analysis of SOX4-
DNA crystalized structure revealed that Y126 residue is not involved in direct DNA contact 5. 
This indicates that impairment of Sox4 DNA binding ability is unlikely to be due to its inability 
of direct interaction with DNA. Additionally, HMG-box domains are highly conserved among 
SOX members 52, suggesting that minor sequence alterations could lead to loss of function or 
aberrations in structural conformation. Accordingly, predictive calculations of S70P mutation 
within Sox11 HMG domain revealed that mutation is likely to contribute to the protein folding 
destabilization 40. Predictive calculations on Sox4 Y126F revealed that no significant differences 
in both energy and folding destabilization was observed, compared to Sox4 WT (Figure 3D). In 
line with these observations, tyrosine-to-cysteine substitution on this position was predicted to 
promote low free energy change, indicating that such alteration is unlikely to affect the folding 
of the HMG-box domain 40. Taken together, these observations suggest a physiological role for 
Y126 residue in the regulation of Sox4 DNA binding ability, rather than contributing to structural 
defects of Sox4 HMG domain. 
Regulation of gene expression through interaction with specific protein partners can be mediated 
by the HMG-box domain 2,53. For example, Ubc9-mediated repression of Sox4 transcriptional 
activity relies on Ubc9 interaction with Sox4 HMG domain 42. In addition, induction of DNA 
damage results in interaction of p53 with Sox4 HMG domain that is critical for p53 stabilization, 
hence contributing to cell cycle arrest 55. Therefore, amino acids comprising the DNA-binding 
domain, including Y126, may play an important function in establishing interactions with 
coactivators. Quantitative proteomic analysis of Y126F revealed a reduction of Sox4 interaction 
with several chromatin-associated proteins, including histones. Histones, the main component 
of nucleosomes, contribute to the DNA condensation state in the nucleus, and therefore play 
a critical role in gene regulation 56. Although it is generally believed that transcribed regions 
are typically nucleosome-free before transcription factors bind to their regulatory sites, recent 
studies have shown that nucleosome re-organization can occur after transcription factor binding, 
suggesting that nucleosome loss may not always be a prerequisite for the binding of transcription 
factors 57–59. In line with these observations, HMG17 transcriptional co-activator has been shown 
to interact with nucleosome core components, of which displays higher affinity compared to 
histone-free DNA 60,61. Together, our data suggests that Sox4 is a nucleosomal binding protein, 
where Y126 residue plays an important role in Sox4-mediated interaction with histones and 
gene expression regulation. In addition, Y126F substitution contributed to a reduction of Sox4 
interaction with the type-III intermediate filament vimentin (Figure 4D). Highly conserved 
among vertebrates, vimentin plays an important role in organizing proteins involved in cell 
attachment, migration and signaling, and supporting organelles in the cytosol 62.  Moreover, in 
recent years, a novel role for vimentin in gene regulation has emerged. Vimentin interaction 
with the transcription factor ATF4 has been demonstrated to abolish ATF4 transactivation activity 
by preventing its binding on osteocalcin promoter 63. Additionally, vimentin has been shown to 
contribute to the transcriptional regulation of several genes, including p21, Sox2, AXL, ITGB4 and 
ALOX15 64–67, indicating a role for vimentin in the modulation of gene expression by acting as both 
co-activator and co-repressor. Taken together, reduced transcriptional activity and diminished 
interaction with vimentin observed upon Y126F substitution suggests that vimentin may play 
an important function as SOX4 co-activator. In addition, elevated vimentin and SOX4 expression 
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in epithelial cells correlates with tumor progression and poor prognosis in a wide variety of 
cancers, including breast, prostate and lung cancer 68, suggesting that regulation of SOX4 targets 
genes might be in part exerted by cooperative binding with vimentin. Accordingly, it has been 
demonstrated that Slug- and Ras-mediated EMT was dependent on the upregulation of vimentin 
and vimentin-induced invasiveness-related gene expression 67. 
The identification of molecular mechanism underlying the regulation of Sox4 activity could aid in 
the developmental of cancer therapeutics. Here, we demonstrated that Y126 residue is critical 
for Sox4 transcriptional activation capacity. Generation of cell-penetrating nanobodies targeting 
Sox4 Y126 residue, for example, could represent an important advantage in the inhibition of 
cancer metastasis and contribute to a better prognosis for patients. 
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Material and methods
Cell culture and lentiviral transduction
HEK293T and U2OS cells were maintained in DMEM (high glucose, GlutaMAX supplement; 
invitrogen) supplemented with 5% heat inactivated fetal bovine serum (Invitrogen) and 1% 
penicillin-streptomycin (invitrogen) at 37o C and 5% CO2. HMLE cells were cultured as described 
previously 22. To generate HEK293T cells expressing constitutive Flag-tagged Sox4 WT, Flag-tagged 
Sox4 Y123F and Flag-tagged Sox4 Y126F, lentivitus particles were produced by transfection of 
HEK293T cells with 3.25ug of Pax2, 1.8 μg of pMD2.G and 5 μg of respective DNA constructs. 24 
hours after transfection, medium was refreshed. Viral supernatants were collected 24 hours after 
and filtered through a 0.2 μm filter and added to the HEK293T cells. Cells were selected using 
2.5μg/ml of puromycin (invivoGen). Cells were maintained in 2.5μg/ml of puromycin through the 
cell culture, except during experimental conditions where 1μg/ml of puromycin was used.

Luciferase assays
Cells were grown to 40% confluence on 24 wells-plate and transfected with respective Sox 
constructs together with luciferase reporters and pRLTK renilla using FuGENE transfection 
reagent (Promega) or polyethylimine [(PEI), Polysciences]. Two days after transfection, cells 
were washed with PBS and lysed in 50 μl passive llysis buffer (Promega) for 30 minutes at room 
temperature. 20μl of supernatant fraction was assayed for luciferase activity using a dual-
Luciferase Reporter Assay System (Promega), and another 20μl used for protein expression 
analysis by immunoblotting.  

Flag-immunoprecipitation and pervanadate treatment
HEK293T cells were grown to 40% confluence in poly-L-lysine (sigma) coated 60cm2 culture dishes 
(Nunc) and transfected with 10μg of respective DNA constructs. Two days after transfection, cells 
were incubated with 0.1% pervanadate for 15 min at 37oC and 5% CO2. Pervanadate solution 
was generated by incubating 3% H2O2 (Merck) and 6.5 mM orthovanadate (Sigma) in PBS for 10 
minutes at RT. After pervanadate stimulation, cells were
washed with cold PBS and lysed in RIPA buffer (0.5% Triton-X100, 50mM Tris-HCl pH 7.5, 150mM 
NaCl, 10mM EDTA) supplemented with 1% HALT protease inhibitor cocktail (Thermo scientific), 
0.5% of sodium deoxycholate (Sigma) and 1% of orthovanadate (Sigma) for 30 minutes at 4 
degrees. Supernatant was incubated with 10 μl 50% slurry Flag-antibody-coated agarose beads 
(Sigma) for 2 hours. The beads were washed 3 times with ice-cold RIPA buffer for 5 minutes each 
and boiled for 5 minutes in 30μL in 1x reducing sample buffer (60mM Tris pH 6.8, 2% SDS, 10% 
glycerol, 2% β-mercaptoethanol and bromophenol blue) before Western Blot analysis. 

Immunoblotting analysis
Equal amounts of sample were analyzed by Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and electrophoretically transferred to polyvinylidene difluoride 
membrane (milipore). The membranes were blocked with either 5% Bovine Serum Albumin (BSA 
- when using pY-antibody) or 5% milk protein (all other antibodies used) in TBST (0.3% Tween, 10 
mM Tris pH8 and 150 mM NaCl in H2O) and probed with the respective antibodies. The membranes 
were washed in TBST, incubated with appropriate secondary antibodies and developed using 
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Odyssey imaging system (LI-COR Biosciences) or ECL (GE healthcare) and exposed to Kodak XB 
films (Rochester).The following primary antibodies were used: anti-phosphotyrosine (Sigma, 
P4110), anti-flag (Sigma, F7425), anti-α-tubulin (Sigma, T90026), anti-HSP90 (Cell signaling, 
4875), and anti-flag HRP (Sigma, A8592). 

Immunofluorescence and Confocal microscopy
U2OS cells were cultured on poly-L-lysine coated microscope glasses (Thermo scientific) and 
transfected with Flag-tagged Sox4 WT or Flag-tagged Sox4 Y126F. After 48 hours, slides were 
washed, cells were fixed in PBS containing 4% paraformaldehyde [(PFA), Merck) and permeabilized 
in PBS containing 0.25% of triton X-100 (Sigma). Primary (anti-flag) and secondary antibodies 
were incubated for 60 minutes at room temperature and slides were mounted in Prolong Gold 
anti-fade reagent with DAPI (Invitrogen). Confocal images were acquired using a Zeiss LSM 700 
fluorescence microscope (Zeiss). 

Protein-DNA Binding Assay
The biotin-labeled nucleotide probes (SOX4 specific fw: 5´Biotin 
CGTGACCGCTACAAACAAAGGCCAGCGCCCTAGCA; SOX4 specific rv: 
TGCTAGGGCGCTGGCCTTTGTTTGTAGCGGTCACG; SOX4 mutated fw: 
5´Biotin CGTGACCGCTACACCTGGCAGCCAGCGCCCTAGCA; SOX4 mutated rv: 
TGCTAGGGCGCTGGCTGCCAGGTGTAGCGGTCACG) were annealed in 2x annealing buffer (500mM 
NaCl, 20mM Tris-HCl pH 7.5, 5mM EDTA pH 8.0, ddH2O). Subsequently, dsOligos were incubated 
with magnetic streptavidin beads slurry (Bioclone Inc.), fetal bovine serum (Invitrogen) and 
phosphate buffered solution (PBS) for 1 hour at room temperature. After coupling, beads were 
washed in ice-cold PBS and ressuspended in binding buffer (10mM Hepes, 10mM KCl, 0.1mM 
EDTA, 100mM NaCl, 2mM DTT, 1% NP-40, 1% HALT and 0,5μg of salmon sperm DNA). A biotin pull 
down was performed using the nuclear extracts of HEK293T cells transfected with Flag-tagged 
Sox4 WT, Flag-tagged Sox4 Y123F or Flag-tagged Y126F for 2 hours at 4 degrees. Subsequently, 
beads were washed in PBS containing 1% HALT, solved in 1X sample buffer (5x sample buffer: 
60mM Tris pH 6.8, 2% SDS, 10% glycerol, 2% β-mercaptoethanol and bromophenol blue) and 
boiled for 5 minutes before immunoblotting analysis. 

Computational Modeling of Sox4:DNA complex
The crystal structure of the Sox4 HMG domain bound to DNA (PDB ID: 3U2B) and the Y126F 
mutant were refined with HADDOCK 32 version 2.2 33, using CNS (Crystallography and NMR 
System) version 1.3 34 for structure calculations. The structures were first energy minimized 
and then refined with the water refinement protocol of HADDOCK and scored according to the 
HADDOCK score, which is a weighted sum of electrostatic, van der Waals, and desolvation energy 
terms, as well as buried surface area. Non-bonded interactions were calculated using the OPLS 
force field 35, while the desolvation energy was calculated using an empirical potential 36.

Sample preparation for SILAC analysis 
HEK293T cells stably expressing FLAG-tagged Sox4 WT, Sox4 Y123F or Sox4 Y126F 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-FLAG coupled beads (Sigma Aldrich) for 2 hours at 
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4°C. Beads were washed three times in E1A buffer followed by ice-cold PBS. Precipitated proteins 
were denatured with 8M Urea in 1M Ammonium bicarbonate (ABC) reduced with TCEP (10mM) 
at RT for 30 minutes after which the cysteines were alkylated with Chloroacetamide (40mM end 
concentration) for 30 minutes. After four-fold dilution with ABC, proteins were on-bead digested 
overnight at RT with 150ng of Trypsin/LysC (Promega), after which peptides were bound to an in 
house made c18 stage tip washed with buffer A and stored at 4˚C until LC/MS-MS analysis.

LC-MS/MS analysis
After elution from the stage tips, acetonitrile was removed from the samples using a SpeedVac 
and the remaining peptide solution was diluted with buffer A before loading. Peptides were 
separated on a 30 cm pico-tip column (50um ID, New Objective) in-house packed with 3 µm 
aquapur gold C-18 material (dr. Maisch) using a 140 minute or 200 gradient (7% to 80% ACN 0.1% 
FA), delivered by an easy-nLC 1000 (Thermo), and electro-sprayed directly into a Orbitrap Fusion 
Tribrid Mass Spectrometer (Thermo Scientific). The latter was set in data dependent Top speed 
mode with a cycle time of 1 second, in which the full scan over the 400-1500 mass range was 
performed at a resolution of 240000. Most intense ions (intensity threshold of 5000 ions) were 
isolated by the quadrupole and fragmented with a HCD collision energy of 30%. The maximum 
injection time of the ion trap was set to 35 milliseconds.  

Data analysis 
Raw files were analyzed with the Maxquant software version 1.5.2.8 37 with deamidation of 
glutamine and asparagine as well as oxidation of methionine set as variable modifications, 
and carbamidomethylation of cysteine set as fixed modification. The Human protein database 
of Uniprot was searched with both the peptide as well as the protein false discovery rate set 
to 1%. The SILAC quantification algorithm was used in combination with the ‘match between 
runs’ tool (option set at two minutes), the IBAQ and the LFQ algorithm, all of which are integral 
parts of the Maxquant software 37–39. Proteins identified with two or more unique peptides were 
filtered for reverse hits and standard contaminants. Forward and Reverse ratios were plotted 
in R (www.r-project.org). The mass spectrometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE partner repository (http://www.ebi.ac.uk/pride) 
with the dataset identifiers.

Statistical analysis 
Data represented as mean ± SD of at least three independent experiments. Differences were 
analyzed by unpaired two-tailed t-test between two groups and by Two-way ANOVA for 
differences between more than two groups.
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Abstract
The transcription factor CCAAT/enhancer binding protein alpha (C/EBPα) plays a critical role during 
embryogenesis and is thereafter required for homeostatic glucose metabolism, adipogenesis 
and myeloid development. Its ability to regulate the expression of lineage-specific genes and 
induce growth arrest contributes to the terminal differentiation of several cell types, including 
hepatocytes, adipocytes and granulocytes. CEBPA loss of-function mutations contribute to the 
development of ~10% of acute myeloid leukemia (AML), stablishing a tumor suppressor role 
for C/EBPα. Deregulation of C/EBPα expression has also been reported in a variety of additional 
human neoplasias, including liver, breast and lung cancer. However, functional CEBPA mutations 
have not been found in solid tumors, suggesting that abrogation of C/EBPα function in non-
hematopoietic tissues is regulated by alternative mechanisms. Here we review the function of C/
EBPα in solid tumors and focus on the molecular mechanisms underlying its tumor suppressive 
role. 

Introduction
The CCAAT/enhancer binding proteins (C/EBPs) are widely expressed in numerous tissues and 
regulate a variety of cellular processes including cell cycle, inflammation, metabolism, cellular 
proliferation and differentiation 1. C/EBPs are a sub-family of the basic region leucine zipper 
(bZIP) transcription factors family and comprises six members (α, β, γ, δ, ε and ζ), that recognize 
the sequence motif A/GTTGCGC/TAAC/T 

2. C/EBPs consist of three major functional domains: a 
transactivation domain, a DNA-binding domain and a highly conserved leucine-rich dimerization 
domain at the carboxyl terminus (Figure 1). Dimerization is required for DNA binding and 
mutations in the leucine-rich dimerization domain have been shown to result in the abrogation 
of transcription factor function 3,4. Due to the conservation of the leucine-rich dimerization 
domain (>90%), C/EBPs are also able to form heterodimers contributing to the variability of 
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Figure 1. Schematic representation of C/EBPα p42 and p30 isoforms. The full length protein consists of 
three transactivation domains (TAD1-3), a negative regulatory domain (RD) and a highly conserved basic 
DNA binding leucine zipper domain (bZIP) at the C-terminus. The bZIP domain comprises the DNA binding 
domain (DBD), the fork domain (FORK) and the leucine zipper domain (LZ). At the N-terminus, the first two 
transactivation domains (TAD1 and TAD2) interact with the promitotic E2F/DP complex, components of the 
RNA polymerase II basal transcriptional apparatus and histone acetyltransferases CBP/p300. Both TAD1 and 
TAD2 are absent in the shorter p30 isoform. In addition to these domains, a negative regulatory domain 
involved in the modulation of transcriptional activation is found at the N-terminal region of both isoforms.
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transcriptional output observed in different cell types. 
C/EBP alpha (C/EBPα) is the founding member of C/EBP family and was first identified in nuclear 
extracts of rat liver by its ability to bind the CCAAT box 5. It is an intronless gene located on 
chromosome 19q13.1, encoding a single mRNA that can generate two different protein isoforms: 
a full-length 42kDa isoform, also known as p42, and a shorter 30kDa isoform or p30 (Figure 1) 
6. A variety of mechanisms have been suggested to be responsible for the generation of the 
two polypeptides including the use of an alternative translational initiation codon by leaky 
ribosome scanning mechanism 7–9 or differential regulation in the availability and activity of 
translation initiation factors eIF-2 and eIF-4 6. The shorter C/EBPα isoform shares the same 
C-terminus, however it lacks the first 117 aminoacids at the N-terminus. This comprises two 
critical transactivation domains (TAD1 and TAD2) responsible for interaction with elements of 
the RNA polymerase II basal transcriptional machinery, thus p30 is unable to initiate transcription 
6,10. In addition, by lacking the N-terminal transactivation domains, p30 fails to repress promitotic 
complexes, therefore is unable to inhibit cell proliferation (Figure 1) 11–13. Ectopic expression 
of p30 isoform has been shown to result in the reduction of p42 transcriptional activity, most 
likely by forming inactive heterodimers with the full-length protein 3,14. Aberrant p30 isoform 
expression is observed in AML patients harboring N-terminal mutations in the CEBPA gene 15. As 
a consequence, there is a lack of mature granulocytes and uncontrolled proliferation of myeloid 
progenitors 16. In tumors and cancer cell lines of non-hematopoietic origin, if p30 is expressed, 
expression is relatively low 17. More importantly, higher C/EBPα p42 protein levels are present 
in cells that express p30 isoform 18–24, thus no significant  impact has been described on C/EBPα 
function. Preferential expression of full-length protein has been attributed, in part, to differences 
in strength of the translation initiation sites 6. 
C/EBPα plays a fundamental role during embryogenesis, and C/EBPα-deficient mice die shortly 
after birth due to developmental defects, including defective lung and liver architecture, lack of 
mature neutrophils and eosinophils, and severe hypoglycemia 25–27. Moreover, regulation of C/
EBPα expression is fundamental for maintaining homeostasis of both embryonic and adult tissues 
28. C/EBPα is expressed in numerous tissues and cell types including liver, adipose tissue, myeloid 
cells, skin, lung, mammary gland, small intestine, pancreas, adrenal gland, skeletal muscle, colon 
and prostate, however its expression is mostly observed in terminally differentiated cells 29–31. 
Full-length C/EBPα induces the transcription of several lineage-specific genes including G-CSF-R 
32 and PPARγ 33 and/or interacts with tissue-specific transcription factors such as ETS-1 34 or 
HNF3β 35. In addition, interaction between C/EBPα and histone acetyltransferases CBP/p300 or 
chromatin remodeling complexes SWI/SNF have been shown to regulate C/EBPα target genes 
involved in tissue specification 36–38. In addition to its role in transcriptional regulation, C/EBPα 
is able to modulate cell fate by controlling proliferation through several means: induction and 
stabilization of p21, interaction and inhibition of cdk2, cdk4 and E2F and association with the 
coactivator SWI/SNF chromatin-remodeling complex 1.
Despite the fact that C/EBPα is expressed in several tissues, its function has been best characterized 
in adipocytes and the hematopoietic system. During adipogenesis, a complex signaling cascade 
ensures a two-step differentiation of mesenchymal cells towards fully mature adipocytes 39. Key 
transcription factors regulate this process including C/EBPα and PPARγ. These factors control each 
other’s expression by a transcriptional feedback loop and cooperate in the activation of genes 
responsible for adipocyte-specific functions (lipid biosynthesis, fatty acid metabolism, lipid storage) 
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and sustaining cellular differentiation. In the absence of C/EBPα, adipose tissue expansion and 
regeneration are impaired 27,33,40. Comparable to adipogenesis, C/EBPα is also a key transcription 
factor controlling maturation of the myeloid lineage. Differentiation of hematopoietic progenitors 
from hematopoietic stem cells requires regulation of key transcription factors including C/EBPα, 
C/EBPβ, RUNX1 and PU.1. C/EBPα induces the expression of genes that contribute to myeloid 
differentiation including G-CSF, M-CSF, IL-6, lactoferrin or human neutrophil collagenase 41–43. 
C/EBPα-deficient mice display regular percentages of common myeloid progenitors, however 
lack of granulocyte-monocyte progenitors and increased number of myeloblasts is observed 44. 
A similar phenotype is observed in acute myeloid leukemia, where myelopoiesis is defective. 
C/EBPα function is often impaired in AML due to the occurrence of gene translocations, 
hypermethylation of CEBPA promoter or mutations at several positions within the CEBPA 
gene, resulting in reduced C/EBPα expression. Additionally, nonsense- or frameshift mutations 
in the N-terminal domain prevent expression of the p42 isoform whereas the p30 isoform is 
unaffected, thereby enhancing cell proliferation. Moreover, mutations (in-frame duplications, 
deletions or substitutions) in the leucine zipper domain abrogate dimerization, which results in 
the disruption of DNA binding 45,46. Since numerous studies have described dysfunctional C/EBPα 
activity in non-hematopoietic tissues including liver, lung, breast or skin cancer, the potential 
role of such mutations has also been investigated. A screen for mutations within CEBPA gene 
performed using genomic DNA from 408 patients and 5 cells lines, representing several types of 
human cancers, only identified 12 mutations, of which 10 were identified among hematologic 
tumors 3. While the majority of mutations identified among hematopoietic malignancies resulted 
in loss of DNA binding and  transcriptional activation, neither of the two mutations identified in 
lung and prostate cancer were predicted to alter amino acid sequence or have functional effects 
3. This suggests that deregulation of C/EBPα function in non-hematopoietic tissues is caused by 
alternative mechanisms. Here, we will summarize our current understanding of the role of C/
EBPα and its regulation in non-hematopoietic cancers. 

Cellular localization and expression levels 
C/EBPα is expressed in a plethora of tissues including lung, liver, breast or adipose tissue (Figure 
2). However, within the tissue, C/EBPα expression is commonly restricted to a specific subset 
of tissue resident cells. In the lung, for example, C/EBPα can be found in type II pneumocytes, 
Clara cells and alveolar macrophages 47–49, whereas, in mammary tissue, C/EBPα expression is 
mostly confined to myoepithelial cells 50. Downregulation of C/EBPα levels have been described 
in numerous solid tumors such as liver, breast, skin, lung, prostate, pancreatic, gastric, bladder, 
head and neck, cervical, endometrial and liposarcoma 18,20,24,51–57, and shown to correlate with 
tumor size and progression as well as poor-prognosis outcome 51,58,59.
Studies have defined multiple mechanisms underlying the reduced levels of C/EBPα in solid 
tumors, including microRNAs (miRNAs) expression, hypoxia and transcriptional repression by 
oncogenes. In liver cancer, miR-182 has been demonstrated to directly downregulate C/EBPα 
expression through a highly conserved site in both rat and human 60 (Figure 3A). Expression 
of miR-182 inversely correlated with C/EBPα levels and is associated with metastasis and poor 
clinical outcome of HCC patients, suggesting that in context of hepatocellular carcinoma, miRNA-
mediated repression of C/EBPα expression contributes to tumor progression. In epithelial 
breast cancer cells, C/EBPα mRNA levels are dramatically reduced under hypoxia as a result of 
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transcription repression of CEBPA by hypoxia-inducible factor (HIF)-1α 61 (Figure 3B). Depletion 
of HIF-1α prevents downregulation of C/EBPα levels under hypoxic conditions supporting a direct 
inhibitory role for HIF-1α on C/EBPα expression 61. Hypoxia is often observed in advanced tumors 
as a result of a high proliferative rate of tumor cells and less efficient vascularization system 
62. Accordingly, C/EBPα expression is found dramatically reduced in higher-grade breast tumors 
20,61 indicating that during tumor progression, C/EBPα is likely repressed by hypoxia-induced 
mechanisms. 
Transcriptional repression of C/EBPα by oncogenes has also been described. In melanoma, 
reduced levels of C/EBPα correlate with expression of Ras and analysis of various H-Ras-expressing 
squamous cell carcinoma (SCC) cell lines reveal that C/EBPα levels are dramatically reduced 
compared to normal primary keratinocytes 53. The introduction of Ras into primary keratinocytes 
promotes the reduction of C/EBPα mRNA and protein levels. Since ectopic expression of C/EBPα in 
H-Ras-expressing SCC cell lines is sufficient to inhibit cell proliferation, it has been suggested that 
the loss of C/EBPα is a prerequisite for Ras-induced epithelial tumorigenesis 53,63. Furthermore, In 
HCC cell lines, it has been demonstrated that the oncogene Ying Yang-1 (YY1) is able to directly 
inhibit C/EBPα transcription and this inhibition is lost after removal of the YY1 DNA binding site in 
the C/EBPα promoter 64. Additionally, in the presence of pro-tumorigenic cytokine TNF-α, both C/
EBPα mRNA and protein levels are found reduced in the hepatoma cell line Hep3B 65 (Figure 3A). 
In lung cancer, both C/EBPα and MAPK14 (p38α) expression are found diminished during tumor 
progression 47,66. Furthermore, intraperitoneal injection of p38 inhibitor causes downregulation 
of C/EBPα expression in murine alveolar epithelial cells, supporting that C/EBPα is a target of p38α 
MAP kinase signaling pathway 47 (Figure 3C). In line with these observations, reduced C/EBPα 
expression was observed in the lungs of p38α-knockout mice 66. Moreover, negative regulation of 
miR-17-92 expression by p38α contributes to increased C/EBPα expression in human lung stem 
cells (HLSCs) 67. Together, these findings suggest that inactivation of p38α upstream signaling 
could contribute to lung cancer progression by affecting C/EBPα expression levels. 
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Figure 2. C/EBPα mRNA levels in 28 different human tissues. RNA-sequencing data is displayed as median 
RPKM (reads per kilobase per million mapped reads) and generated by the Genotype-Tissue Expression 
(GTEx) consortium. Adapted from “The human protein atlas” (www.proteinatlas.org).
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Since C/EBPα is a transcription factor, its function relies on nuclear localization. However, several 
observations based on immunohistochemical analysis have shown that C/EBPα is commonly 
found in the cytoplasm of tumor specimens including prostate 68, breast 20,61, pancreatic 69, and 
prostate cancer 70,71. Nuclear exclusion of C/EBPα impairing C/EBPα-mediated transcription of 
tumor suppressor genes and repression of oncogenes might be a contributing factor to cancer 
development. 

Mutations, LOH and epigenetic contribution to C/EBPα regulation in cancer
Mutations are often responsible for changes in protein expression levels. Absent or diminished 
C/EBPα levels in cancer has led to sequencing of the CEBPA gene in a variety of tumor specimens 
and cell lines 3,18,72,73.  However, analysis of CEBPA in solid tumors revealed only two silencing 
mutations in lung and prostate cancer 3. Further analysis of 50 primary lung cancer samples 
found one further mutation, which was an in-frame insertion (GCACCC) of unclear significance 
73. Likewise, high depth targeted exon sequencing of CEBPA gene in 37 HNSCC patients identified 
a single R323G mutation in one patient 72 and DNA sequence analysis of soft tissue sarcomas 
did not reveal any mutations 74, supporting the hypothesis that the downregulation of C/EBPα in 
solid tumors is unlikely to be due to the presence of coding mutations. Additional observations, 
provided by Girard et al, suggest that loss of C/EBPα in lung cancer can be a consequence of 
chromosomal deletion. They identified loss of heterogeneity (LOH) of several regions in lung 
cancer cell lines, including deletion of C/EBPα chromosomal locus in about 50% of NSCLCs 75. 
This suggests that loss of C/EBPα is a critical step for lung cancer progression. In addition, among 
others, deletions in loci harboring E-cadherin or the tumor suppressor p53 have been observed 
75, which could explain how lung cancer cells expressing C/EBPα still undergo dedifferentiation 
and display increased cell proliferation.  
Epigenetic modifications, including DNA methylation or histone acetylation, play a critical role in 
the regulation of gene expression by regulating DNA accessibility and chromatin structure 76,77, 
and aberrant regulation of epigenetic modifications has been described in several malignancies, 
including cancer 78–80. Analysis of C/EBPα expression levels and methylation status of CEBPA 
promoter in tumor samples and cancer cell lines revealed a correlation between reduced C/EBPα 
levels and DNA methylation at the region −1422 to −896 of CEBPA promoter in lung cancer and 
head and neck squamous cell carcinoma 18,22. Proteins involved in gene silencing such as MeCP2 
and methyl binding domain proteins (MBD) have been found bound to the CEBPA promoter 
in C/EBPα non-expressing cell lines 22. Moreover, treatment of cancer cell lines with a DNA 
methyltransferase inhibitor drug (5-aza-dC) results in increased levels of C/EBPα in a wide variety 
of cancer types, including pancreatic and endometrial cancer, dedifferentiated liposarcoma 
(DLPS) and head and neck squamous cell carcinoma (HNSCC) 18,57,69,81, corroborating the role of 
epigenetic modifications in C/EBPα regulation. In line with these observations, the treatment 
of HNSCC cells with 5-aza-dC resulted in decreased binding of MBDs, reduced histone H3K9 
methylation and increased histone H3K9 acetylation on CEBPA promoter, which is positively 
associated with actively transcribed genes 82. Interestingly, aberrant hypermethylation of CEBPA 
in acute myeloid leukemia has also been shown to occur at promoter region – 1.5 Kb upstream 
of the TSS 83, suggesting the presence of a conserved region at CEBPA promoter susceptible to 
methylation in both hematopoietic and non-hematopoietic cancers.
Taken together, these studies support a fundamental role for epigenetic modifications in the 
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deregulation of C/EBPα expression during tumorigenesis.

Regulation of cell growth by C/EBPα
C/EBPα plays a central role in cell-cycle inhibition, contributing to controlled growth of embryonic 
and adult tissues 1. C/EBPα-deficient mice display hyperproliferation of pneumocytes and hepatic 
cells and consequent aberrant tissue architecture 25,84. Likewise, freshly isolated C/EBPα -/- 
hepatocytes exhibited growth properties common to immortalized cell lines 85. Moreover, C/
EBPα knockdown has been shown to promote cell growth of a non-transformed liver cell line 64 
and C/EBPα-deficient keratinocytes enter S-phase in the presence of UVB-induced DNA damage 
86,87, supporting that aberrant deregulation of C/EBPα levels affects homeostatic cell growth. C/
EBPα levels are low during the proliferative stage of the tissues, for example, in the mammary 
gland before and during the pregnancy 88 or during liver regeneration where hepatocytes need 
to re-enter the cell cycle and expand. While, high levels of C/EBPα are found in the terminal 
differentiated cells such as in keratinocytes of the suprabasal layer of the epidermis 63,89 or during 
the differentiation of the mammary epithelial cells into lactocytes (lactation) 88. Numerous 
studies have linked reduced C/EBPα levels to increased cell growth and tumor progression. 
Epidermal-specific C/EBPα-deficient mice are not only more susceptible to develop skin cancer 
but also display increased cell proliferation due to cell cycle checkpoint failure 63,87. Likewise, 
mice expressing lung epithelial-specific CEBPA knockout displayed increased tumor size and 
increased number of tumors as a consequence of increased cell proliferation 47. Furthermore, 
immunohistochemistry analysis of cervical tumor samples, showed an inverse correlation 
between ki-67 protein expression, a cellular marker for proliferation, and C/EBPα levels 55 
supporting an inhibitory function of C/EBPα in the regulation of tumor proliferation. Ectopic 
expression of C/EBPα in various cancer cell lines causes cell growth arrest 18,20,24,48,53,55–57,71,90,91. 
This anti-proliferative role of C/EBPα has also been observed in vivo, where implantation of C/
EBPα-expressing hepatocellular cancer cell lines into an immunodeficient SCID mice results in 
significantly delayed tumor progression 91 or complete inhibition of tumor formation compared 
to the control cells 18. In liver cancer, liver-specific knock-in mice for C/EBPα in an induced 
hepatocellular carcinoma model showed a dramatic reduction of nodule formation, with less 
proliferative capacity 92. Furthermore, the injection of C/EBPα small activating RNA (saRNA) 
in a orthotopic xenograft tumor model of liver cancer, inhibited tumor formation as well as 
intrahepatic and distant metastasis in the lung 93,94. 
Multiple pathways have been functionally implicated in C/EBPα-mediated cell-cycle arrest in 
cancer (Figure 3) 20,23,53,63,69–71,90,92,93,95–104. Conserved mechanisms underlying C/EBPα-induced cell 
growth arrest can be observed among distinct cancer types, including induction of p21 and p53, 
repression of E2F-complexes or suppression of c-MYC expression. Moreover, interplay between 
C/EBPα and tissue-specific factors, including miRNAs and transcription factors, are involved in the 
inhibition of cell proliferation by C/EBPα. Although most studies point out an anti-proliferative 
function of C/EBPα, some reports have described a contrasting role for C/EBPα in the regulation 
of cell growth (Box 1).
Taken together, there is a high correlation between C/EBPα expression and cell cycle arrest, 
supporting a tumor suppressor role for C/EBPα in solid tumors. These studies indicate that C/
EBPα is crucial to prevent tumor progression, wherein C/EBPα can exert its anti-proliferative role 
independently (e.g. interaction with E2F1, p21, AR) and dependently of DNA (e.g. transcription 
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of p21 and miRNAs).

Regulation of C/EBPα activity by post-translational modifications 
C/EBPα expression and functionality can be regulated by the control of post-translational 
modifications (PTMs). For example, phosphorylation of residue Ser193 has been shown to 
be crucial for its growth arrest capacity. Mutational studies demonstrate that C/EBPα Ser193 
phosphorylation is critical for the association with cyclin-dependent kinases 2 and 4 (CDK2/
CDK4) and E2F–Rb–Brm complexes, thereby preventing cell-cycle progression 105,106. In the liver, 
expression of a C/EBPα S193D phospho-mimetic mutant is able to inhibit cell proliferation in vivo 
after partial hepatectomy, whereas C/EBPα S193A mutant has no effect 107,108. Some liver tumors 
and hepatic cell lines display increased cell proliferation in the presence of C/EBPα expression, 
however C/EBPα is found dephosphorylated on Ser193. Elevated activation of PI3K-PKB/Akt 
pathway, observed in these cells, results in phosphatase PP2A-mediated dephosphorylation of C/

Box 1 – A dual role for C/EBPα in the regulation of cell growth?
In contrast to the anti-proliferative function of C/EBPα, some studies have shown that the introduction 
of C/EBPα in HCC cells, keratinocytes or lung carcinoma cells did not affect cell cycle or cell proliferation 
levels 47,52,86. Moreover, in distinct studies, increased expression of C/EBPα correlated with increased 
proliferation and disease progression 142–144. Differences in proliferation due to C/EBPα can be the 
result of several mechanisms. First, cytoplasmic exclusion of C/EBPα can contribute to its inability to 
suppress cell growth. Zhang et al. show that C/EBPα expression is positively correlated with androgen 
receptor (AR) levels, in particular in the more aggressive tumors.  However, C/EBPα is localized in the 
cytoplasm of these tumor specimens 68. Second, epigenetic regulation of C/EBPα target genes. Studies 
have shown that HNF3β promoter is susceptible to hypermethylation-mediated gene silencing 103. 
These observations underlie the observation that C/EBPα-expressing lung cancer cells display increased 
cell proliferation, as C/EBPα is potentially unable to induce HNF3β expression. Third, differences in 
expression of C/EBPα isoforms. The full length isoform is able to suppress cell proliferation, whereas 
short 30KDa isoform fails to interact with several cell-cycle modulators resulting in cell growth 1. Since 
most antibodies used in immunohistochemistry recognize both isoforms, proliferative ability of C/EBPα-
expressing cells may be acquired due to increased p30 expression during tumor progression. Accordingly, 
a positive correlation between p30 isoform of C/EBPα and increased cell proliferation has been observed 
in prostate cancer 23. Lastly, differences in supplements used in cell culture. Study have shown that 
keratinocytes overexpressing C/EBPα display similar rate of proliferation compared to cells expressing 
empty vector, however, the removal of EGF from the medium resulted into an 80-90% reduction of cell 
proliferation of C/EBPα-expressing cells 86. In line with these observations, different study demonstrated 
that hepatocytes cultured in the presence of EGF display decreased C/EBPα expression, both mRNA and 
protein levels. Although the mechanisms underlying EGF-mediated repression of C/EBPα are unknown, 
EGF has been demonstrated to contribute to the stabilization of Argonaute (Ago) 2 protein levels, an 
endonuclease that mediates miRNA-dependent cleavage/degradation of target mRNAs, suggesting that 
EGF pathway might contribute to miRNA-mediated C/EBPα degradation 145. Taken together, regulation 
of cell growth by C/EBPα is likely affected by epigenetics modifications, microenvironment and growth 
factors-mediated signaling and post-translational modifications regulating C/EBPα activity.
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EBPα Ser193, impairing interaction with CDK2/CDK4  and E2F–Rb–Brm complexes 108. Additionally, 
the C/EBPα Ser193-dephosphorylated form can sequester retinoblastoma protein (Rb) from the 
inhibitory E2F-Rb complex resulting in induction of cell proliferation 109 (Figure 3A). In support 
of these findings, treatment of C/EBPα-expressing prostate cancer cell lines with PP2A inhibitor 
restored interaction between C/EBPα and E2F1/E2F4 factors, and decreased cell proliferation 110. 
Furthermore, elevated PKB/Akt signaling, which inhibits GSK-3 activity, prevents GSK-3-mediated 
phosphorylation of C/EBPα Thr222/Thr226 residues (Figure 3A). Phosphorylation at these 
residues has been shown to be important for transcription of metallothioneins (MT) which can 
result in inhibition of liver cancer cells proliferation 19. 
In addition to regulation of C/EBPα activity, post-translational modifications have been implicated 
in the modulation of C/EBPα protein levels. In both lung and liver cancer, C/EBPα was observed to 
be degraded by the proteasome 107,111. Knockdown of substrate ubiquitination modulator TRIB2 
in lung cancer cell lines leads to the upregulation of C/EBPα levels and consequent increased 
expression of C/EBPα target genes 111,112. It was proposed that TRIB2, which is highly upregulated 
and amplified in lung cancer, is able to interact and recruit the E3 ubiquitin ligase TRIM21 
resulting in C/EBPα ubiquitination and consequent degradation 111 (Figure 3C). In a hepatocellular 
carcinoma mice model, upregulated proteossomal component gankyrin has been demonstrated 
to recognize C/EBPα pS193 and S193D forms, resulting in C/EBPα degradation 107 (Figure 3A). In 
line with these observations, elevated gankyrin expression has been observed in several types 
of human cancers correlating with poor clinical outcome 113–116. This suggests that elevated 
expression of gankyrin could contribute to proteasome-mediated degradation of C/EBPα in 
distinct cancers. During tumor progression, tumor cells may overcome the presence of C/EBPα 
by inactivation or degradation of the protein resulting in the restoration of cell proliferation. The 
induction of the pathways involved in the phosphorylation of C/EBPα ser193 including cyclin D3, 
cdk4 and cdk6  105 provide potential therapeutic target to restore the growth inhibitory activity of 
C/EBPα in the context of cancer. 

C/EBPα-mediated regulation of cell migration and tumor-metastasis
Increased migration is observed in cancer cells, where invasion into the surrounding tissue and 
vasculature is a crucial step for metastasis. In addition to its role in regulation of cell proliferation, 
several reports have provided evidence that C/EBPα can reduce cell migration, both in vitro and 
in vivo 55,93,95. Analysis of C/EBPα expression has shown that, unlike invasive breast carcinomas, 
C/EBPα was found expressed in the nucleus of 71% of ductal carcinoma in situ (DCIS) 20. DCIS 
are non-invasive areas of the cancer suggesting that C/EBPα may play a suppressive role in 
cell migration. Additionally, hepatoma cell lines treated with C/EBPα saRNA showed reduced 
migration and invasive ability 93. The anti-migratory function of C/EBPα in HCC could be related to 
the reduction of β-catenin expression levels and consequent suppression of β-catenin-induced 
target genes, including c-Myc and Axin-2 93 (Figure 3A). Depletion of c-Myc has been shown 
to prevent migration of several metastatic cells, mostly by releasing the repression of genes 
involved in the inhibition of canonical Wnt signaling  117–119. Elevated c-Myc levels can contribute to 
increased metastatic behavior through the upregulation of target genes involved in the induction 
of angiogenesis and epithelial-to-mesenchymal transition (EMT), including vascular-endothelial 
growth factor-A (VEGFA) 120, MiR9 121 and BMI1 122,123. In addition, the restoration of C/EBPα 
expression in breast and prostate cancer cell lines decreases anchorage-independent growth, 



6

130

Chapter 6

Gastric cancer

miR-100

ZBTB7A

Cell motility/invasion

+1

CEBPA gene

C/EBPα

DLiver cancerA

Degradation

Notch3

Hes1

β−catenin

Cell motility
Metastasis

c-MYC

MTmiR-182

YY1

Cyclin G1

p53

p21

TNF-α

Cell proliferation

PI3K/PKB

GSK-3β

PP2A
P

S193

Gankyrin

miR-122 IGF-1R

Cell proliferation

p27

+1

CEBPA gene

C/EBPα

P
Thr222/Thr226

C/EBPα

RbE2F

S193

C/EBPα
Rb

Proteosome 

C/
EB

Pα

C/EBPαCDK4
CDK2

Cyclin D1

Lung cancer

C/EBPα

HNF3β

Cell proliferation

Ub

TRIM21
TRIB2

Ub
Ub

Apoptosis

+1

CEBPA geneCpG island

-1422 -896

C/EBPα

Proteosome 

Degradation

C/
EB

Pα

C

p38α 

C/EBPα
Brm

HIF-1α

C/EBPα

+1

CEBPA gene

Brm

VDRp21c-MYC

Cell proliferation

Bcl-2

miR-134

CREB

apoptosis

ERα

SerpinB5

Breast cancerB

Vitamin D

Figure 3. Summary of the signaling pathways involved in the tumor suppressor function of C/EBPα 
in different solid tumors. C/EBPα has been shown to suppress cancer progression in various manners, 
including transcriptional repression of oncogenes, positive regulation of cell-cycle regulators or 
transcriptional activation of miRNAs involved in the suppression of cell proliferation. (A) In liver cancer, 
oncogene YY1 and TNF-α signaling, and miR--182 have been shown to inhibit C/EBPα expression by 
suppressing its transcription and translation, respectively. C/EBPα has been demonstrated to directly induce 
hepatocyte-specific microRNA-122 (miR-122) transcription, which itself positively regulates p21 expression. 
Furthermore, C/EBPα-induced miR-122 expression can ultimately contribute to the suppression of PI3K-
PKB/Akt pathway contributing to the stabilization of C/EBPα/CDK2/CDK4 and E2F/Rb anti-mitotic complexes 
resulting in cell growth arrest. In addition, activated GSK-3β contributes to C/EBPα-mediated activation of 
MTs and to suppression of Cyclin D1, both leading to inhibition of cell proliferation. Forced expression of 
C/EBPα by saRNA in hepatocellular cancer cell lines promoted downregulation of β-catenin and inhibition
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of β-catenin target genes, including c-Myc, contributing to reduced cell growth. Re-expression of C/EBPα has 
also been demonstrated to reduce liver hepatocarcinogenesis in vivo by reducing the expression of Notch3. 
Suppression of Notch signaling prevents the transcription of Hes1 and Hes1-mediated transcriptional 
repression of p27 cell cycle inhibitor, resulting in cell growth arrest. (B) In breast cancer, HIF-1α transcription 
factor can inhibit CEBPA transcription, whereas ERα has been shown to induce CEBPA transactivation. 
Additionally, cells treated with 1,25(OH)2D3 (Vitamin D) showed an increase of both mRNA and C/EBPα
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a property that most cancer cells utilize in order to expand and invade adjacent tissues 20,110. 
Analysis of gene expression levels in cells that are able to grow under anchorage-independent 
conditions has revealed an enrichment for MYC pathway 124.  Since c-Myc has been shown to be 
a direct transcriptional target of C/EBPα 125, these findings suggest an important role for C/EBPα 
in the regulation of cell migration, potentially exerting its effects through suppression of the 
MYC pathway. Furthermore, in gastric cancer, C/EBPα-mediated transcriptional activation of miR-
100 has been proposed to suppress tumor metastasis by inhibiting the proto-oncogene ZBTB7A 
(also known as FBI-1), a transcriptional repressor of many tumor suppressor genes involved in 
cell-cycle regulation, including RB and ARF, and transcriptional activator of genes regulating pro-
invasive response including NF-κB 56,126,127 (Figure 3D). Reduced miR-100 expression and elevated 
ZBTB7A expression is observed in primary gastric cancer patients with metastatic colonization 
of the lymph nodes, which is related to diminished patient survival 56. The induction of miR-100 
results in the reduction of tumor growth and tumor nodules in vivo as well as the inhibition 
of cell motility and invasiveness of gastric cancer cell lines 56. Depletion of ZBTB7A, either by 
using siRNA knockdown or by miR-100 expression, results in similar outcome. Hence, C/EBPα-
induced miR-100 expression likely contributes to the downregulation of ZBTB7A. Taken together, 
these findings indicate a role for C/EBPα in the regulation of cell motility and tumor metastasis, 
exerting its effects through transcriptional modulation of downstream targets.

C/EBPα-induced apoptosis and inhibition of cell survival
Cells that are able to suppress induction of an apoptotic program acquire the possibility of 
accumulating mutations. Multiple studies have shown that the introduction of C/EBPα can 

protein levels. C/EBPα expression has been demonstrated to induce SerpinB5 and miR-134, both leading to 
apoptosis. C/EBPα-mediated expression of p21 and repression of c-MYC contributes to the inhibition of cell 
proliferation. Furthermore, association between C/EBPα and Brm, a SWI/SNF complex member, contributes 
to VDR transcription and increased p21 expression resulting in cell growth arrest. (C) In lung cancer, DNA 
methylation at the region -1422 to -896 correlates with CEBPA repression, while p38α activity positively 
correlates with C/EBPα expression. C/EBPα-mediated transactivation of HNF3β results in the activation of 
apoptosis and repression of cell proliferation. C/EBPα activity is regulated by TRIB2/TRIM21 complex that 
can induce its degradation. (D) In the context of gastric cancer, C/EBPα-induced activation of miR-100 can 
lead to the repression of ZBTB7A oncogene, which ultimately results in the inhibition of cell migration and 
metastasis. (E) In the context of skin cancer, UVB-mediated p53 transcription contributes to upregulation 
of C/EBPα and Ras expression results in the suppression of C/EBPα levels. C/EBPα expression induces cell 
cycle arrest by inhibiting Ras transactivation ability of E2F1 and by p63 upregulation. C/EBPα degradation 
is prevented by the antioxidant NQO1. (F) In head and neck squamous cell carcinoma, reduced C/EBPα 
expression is attributed to increased hypermethylation of CEBPA gene at -1450 to -1120 region. Restoration 
of C/EBPa levels in HNSCC cell line decreased cell proliferation and cell migration. (G) In prostate cancer, 
it has been shown that C/EBPα acts as co-repressor of androgen receptor (AR) by physical association 
resulting in the inhibition of AR-mediated gene transcription and androgen-mediated cell growth. Among 
AR target genes, C/EBPα-expressing cells displayed reduced expression of prostate-specific antigen (PSA). 
Treatment of prostate cancer cell lines with PP2A inhibitor restored interaction between C/EBPα and E2F1/
E2F4 factors, and decreased cell proliferation. (H) In pancreatic cancer, increased methylation of CEBPA 
promoter is linked to decreased C/EBPα expression. The introduction of C/EBPα in pancreatic PANC-
1 cell line inhibited cell growth potentially due to its interaction with E2F1. Injection of saRNA targeting 
C/EBPα resulted in increased C/EBPα expression and its target p21, contributing to the inhibition of cell 
proliferation. (I) In cervical squamous cell carcinoma and Liposarcoma, correlation between decreased C/
EBPα expression and hypermethylation of CEBPA promoter is observed. Introduction of C/EBPα induces cell 
growth arrest. 
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lead to increased cell death of cancer cells 20,24,48,128,129. Ectopic expression of C/EBPα in breast 
cancer cell line MCF-7 contributed to the upregulation of miR-134 and miR-134-mediated 
suppression of anti-apoptotic proteins, including CREB and Bcl-2, resulting in increased cell death 
130–132 (Figure 3B). Markedly, both C/EBPα and miR-134 expression levels are found reduced in 
primary breast cancer specimens compared to healthy breast tissue 130. In addition, C/EBPα-
induced cell death of breast cancer cells can be mediated by transcriptional regulation of maspin 
(serpinB5) 20, a tumor suppressor gene highly down regulated in breast cancer 133 (Figure 3B). 
Intracellular maspin can shuttle to mitochondria, thereby promoting cytochrome c release and 
consequent caspase activation 128,134,135. Moreover, C/EBPα has been shown to be important for 
the induction of tamoxifen-ERα-mediated apoptosis. Cheng et al, show that C/EBPα expression 
is induced upon stimulation of ERα pathway with the active metabolite 4-hydroxytamoxifen (4-
OHT), and this is critical for cell death (Figure 3B). Knock down of C/EBPα reduces the loss of 
mitochondrial membrane potential and plasma membrane integrity in the presence of 4-OHT 128. 
However, while this study was performed in HeLa cells rather than ER-positive breast cell lines, 
it does suggests that C/EBPα might play a role in tamoxifen-mediated cell death in breast cancer 
treatment. Taken together, these findings reveal a role for C/EBPα in the regulation of apoptotic 
response in cancer cells. 

Protective role of C/EBPα against cellular stress 
In addition to its function in the regulation of cell growth, migration and proliferation, C/EBPα has 
been shown to exert a protective role against cellular stresses. C/EBPα is strongly induced by UVB 
radiation in both mouse and human keratinocytes 86,87. UVB-mediated expression of C/EBPα has 
been observed in both suprabasal layer of the skin (differentiated keratinocytes) as well as in the 
basal layer of the skin where undifferentiated and mitotic keratinocytes are found 86. Analysis of 
skin biopsies reveal that skin exposed to UVB display increased levels of C/EBPα when compared 
to non-sun exposed skin 17,87. Interestingly, C/EBPα-deficient keratinocytes enter S-phase in the 
presence of UVB-induced DNA damage 17,86. DNA damage, by increasing p53 and p21 levels, 
triggers G1/S checkpoint preventing cells with damaged DNA from replicating. Yoon et al, show 
that UVB-induced upregulation of C/EBPα is exerted by p53-mediated transcription, while p53 
knockout mice fail to induce C/EBPα expression 86 (Figure 3E). A protective role of C/EBPα has 
also been described in chemical-induced skin cancer. Exposure to chemical carcinogens such as 
pollution or use of pharmaceutics induce accumulation of oxidative stress and DNA damage which 
can lead to cancer. Protection of cells against oxidative stress-mediated pathologies is mediated 
by xenobiotics and antioxidants. Patrick et al, show that stabilization of C/EBPα by the antioxidant 
NAD(P)H:quinone oxidoreductase 1 (NQO1), contributes to increased levels of p63, a member of 
p53 transcription factors family. C/EBPα-induced expression of p63 is suggested to be critical for 
a homeostatic keratinocytes proliferation, thus preventing development of skin cancer 136 (Figure 
3E). In addition, C/EBPα has been shown to increase metallothioneins (MTs) expression levels 19. 
MTs, by acting as reservoir of essential heavy metals and controlling the cellular redox potential, 
play a protective role against various cellular stresses such as oxygen-derived free radicals or 
accumulation of several metals 137,138. Markedly, decreased expression of MT-1 and MT-2 has 
been observed in primary human hepatocellular carcinoma 19. Although Datta et al, have shown 
that C/EBPα induces MTs expression in Hep3B liver cancer cells 19 (Figure 3A), studies performed 
by Yin et al, describe that restoration of C/EBPα expression in PC3, DU145, and LNCaP prostate 
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cancer cell lines inhibits MTs expression 139. Despite the fact that both groups show a direct 
regulation of MT-2A promoter by C/EBPα, differences of post-translational modifications may 
underlie the difference in the outcome. Potential absence of C/EBPα phosphorylation at the 
residues T222 and T226 in prostate cancer cells may prevent its ability to induce MT expression, 
as it has been shown previously to be necessary for its transactivation function in liver cells 
(Figure 3A). Additionally, differences in tissue-specific protein-protein interactions may shift 
its transactivation function to a co-repressor role. Taken together, tumor suppressive function 
of C/EBPα is diverse and appears to prevent cancer development by regulating various cellular 
mechanisms including cellular stress. 

Concluding remarks 
C/EBPα has been demonstrated to be critical for controlling aspects of embryogenesis and 
tumorigenesis. In the progression of cancer, the majority of the studies clearly point out a 
tumor suppressor function of C/EBPα. In addition to its well-characterized function in cell-cycle 
regulation, loss of C/EBPα in solid tumors has been shown to influence key processes related 
to tumor biology, including cell proliferation, apoptosis, migration and invasiveness (Figure 3, 
Table 1). In contrast to acute myeloid leukemia, where genetic lesions affecting C/EBPα are 
responsible for the development of cancer, no evidences of mutations that directly affect the 
tumor-suppressor function of C/EBPα in solid tumors has been demonstrated. Nevertheless, C/
EBPα levels are found downregulated in various types of cancer indicating that inactivation of C/
EBPα might be a requirement for tumor development, important for the acquisition of oncogenic 
traits such as increased proliferation and decreased differentiation. The lack of phenotype and 
preserved homeostasis observed in C/EBPα-non-expressing tissues might be explained due to 
functional redundancy exerted by other C/EBP family members. In support to this, mice lacking 
CEBPA gene display increased levels of C/EBPβ 63,140. Additionally, mice where the CEBPA gene 
locus has been replaced by CEBPB coding sequence show no differences in hepatic growth and 
function 141, supporting functional redundancy between these transcription factors in certain 
tissues. Moreover, the presence of C/EBPα in tumor tissues has also been reported. Differences 
of subcellular localization, post-translational modifications as well as differences of isoform ratio 
in certain tissues might be related to the permissive state of tumor progression. In addition, 
C/EBPα-associated tumor development might be also a consequence of aging. In humans, for 
example, C/EBPα protein is found in the nucleus before puberty until middle age, however it 
becomes cytoplasmic in older individuals 68. Thus, age-related sequestration of the protein in the 
cytoplasm of the prostate might contribute to prostate cancer progression in older men. 
Restoration of C/EBPα levels in the majority of the tumors results in a better outcome. Hence, 
restoring endogenous levels of C/EBPα has been suggested as a valuable therapeutic tool in 
cancer. Better understanding of conserved processes regulating C/EBPα and its downstream 
targets in the context of solid tumors is crucial for the generation of pharmacological compounds 
which restore C/EBPα levels in the tissues.
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Type of cancer Mechanism References 

Liver Inhibition of cell proliferation, cell motility and metastasis  19,90,91,93,98,105–107 

Breast  Inhibition of cell proliferation and induction of apoptosis 20,96,128,130,146 

Lung Inhibition of cell proliferation and induction of apoptosis 47,48,103 

Gastric Inhibition of cell motility and invasion 56 

Skin Inhibition of cell proliferation 53,63,86,87,136,147 

Head and neck squamous cell carcinoma Inhibition of cell proliferation, cell motility and metastasis  18 

Prostate  Inhibition of cell proliferation 23,70,71 

Pancreatic Inhibition of cell proliferation 69 

Cervical squamous cell carcinoma Inhibition of cell proliferation 55 

Liposarcoma Inhibition of cell proliferation and induction of apoptosis 24 

 

Table 1. Summary of tumor suppressive functions of C/EBPα in solid tumors
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Abstract
Extracellular signals such as transforming growth factor beta (TGF-β) are known to critically 
influence both tumor initiation, growth and metastasis. TGF-β has been demonstrated to induce 
epithelial-to-mesenchymal transition (EMT) in cancers of epithelial origin by promoting molecular 
and phenotypical changes resulting in pro-metastatic characteristics and treatment-resistance. 
Using global RNA-sequencing analysis, we identified CCAAT/enhancer binding protein alpha (C/
EBPα) as one of most downregulated transcription factors in human mammary epithelial cells 
after TGF-β-exposure . Here, we show that upon TGF-β pathway activation, SMAD3 binding to 
the CEBPA locus is enriched while SMAD3-knockdown cells fail to repress CEBPA expression. 
Constitutive C/EBPα expression impaired TGF-β-driven EMT by inhibiting the expression of known 
EMT factors including N-cadherin, MMP-2 or ZEB1, and by maintaining E-cadherin expression. 
Conversely, depletion of C/EBPα expression alone was sufficient to induce mesenchymal-like 
morphology and molecular features. Moreover, cells that had undergone TGF-β-induced EMT 
reverted to an epithelial-like state upon re-expression of C/EBPα. TGF-β-mediated disruption 
of 3D epithelial spheroids architecture could also be rescued by the introduction of C/EBPα. By 
using an established murine breast model of EMT-driven metastasis, we show that mice injected 
with breast tumor-organoids constitutively expressing C/EBPα display a dramatic reduction of 
metastatic lesions in their lungs compared to controls. Taken together, these results show that 
C/EBPα is required for maintaining epithelial homeostasis by repressing the expression of key 
mesenchymal markers, thereby preventing EMT-mediated tumorigenesis. These data suggest 
that C/EBPα is an essential epithelial “gatekeeper” whose expression is required to prevent 
unwarranted mesenchymal transition, also supporting an important role for EMT in driving 
breast cancer metastasis.

Introduction
The epithelial-to-mesenchymal transition (EMT) is a highly dynamic and reversible process 
important during embryonic development, tissue repair, cancer progression and chemotherapy 
resistance 1–3. Although the pathological contribution of EMT during metastasis is currently 
under debate, recent studies have shown that, by a complex multi-step molecular programme, 
EMT clearly contributes to the shift of a polarized epithelial phenotype toward a mesenchymal 
state, where cells acquire migratory and invasive properties 4,5. Several key signaling pathways, 
including TGF-β, Wnt or Notch, have been shown to induce EMT 6. Binding of TGFβ to its cognate 
receptor results in a multistep phosphorylation cascade of both receptors and key players, the 
Smad2 and Smad3 transcription factors. Activated Smad2/3 form complexes with Smad4, and 
translocate from the cytoplasm to the nucleus, where they regulate expression of crucial genes 
involved in the initiation of the EMT programme, including SNAI1, ZEB1 and TWIST1 7. These 
transcription factors, known as EMT-effectors, are able to regulate several cellular processes 
including extracellular matrix remodeling, cell adhesion and migration, and angiogenesis 8. 
The majority of these EMT-effectors are responsible for transcriptional repression of CDH1 
(E-cadherin) and induction of N-cadherin expression, of which contributes to weaker interactions 
and facilitates cell motility and invasion 9. Additionally, mesenchymal markers such as fibronectin 
and matrix metalloproteinases (MMPs) are upregulated during EMT. Fibronectin is important 
for transmitting signals from the extracellular cellular matrix (ECM) to the cell cytoskeleton and 
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MMPs contribute to the remolding of the ECM by degrading components within the ECM and 
cell-ECM adhesion proteins 9,10. Hence, TGF-β signaling can contribute to EMT by inducing gene 
expression of transcription factors involved in epithelial integrity disruption and acquisition 
of mesenchymal traits contributing to cytoskeleton reorganization, ECM remodeling and cell 
motility.
The transcription factor CCAAT/enhancer binding protein alpha (C/EBPα) is the founding member 
of a subfamily of the basic region leucine zipper (bZIP) transcription factors 11. It plays a pivotal 
role in the regulation of cell cycle and in the expression of several lineage-specific genes 12. 
Mutations in CEBPA gene have been described in around 10% of acute myeloid leukemia (AML), 
stablishing a tumor suppressor role of C/EBPα in cancer development 13,14. Additionally, extensive 
sequencing studies revealed that CEBPA is one of the 125 genes that when altered by intragenic 
mutations can contribute to tumorigenesis 15. Deregulated C/EBPα expression has been observed 
in a variety of solid tumors such as liver, breast or lung cancer, however the relevance of this for 
tumorigenesis remains largely unclear 16. 
Analysis of C/EBPα expression in healthy breast tissue and breast carcinomas has revealed 
that C/EBPα levels are reduced in the majority of breast cancer specimens 17. The functional 
consequences of these observations remain, however unknown. Here we identify C/EBPα as 
crucial transcription factor in maintaining epithelial architecture of human mammary cells, 
preventing epithelial-to-mesenchymal transition and thereby acting as a repressor of breast 
cancer progression in vivo. 

Results 
CEBPA is a SMAD3-repressed target during TGF-β-mediated EMT 
To identify novel transcription factors with a potential epithelial gatekeeper function, , we 
performed global RNA-sequencing analysis of TGF-β-treated or untreated human epithelial 
mammary (HMLE) cells. HMLE cells have been extensively used to study EMT as they can 
undergo molecular and phenotypical changes upon TGF-β treatment resulting in the acquisition 
of mesenchymal features (Fig. 1a and S1a) 21,22. To specifically identify transcription factors 
whose expression is repressed by TGF-β, genes displaying significantly reduced expression were 
analyzed by Gene-Ontology (GO)-term analysis using DAVID. Further analysis of “Transcription 
factor activity” category revealed that E2F2, C/EBPα and E2F8 comprise the three transcription 
factors that are most affected by TGF-β treatment (Fig. 1b). Considering that E2F2 and E2F8 are 
widely expressed cell cycle regulators, we choose to further explore the role of C/EBPα. Analysis 
of RNA-seq profiles of the CEBPA locus show a strong decrease in CEBPA mRNA levels upon TGF-β 
stimulation supporting the previous observation (Fig. 1c). To evaluate potential redundancy 
between the closely related C/EBPα and C/EBPβ, we analyzed the RNA-seq profile of CEBPB 
locus in TGF-β-treated and untreated HMLE cells (Fig. S1b). CEBPB expression was unaltered 
upon stimulation (Fig. S1b). Likewise, CEBPB mRNA levels, as determined by quantitative real 
time PCR (qRT-PCR), were unchanged in HMLE cells treated with TGF-β for 24 hours (Fig. S1c). To 
determine the effect of TGF-β on C/EBPα expression during EMT, HMLE cells were left untreated 
or treated with TGF-β for 15 days and mRNA and protein isolated at the indicated time points 
(Fig. 1d-e). The EMT programme was effectively induced by TGF-β as illustrated by the increase 
of mesenchymal markers N-cadherin (CDH2), Fibronectin (FN1), Vimentin (VIM), Snail (SNAI1) 
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and ZEB1, and decrease of epithelial marker E-cadherin (CDH1) (Fig. 1e and S1a). CEBPA mRNA 
expression, as determined by qRT-PCR, was found rapidly reduced upon TGF-β treatment and 
reduced levels of CEBPA are maintained throughout the 15 days of signaling (Fig. S1d and 1d). 
Furthermore, immunoblotting analysis demonstrate that on the protein level, the expression 
of C/EBPα full length (p42) was also found decreased upon TGF-β-mediated EMT (Fig. 1e).  
Endogenous expression of C/EBPα p30 in the cell lines utilized was undetectable. Additionally, 
immunofluorescence analysis demonstrated that 15 days of TGF-β-induced EMT results in loss 
of C/EBPα and E-cadherin expression and increased expression levels of Fibronectin (Fig. 1f). 
Similar to  HMLE cells, MCF10A cells are human non-transformed epithelial mammary cells 
responsive to TGF-β-stimulation 23,24. Here, TGF-β treatment also increased the expression of 
mesenchymal markers including CDH2, FN1 and ZEB1, and decreased expression of the epithelial 
marker CDH1 (Fig. S1e). CEBPA expression was found reduced after 16 hours of TGF-β treatment 
and decreased expression was maintained during the 15 days (Fig. S1e). These data demonstrate 
that C/EBPα expression is rapidly and chronically down-regulated by TGF-β signaling.
To determine the molecular mechanism underlying TGF-β-mediated repression of C/EBPα, we 
first assessed whether SMAD3 binding to the CEBPA locus was enriched upon TGF-β stimulation 
utilizing chromatin-immunoprecipitation sequencing (ChIP-seq) in HMLE cells. ChIP-seq profile 
analysis of CEBPA locus revealed that binding of SMAD3 is increased after treatment with TGF-β 
(Fig. 2a). SMAD3 binding to these regions was validated using chromatin-immunoprecipitation 
followed by qRT-PCR (ChIP-qRT-PCR). Although we observed a degree of enrichment in both 
regions, only SMAD3 binding on region 2 was significantly enriched in the presence of TGF-β 
(Fig. 2b). In order to confirm that TGF-β-mediated repression of C/EBPα is dependent on 
SMAD3, we generated HMLE cells expressing two independent shRNAs targeting human SMAD3 
(shSMAD3_1 and shSMAD3_2) (Fig. 2c). Considering the efficiency of both shRNAs, shSMAD3_2 
was used in further experiments. To assess the effect of SMAD3 knockdown of TGF-β-mediated 
regulation of C/EBPα, scrambled control (SCR) and SMAD3 shRNA HMLE cells were stimulated 
with TGF-β and CEBPA mRNA expression analyzed by qRT-PCR. C/EBPα expression was effectively 
reduced upon TGF-β treatment in control HMLE cells, however in SMAD3 knockdown cells, TGF-
β-mediated repression of CEBPA was significantly reduced (Fig. 2d). Considering that reduction 
of C/EBPα protein expression by TGF-β was only observed after 24 hours, SCR and SMAD3 shRNA 
HMLE cells were stimulated with TGF-β for 24 or 48 hours. In accordance to qRT-PCR results, 
Immunoblotting analysis demonstrated that TGF-β treatment results in reduction of C/EBPα 

Figure 1. C/EBPα is a repressed target by TGF-β. (a) HMLE cells were left untreated or treated with 2.5 
ng/ml of TGF-β for 15 days. Bright-field microscopy images showing phenotypical changes in the presence 
of TGF-β signaling. (b) HMLE cells were left untreated or treated with 2.5 ng/ml of TGF-β for 24 hours. 
RNA samples were isolated and purified RNA was sequenced as described in Material and Methods. Gene 
ontology (GO) analysis were performed on the significant downregulated genes in HMLE treated cells. 
Transcription factor activity category and its log2 fold change is represented. (c) Visualization of RNA-seq 
profile for the CEBPA locus in TGF-β treated and untreated HMLE cells in both duplicates. (d) Results from 
qRT-PCR showing CEBPA mRNA expression in HMLE cells treated with 2.5 ng/ml of TGF-β as indicated. Data 
is represented as mean ± SD of at least three independent experiments. (e) Results from immunoblotting 
analysis showing the effect of TGF-β treatment on C/EBPα protein levels and established EMT markers 
in HMLE cells. Data is representative of at least three independent experiments. (f) Immunofluorescence 
staining showing the protein levels of C/EBPα and well characterized EMT markers upon 15 days of TGF-β 
treatment in HMLE cells. Data is representative of at least three independent experiments.
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indicate enriched picks upon 16 hours of TGF-β stimulation. (b) Chromatin immunoprecipitation was 
performed in TGF-β treated or untreated HMLE cells using Smad3 antibody and according to the Material 
and Methods. qRT-PCR was performed using specific primers targeting enriched areas (regions 1 and 2) on 
CEBPA locus. Data represented as mean ± SD of three independent experiments, normalized for a negative 
region. (c) Results from qRT-PCR showing SMAD3 mRNA levels in HMLE cells expressing shRNA control (SCR) 
or two independent shRNAs targeting human SMAD3 (shSMAD3_1 and shSMAD3_2). Data represented as 
mean ± SD of three independent experiments. (d) HMLE cells expressing shSCR or shSMAD3_2 were left 
untreated or treated with TGF-β for 4 or 8 hours. qRT-PCR analysis displaying the effect of TGF-β stimulation 
on CEBPA mRNA levels in the presence of SMAD3 knock-down. Data represented as mean ± SD of three 
independent experiments. (e) Results from immunoblotting analysis showing the effect of TGF-β treatment 
on C/EBPα protein levels in HMLE cells expressing shSCR or shSMAD3_2. Data is representative of three 
independent experiments, where results shown were obtained from the same blot and exposition.
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levels in control HMLE cells, however strongly impaired in SMAD3 knockdown cells (Fig. 2e). 
Taken together, these data indicate that TGF-β-SMAD3 signaling regulates C/EBPα expression in 
human epithelial mammary cells and suggests that TGF-β-mediated repression of C/EBPα may 
be crucial for the progression of EMT.  

C/EBPα repression is crucial for TGF-β-induced EMT
To further delineate define the functional role of C/EBPα, we globally assessed whether 
constitutive C/EBPα expression could interfere with TGF-β-regulated gene expression. HMLE 
cells constitutively expressing C/EBPα and corresponding control cells were treated with TGF-β 
for 24 hours and the global transcription response was evaluated by RNA-seq. Analysis of RNA-
seq data revealed 2588 differentially regulated genes after TGF-β treatment, of which 355 were 
also regulated by C/EBPα (Fig. 3a and S2a). GO-term analysis of these 355 genes revealed 
significant enrichment for biological processes including extracellular matrix, cell adhesion, 
angiogenesis and cell migration, all indicating a strong association with an EMT programme 
(Fig. 3b). To confirm whether these processes were enriched in EMT, GO-term analysis was also 
performed using a publically available gene expression signature obtained by ectopic expression 
of EMT-inducing transcription factors and TGF-β as well as by the knock down of E-cadherin 25. 
Significant enrichment of extracellular matrix, cell adhesion and angiogenesis was also observed 
by analyzing these EMT core genes (Fig. S2b). Furthermore, to identify common transcriptional 
targets among EMT core and C/EBPα-TGF-β core, genes were compared between both cores 
(Fig. 3c). This revealed a core of 37 genes included in EMT signature that can be modulated by 
C/EBPα expression (Fig. 3c and 3d). To validate these targets, qRT-PCR was performed using 
HMLE cells expressing C/EBPα or empty vector (EV) in the absence or presence of TGF-β. For 
the selected genes, suppression of TGF-β-dependent targets was observed in the presence of C/
EBPα expression (Fig. 3e). Additionally, vimentin (VIM) was utilized as a negative control since it 
was unaffected by C/EBPα expression (Fig. 3e). 
To further evaluate the effect of C/EBPα expression during TGF-β-mediated EMT, HMLE cells 
expressing C/EBPα were treated with TGF-β for 15 days and both mRNA and protein samples were 
harvested at the indicated time points. Additionally, bright field microscopy pictures were taken 
at the same time points. Analysis of cell morphology revealed that HMLE cells expressing C/EBPα 
maintained their epithelial phenotype during TGF-β-induced EMT (Fig. 4a). Unlike control cells 
that displayed increased elongated shape and lack of robust cell-cell contact, C/EBPα expressing 
cells maintained their epithelial organization (Fig. 4a, arrowheads) and displayed fewer 
mesenchymal traits, yet no differences in cell growth was observed upon C/EBPα overexpression 
(Fig. S2c). qRT-PCR results demonstrated that C/EBPα expression impairs TGF-β-mediated 
induction of mesenchymal markers including CDH2 (N-cadherin), MMP2 or FBLN5 (Fibulin-5) 
and repression of epithelial marker CDH1 (E-cadherin) supporting the phenotypical features of 
these cells (Fig. 4b and Fig. S3a). Consistent with the qRT-PCR results, immunoblotting analysis 
showed that C/EBPα expression also reduces the TGF-β-dependent increase of mesenchymal 
markers such as N-cadherin and Fibronectin, and contributes to the maintenance of higher levels 
of E-cadherin (Fig. 4c). Taken together, these data strongly suggests that C/EBPα contributes to 
the inhibition of genes involved in epithelial-to-mesenchymal switch and repression of C/EBPα is 
a requirement for initiating the EMT programme.
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Figure 3. C/EBPα is important for TGF-β-induced EMT. (a) HMLE cells expressing empty vector (EV) or 
constitutive CEBPA were either left untreated or treated with 2.5ng/ml of TGF-β for 24 hours. RNA samples 
were isolated and purified RNA was sequenced as described in Material and Methods. Venn diagram 
showing the overlap of genes regulated by TGF-β with genes regulated by constitutive expression of C/
EBPα. (b) Gene ontology (GO) analysis on the 355 TGF-β- and C/EBPα-regulated genes. (c) Venn diagram 
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CEBPA knock down impairs epithelial homeostasis
To evaluate whether C/EBPα is a crucial determinant in maintaining epithelial integrity and 
thereby preventing “spontaneous” EMT, CEBPA-depleted HMLE cells were generated using two 
independent shRNA constructs. qRT-PCR analysis of CEBPA expression showed strong reduction 
in CEBPA mRNA levels in only one of the shRNAs used (Fig. 5a), therefore HMLE cells expressing 
shCEBPA_1 were used for further experiments. Whereas HMLE cells expressing shRNA control 
(SCR) showed no phenotypical alterations, CEBPA knockdown cells displayed elongated shape 
and reduced cell-cell interactions (Fig. 5b). To assess whether morphological changes induced by 
CEBPA knockdown were associated with EMT, mRNA and protein levels of several well-established 
EMT markers were analyzed. qRT-PCR results revealed increased expression of mesenchymal 
markers (CDH2, MMP2 and FN1) and decreased expression of epithelial marker (CDH1) in 
cells expressing CEBPA knockdown shRNA (Fig. 5c and S3b). Likewise, immunoblotting analysis 
showed increased levels of N-cadherin and fibronectin, and reduced expression of E-cadherin in 
the absence of C/EBPα expression (Fig. 5d). Furthermore, we observed similar phenotypical and 
molecular changes in MCF10A cells upon shRNA-mediated depletion of CEBPA (Fig. S3c-f). To 
determine whether reduced CEBPA expression was associated with increased expression of EMT-
inducing transcription factors, expression levels of well-characterized master regulators were 
evaluated. CEBPA knockdown resulted in robust induction of ZEB1 expression in both HMLE and 
MCF10A cells (Fig. 5e), while no robust changes were observed in SOX4, TWIST1/2 or SNAI2 
(slug) expression (Fig. S4a). Since decreased C/EBPα expression results in increased ZEB1 levels, 
we assessed whether ectopic expression of C/EBPα conversely leads to a reduction in ZEB1 
levels. qRT-PCR analysis of control and C/EBPα expressing HMLE or MCF10A cells revealed robust 
inhibition of ZEB1 expression in the presence of C/EBPα (Fig. 5f). Bioinformatic analysis using the 
ContraV2 software revealed numerous highly conserved C/EBPα binding motifs in the promoter 
region of ZEB1 gene (Fig. S4b), suggesting a repressor function for C/EBPα in the regulation of 
ZEB1. Taken together, these findings suggest that C/EBPα is indispensable for epithelial cells to 
retain their epithelial traits and this may be, at least in part, due to repression of ZEB1 expression. 

Restoration of C/EBPα levels induces mesenchymal-to-epithelial transition 
Since constitutive C/EBPα expression was sufficient to impair TGF-β-induced EMT, we evaluated 
whether restoration of C/EBPα expression in mesenchymal cells was able to drive mesenchymal-
to-epithelial transition (MET). To this end, doxycycline (Dox)-inducible CEBPA-HMLE cells were 
generated, allowing conditional expression of C/EBPα. In order to induce mesenchymal features, 
control and CEBPA-inducible HMLE cells were firstly treated with TGF-β for 15 days in the absence 
of doxycycline. Subsequently, TGF-β and doxycycline were added for 60 hours after which 
RNA and protein samples were isolated (Fig. 6a). As expected, doxycycline treatment showed 
a potent induction of C/EBPα expression in CEBPA-HMLE cells (Fig. S5a). In addition, CDH2, 
VIM, FN1 and ZEB1 mRNA expression were induced and CDH1 expression was repressed upon 

showing the overlap of 355 TGF-β- and C/EBPα-regulated genes with public available EMT core genes. (d) 
Heatmap displaying gene expression of the 37 genes overlapped between EMT core and TGF-β-C/EBPα 
core. (e) qRT-PCR analysis validating RNA-sequencing data. HMLE cells expressing empty vector (EV) or 
constitutive CEBPA were left untreated or treated with 2.5ng/ml of TGF-β for 24 hours. VIM was taken along 
as negative control. Data represented as mean ± SD of three independent experiments.
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TGF-β treatment (Fig. 6b). The combination of TGF-β and doxycycline treatments in the control 
cells showed no differences in the regulation of gene expression compared to TGF-β-treated 
cells (Fig. 6b). However, TGF-β- and Dox-treated CEBPA-HMLE cells displayed strong reduction 
of the expression of mesenchymal markers and increased expression of the epithelial marker 
E-cadherin (CDH1) (Fig. 6b). In accordance with qRT-PCR results, C/EBPα activation resulted in 
the inhibition of N-cadherin and fibronectin expression and increased E-cadherin protein levels 
(Fig. 6c), supporting that conditional expression of C/EBPα in TGF-β-induced mesenchymal cells 
is itself sufficient to rescue their epithelial features. In order to assess whether C/EBPα was able 
to restore epithelial traits in a more complex epithelial cell culture system, we investigated the 
role of C/EBPα in MCF10A epithelial cells cultured as three dimensional (3D) spheroids. Culture of 
MCF10A cells on a reconstituted basement membrane, such as matrigel, results in the formation 
of well-organized epithelial spheroids comprising features found in human mammary gland in 
vivo 19. TGF-β treatment has been shown to interfere with the architecture of MCF10A epithelial 
spheroids, contributing to an active and invasive phenotype 26. To confirm the effect of TGF-β 
signaling on the MCF10A mammary acini, cells were treated with TGF-β two days after plating. 
Four days of TGF-β stimulation resulted in the reduction of spheroid numbers and impairment of 
three dimensional architecture (Fig. 6d). To assess whether expression of C/EBPα was sufficient 
to recover the formation of MCF10A epithelial spheroids, we generated GFP-positive MCF10A 
cells expressing doxycycline-mediated conditional activation of CEBPA. Prior to CEBPA induction, 
cells were treated with TGF-β for 48 hours, in order to induce mesenchymal features (Fig. 6e). 
Subsequently, TGF-β was refreshed and doxycycline added for 48 hours, after which cells were 
analyzed by fluorescence microscopy (Fig. S5b). Additionally, spheroids were fixed and stained for 
C/EBPα antibody and phalloidin (Fig. 6f). As expected, TGF-β treatment resulted in the disruption 
of the spheroids in both control and CEBPA-MCF10A cells. Likewise, the combination of TGF-β and 
doxycycline in empty vector (EV) MCF10A cells resulted in the abrogation of epithelial spheroids. 
However, analysis of TGF-β and doxycycline treated CEBPA-MCF10A cells revealed the presence 
of well-structured spheroids suggesting that activation of C/EBPα expression is sufficient to drive 
the reorganization of spherical architecture (Fig. 6f-g and Fig. S5b). Immunoblotting analysis 
of control and CEBPA MCF10A cells cultured in standard two dimensional system revealed that 
activation of C/EBPα contributes to decreased levels of N-cadherin and fibronectin whereas 
E-cadherin levels are maintained high (Fig. S5c). Taken together, these data strongly suggest 
that restoration of C/EBPα expression in mesenchymal populations is sufficient to revert these 
cells towards an epithelial state and this can be observed even under conditions of 3D epithelial 
organization.

C/EBPα suppresses tumor-metastasis in a PyMT-mouse model of breast cancer
To further study the potential for C/EBPɑ to modulate EMT-induced cancer progression in vivo, 
we ectopically expressed C/EBPα and empty vector control in tumor organoids derived from YFP-
positive PyMT breast tumors. This has been previously shown to spontaneously develop ductal 
mammary tumors that metastasize primarily to the lungs with resemblances of EMT-mediated 
tumorigenesis 4,27. Unlike breast cancer cell lines, tumor organoids display cellular heterogeneity, 
thereby contributing to a more physiological-like development of breast cancer. Furthermore, 
while our previous analyses have focused on TGF-β-driven EMT, the PyMT model allows us to 
evaluate the impact of C/EBPα during EMT in an alternative system. As determined by qRT-PCR, 
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Figure 5. Knock down of C/EBPα impairs epithelial homeostasis. (a) Results from qRT-PCR analysis 
showing CEBPA mRNA levels in HMLE cells expressing shRNA control (SCR) or HMLE cells expressing two 
independent shRNAs targeting CEBPA (shCEBPA_1 and shCEBPA_2). Data represented as mean ± SD of 
three independent experiments. (b) Bright-field microscopy images of HMLE cells expressing shRNA control 
(SCR) or shRNA targeting CEBPA in two different magnifications. Data is representative of three independent 
experiments. (c) qRT-PCR data showing the expression levels of known epithelial and mesenchymal markers 
upon CEBPA knock-down in HMLE cells. Data represented as mean ± SD of three independent experiments. 
(d) Results from immunoblotting analysis displaying protein levels of well-characterized EMT markers in the 
presence of CEBPA knock-down. Data is representative of three independent experiments. (e) Results from 
qRT-PCR analysis showing the mRNA levels of transcription factor ZEB1, a well-stablished EMT, upon CEBPA 
knock-down in HMLE and MCF10A cells. Data represented as mean ± SD of three independent experiments. 
(f) ZEB1 mRNA levels in HMLE or MCF10A cells expressing EV or constitutive CEBPA. Data represented as 
mean ± SD of three independent experiments.
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CEBPA expression was effectively increased in C/EBPα-tumor organoids compared to control 
organoids (Fig. S6a). To test whether ectopic expression of C/EBPα affects primary tumor growth, 
identical number of organoids expressing empty vector (EV) control or C/EBPα were injected in 
five mice per group, and tumor size of both experimental groups was monitored during five weeks 
after injection. Analysis of primary tumor growth showed similar growth rate for both groups 
(Fig. 7a). In order to assess the effect of C/EBPα on formation of metastasis, primary tumors of 
both groups were resected and mice were maintained for an additional three weeks, after which 
lungs were collected and analyzed for the occurrence of metastatic lesions. Macrometastasis 
in the lungs could readily be visualized by eye at the day of harvesting (Fig. 7b; left panel, 
arrowheads). Prior to collection, one EV-control mouse was found dead in the cage without 
obvious antemorten signs of illness, therefore its lungs were excluded for analysis. Comparison 
of the number of macrometastasis between the two groups revealed that mice injected with C/
EBPα-overexpressing organoids displayed significantly reduced numbers of metastatic lesions, 
suggesting that C/EBPα is sufficient to prevent tumor metastasis in vivo (Fig. 7b; right panel). 
Immunostaining confirmed that primary tumors of “C/EBPα-mice” expressed higher levels of 
C/EBPα compared to control mice (Fig. S6b). C/EBPα-positive cells could be detected in the 
surrounding tissue of the primary tumor of mice injected with control organoids, however no 
overlap with YFP-tumor tissue was observed, suggesting that some stromal cells or infiltrating 
cells endogenously express C/EBPα (Fig. S6b, arrowheads). Immunohistochemistry analysis of 
various depths of lung tissue confirmed that mice injected with C/EBPα-overexpressing organoids 
display reduced number of metastatic lesions compared to control-mice (Figure 7c). Since there 
were still some metastasis present in the “C/EBPα-mice”, it is important to determine whether 
these lesions were positive for C/EBPα expression. To this end, immunofluorescence staining for 
C/EBPα was performed in lung tissue from both experimental groups. Nuclear C/EBPα staining 
was absent in the YFP-positive metastatic lesions of EV-mice and greatly reduced in the metastasis 
of mice injected with C/EBPα-overexpressing organoids compared to its primary tumor tissue 
(Fig. 7d). This suggests that cells with the ability to metastasize are likely C/EBPα-negative/low. 
In order to confirm that reduction of metastatic potential observed in C/EBPα-expressing tumors 
was not related to the variability in tumor size, primary tumor of both groups was measured on 
the day of harvesting, and number of metastatic lesions were assessed. Similarly, mice injected 
with C/EBPα-expressing organoids displayed a reduction in the number of metastatic lesions 
compared to control-mice, supporting that C/EBPα expression impairs metastasis and again no 
significant changes in the primary tumor growth were observed (Fig.  S6c and Fig. S6d). Taken 
together, these data suggest that in vivo, C/EBPα can function as a tumor suppressor in breast 
cancer, impairing metastasis and thereby breast cancer progression. 

Discussion
EMT-inducing signals, such as the TGF-β pathway, contribute to the loss of epithelial features 
and acquisition of mesenchymal traits, and although it has been a subject of debate, several 
studies have reported that such cellular reprogramming impacts cell motility, extracellular matrix 
remodeling, cell extravasation and chemotherapy resistance 4,5,28,29. Whereas several studies have 
focused in understanding the role of the transcription factors induced during TGF-β-mediated 
EMT, knowledge regarding the regulation of epithelial transcription factors during this process 
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Figure 6. Restoration of C/EBPα rescues epithelial phenotype. (a) Schematic representation of the 
experimental set up. HMLE cells were treated with 2.5 ng/ml of TGF-β for 15 days and posteriorly C/EBPα 
expression was induced upon 200 ng/ml of doxycycline for 64 hours. (b) Results from qRT-PCR showing 
the expression levels of known EMT markers in EV or CEBPA-inducible HMLE cells treated with TGF-β, 
doxycycline or both. Data represented as mean ± SD of three independent experiments. (c) Immunoblotting 
analysis of the expression levels of well-stablished EMT markers in TGF-β treated HMLE cells in the absence 
or presence of C/EBPα expression. Data are representative of three independent experiments. (d) Confocal 
microscopy visualization of MCF10A-epithelial-spheroids treated with 5 ng/ml of TGF-β for 4 days. Data 
is representative of three independent experiments. (e) Schematic representation of the 3D spheroid 
formation assay. MCF10A cells expressing empty vector (EV) or doxycycline-inducible C/EBPα
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is limited. Here, we demonstrate that repression of the transcription factor C/EBPα is essential 
for TGF-β-mediated EMT in human mammary epithelial cells. C/EBP transcription factors play 
a pivotal role during terminal differentiation of a variety of cells types, including mammary 
epithelial cells 12. Decreased levels of C/EBPα have been found in several types of solid tumors, 
including breast cancer, however the mechanisms underlying this downregulation remain in 
general unknown 17. By performing unbiased global RNA-sequencing analysis on TGF-β-treated 
HMLE cells, we identified C/EBPα expression as being one of the most repressed transcription 
factors, whereas no alterations in CEBPB expression were observed. These results contrast with 
previous observations that showed reduced CEBPβ expression upon TGF-β-mediated EMT in 
murine NMuMG cells 30. These differences can be potentially explained due to species differences 
and/or context-dependent upstream signaling regulating C/EBPs expression 30.
TGF-β-mediated repression of C/EBPα expression was maintained during EMT. Since C/EBPα 
mRNA levels were rapidly inhibited upon TGF-β treatment, we hypothesized that SMAD3 may be 
responsible for repression of CEBPA transcription. Although SMADs are generally transcriptional 
activators, there are examples of genes that are transcriptionally repressed by this transcription 
factor family 31–33. ChIP analysis and functional studies have shown that SMAD3 binding to 
promoter regions of genes, including c-Myc, Id1 and CXCL1, contributes to the formation of the 
transcriptional repressive complexes resulting in gene repression 32,34,35. Similarly, we observed 
that occupancy of SMAD3 on CEBPA locus is enriched upon TGF-β and depletion of SMAD3 
impaired TGF-β-mediated repression of CEBPA, supporting a role for SMAD3 as a transcriptional 
repressor of C/EBPα expression during TGF-β-induced EMT. Rapid reduction of C/EBPα 
expression during EMT appears to be critical to allow the progression of this programme. Ectopic 
expression of C/EBPα during the initial 24 hours of TGF-β stimulation was sufficient to repress 
genes important for the mesenchymal transition including CDH2, MMP2, CDH11 and FBLN5. 
Proteins encoded by these genes regulate cell motility, extracellular matrix degradation and 
transendothelial migration 36–39. Additionally, constitutive expression of C/EBPα during TGF-β-
driven EMT impaired this programme, as showed by the stable inhibition of crucial mesenchymal 
markers, including N-cadherin and fibronectin, and maintenance of high levels of epithelial marker 
E-cadherin. Induction of N-cadherin expression plays a pivotal role in EMT, and has been shown 
to be sufficient to promote cell migration and invasion in several cancer cell lines, regardless 
of E-cadherin expression. In addition, mice expressing mutant N-cadherin die on day 10 after 
gestation due to impairment in heart formation, in which EMT is a critical process 40. Therefore, 
repression of N-cadherin is essential to impair EMT and cancer progression. Furthermore, higher 
levels of E-cadherin were observed in TGF-β treated C/EBPα-HMLE cells compared to the control 
cells. In addition to its role in preserving cell-cell/cell-basal membrane adhesion and cell polarity 
40, studies showed that transmembrane E-cadherin binding β-catenin is important to prevent 
nuclear translocation of β-catenin, thus preventing regulation of genes involved in promoting 

were stimulated with TGF-β (5 ng/ml), doxycycline (200ng/ml) or both as indicated. (f) Confocal microscopy 
visualization of epithelial-spheroids using MCF10A cells expressing empty vector or doxycycline-inducible 
C/EBPɑ in the presence of TGF-β, doxycycline (DOX) or both. Cells were stained for C/EBPa (green) and 
phalloidin (white). DAPI was used to visualize the nucleus (blue). Data is representative of three independent 
experiments. (g) Quantification of the number of spheres formed in MCF10A cells expressing empty vector 
or doxycycline-induced C/EBPɑ upon the treatment of TGF-β, doxycycline or both. Number of spheres are 
relative to empty vector untreated. Data represented as mean ± SD of three independent experiments.
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Figure 7. Ectopic C/EBPα expression in breast tumor organoids inhibits lung metastasis. Tumor organoids 
derived from MMTV-PyMT; MMTV-Cre; R26R-YFP; E-cad-mCFP mice were transduced with EV control or C/
EBPα-overexpressing construct and injected in NGS mice. (a) Tumor volume of primary mammary tumor. 
n = 6 per experimental group. (b) Left panel: Representative lungs obtained from mice injected with EV 
or C/EBPα-overexpressing organoids. Arrowheads indicate an example of macrometastasis observed in 
the lungs. Right panel: Mean number of macrometastasis visible on the surface of the lungs from control 
and C/EBPα-mice. (c) GFP-staining of the metastatic lungs and quantification of the number of metastatic 
lesions present in various depths of the lung tissue. (d) Immunofluorescence staining and quantification of 
C/EBPα expression in sections of the metastatic lungs of both experimental groups compared to primary 
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cell survival, proliferation, migration and angiogenesis 40–43. Taken together, by contributing to the 
repression of N-cadherin and maintenance of E-cadherin expression, C/EBPα is a critical negative 
regulator of TGF-β-induced EMT. 
Since C/EBPα depletion evoked features reminiscent of spontaneous EMT, we hypothesized that 
C/EBPα may act as a transcriptional repressor of a master regulator of EMT. The expression of 
EMT-inducers, including Snail, Twist or Zeb1 transcription factors, can differentially contribute 
to the EMT programme depending on the cell, tissue type and the signaling pathway triggering 
EMT 28. Depletion of CEBPA in both HMLE and MCF10A cells resulted in strong upregulation 
of ZEB1. The Zeb1 transcription factor acts as both transcriptional activator and repressor by 
binding regulatory sequences at E-boxes. In several cellular contexts, TGF-β has been shown to 
activate Zeb1 resulting in the repression of E-cadherin and induction of N-cadherin and MMPs 
expression, whereas no major alterations in vimentin expression was observed 9. In accordance 
with these observations, ectopic expression of C/EBPα during TGF-β-mediated EMT contributed 
to repression of ZEB1 (Fig. S7), N-cadherin and MMP2 as well as maintenance of E-cadherin 
levels, however no significant repression of vimentin was detected. These data, together with 
analysis of ZEB1 regulatory region showing highly conserved C/EBPα binding motifs, strongly 
suggests that C/EBPα contributes to epithelial homeostasis and impairment of TGF-β-induced 
EMT through repression of ZEB1. Future studies will unveil whether C/EBPα is a direct repressor 
of ZEB1, or if such modulation requires intermediate steps of regulation.
The occurrence of metastasis is unavoidable for great majority of the cancer patients and 
despite the significant advances in treatment, metastasis are still the major cause of cancer-
related deaths. Eradication of metastasis often fails due to chemotherapy resistance. Recent 
studies have shown that cells that have undergone EMT and display mesenchymal traits are 
more insensitive to chemotherapy treatment 44,45. Therefore, identification of novel molecular 
mechanisms underlying mesenchymal-to-epithelial switch (also known as MET) may contribute 
to the development of future cancer therapeutics and increase success rate of cancer treatment. 
We demonstrated that conditional activation of C/EBPα in TGF-β-induced mesenchymal cells is 
sufficient to strongly reduce expression of mesenchymal markers, such as N-cadherin, ZEB1 or 
fibronectin and partially restored expression levels of E-cadherin. Likewise, in a more complex 
biological settings, conditional activation of C/EBPα was sufficient to result in re-organization 
of epithelial spheroids architecture. These data suggests that restoration of C/EBPα expression 
in mesenchymal cells is sufficient to promote mesenchymal-to-epithelial transition, thereby 
potentially restoring sensitivity towards chemotherapy. Generation of small molecules able 
to reach locally metastatic regions and activate CEBPA expression would therefore be strong 
therapeutic candidates. 
We have demonstrated that C/EBPα is a direct transcriptional target of SMAD3, and its 
repression by TGF-β signaling is pivotal for the progression of TGF-β-induced EMT. Therefore, 
C/EBPα expression levels represent an important determinant of breast cancer progression. 
Moreover, by using an established mice model of EMT-induced breast cancer, we validated 

tumor tissue derived from mice injected with C/EBPα-overexpressing organoids. Each column represent the 
average value for each individual mouse relative to the positive control (primary tumor tissue developed 
from mice injected with C/EBPα-overexpressing organoids).
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the tumor suppressive role of C/EBPα in vivo. Although the vast majority of GFP-positive cells 
colonizing the lungs of C/EBPα-mice were negative for C/EBPα expression, some cells showed 
positive nuclear staining at metastatic regions. Nonetheless, we cannot exclude that C/EBPα 
is transcriptionally inactive in these cells. For example, regulation of C/EBPα activity by post-
translational modifications (PTMs) has been shown to impact C/EBPα transcriptional output in 
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Figure 8. Schematic model for C/EBPα function during epithelial homeostasis and upon activation of 
TGF-β-mediated EMT. (I) In non-transformed mammary epithelial cells, epithelial homeostasis is ensured 
by high levels of C/EBPα which negatively regulates the expression of pro-mesenchymal proteins. C/EBPα-
mediated repression of unwarranted EMT might be due to (a) suppression of the EMT-inducer ZEB1. ZEB1 is 
able to directly repress CDH1 (E-cadherin) expression and induce the transcription of several mesenchymal 
genes, including CDH2 (N-cadherin) and MMP2. (b) Also, C/EBPα-mediated activation of an intermediate 
transcriptional repressor may be responsible for impairing EMT and/or (c) direct transcriptional repression 
by C/EBPα. (II) Upon deregulation of TGF-β signaling, repression of EMT is alleviated by SMAD3-mediated 
inhibition of C/EBPα.
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liver cancer 16,46.
Based on our data, we propose a model that TGF-β-activated SMAD3 in epithelial cells promotes 
loss of C/EBPα expression resulting in the transdifferentiation into mesenchymal cells (Fig. 8). 
Maintenance of epithelial traits by C/EBPα can be envisioned by the repression of ZEB1 (Fig. 8Ia) 
and/or by the activation of an intermediate player responsible for transcriptionally repressing 
pro-oncogenic genes such as CDH2 and MMP2 (Fig. 8Ib). Additionally, we cannot exclude that C/
EBPα itself cannot directly bind to the regulatory regions of these genes promoting its repression 
(Fig.8Ic). Upon TGF-β pathway activation, nuclear SMAD3 can bind and repress CEBPA. Loss 
of C/EBPα expression permits the activation of EMT programme (Fig. 8II). Since no evidences 
for functional mutations have been demonstrated to directly affect C/EBPα expression in solid 
tumors, reduced C/EBPα expression found in several solid cancers could therefore be caused by 
deregulation of signaling pathways, such as TGF-β 16.
Taken together, our findings demonstrate that C/EBPα plays a pivotal role in the maintenance of 
epithelial homeostasis of human mammary cells and restoration of C/EBPα expression impairs 
EMT and the development of metastasis, supporting the view that cells require plasticity between 
epithelial and mesenchymal state in order to metastasize 4,5. 
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Material and methods
Cell culture
Non-transformed immortalized human mammary epithelial cells expressing hTERT and SV40 large 
T and small t antigens (classified as HMLE cells and kindly provided by Prof. Dr. Robert Weinberg) 
were cultured in MEGM medium (Lonza): DMEM/F12 media (Invitrogen) (1:1) supplemented with 
insulin (Sigma), EGF (Peprotech), hydrocortisone (Sigma), penicillin-streptomycin (Invitrogen). 
Mesenchymal-like phenotype cell cultures were obtained by supplementing the normal culture 
medium with 2.5 ng/ml of TGF-β1 (R&D systems, 240-B-010). MCF10A cells (kindly provided by 
Dr. Patrick Derksen) were cultured in DMEM/F12 media (Invitrogen) supplemented with insulin 
(Sigma), EGF (Peprotech), hydrocortisone (Sigma), penicillin-streptomycin (Invitrogen) and 
cholera toxin (Sigma). 

Generation of C/EBPα cell lines
To generate HMLE cells expressing constitutive C/EBPα and respective control, HMLE cells were 
transduced with pLZRS eGFP retroviral construct containing the coding sequence of human 
CEBPA or empty vector, respectively. Retrovirus particles were produced by transfection of 
the retroviral packing cell line Phoenix-ampho with 10 μg of DNA using polyethylenimine (PEI; 
Polysciences). 24 hours after transfection, medium was replaced by MEGM:DMEM/F12 media. 
Viral supernatants were collected 24 hours after and filtered through a 0.22 μm filter and added 
to the HMLE cells. Cells were expanded and sorted according to their GFP positivity using flow 
cytometer (BD biosciences).
To generate CEBPA-depleted HMLE cells and respective control, a pLKO.1-puro lentiviral construct 
expressing shRNA targeting CEBPA (Sigma-Aldrich, TRCN0000007304) or expressing shRNA 
control (Sigma-Aldrich, SHC002) were used, respectively. Lentivirus particles were produced 
by transfection of HEK293T cells with 3.25 ug of Pax2, 1.8 μg of pMD2.G and 5 μg of shRNA 
contracts. 24 hours after transfection, medium was replaced by MEGM:DMEM/F12 media. Viral 
supernatants were collected 24 hours after and filtered through a 0.22 μm filter and added to the 
HMLE cells. Cells were selected using 1μg/ml of puromycin (invivoGen). Cells were maintained 
in 1μg/ml of puromycin through the cell culture, except during experimental conditions where 
0.3μg/ml of puromycin was used. 
To generate a conditionally regulated C/EBPα cells, HMLE and MCF10A cells were transduced 
with a pINDUCER21 eGFP lentiviral construct containing the coding sequence of human CEBPA 
or empty vector as control. Lentivirus particles were produced by transfection of HEK293T cells 
with 3.25 ug of Pax2, 1.8 μg of pMD2.G and 5 μg of shRNA constructs. 24 hours after transfection, 
medium was replaced by MEGM:DMEM/F12 media or DMEM/F12. Viral supernatants were 
collected 24 hours after and filtered through a 0.22 μm filter and added to the HMLE cells or 
MCF10A cells. Cells were expanded and sorted according to their GFP positivity using flow 
cytometer (BD biosciences). 

RNA sequencing
HMLE cells were treated with TGF-β for 24 hours after which RNA was isolated using the RNeasy 
kit (Qiagen) and according to the manufacturer’s protocol. Purified RNA was subsequently 
used for RNA-seq library preparation as described previously 18 and sequenced on the SOLiD 
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Wildfire sequencer (Applied Biosystems Life Technologies). 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-transformation of zero values.

Quantification of RNA expression (qRT-PCR)
mRNA was extracted from cells using the Rneasy Isolation Kit (Qiagen). 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). cDNA samples were amplified using SYBR 
green supermix (BIO-Rad), in a white 96 multiwell plate by LightCycler 96 system instrument 
(Roche) 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. 

Immunoblotting analysis
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 (30-40μg) were analyzed by Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and electrophoretically transferred to polyvinylidene difluoride 
membrane (Milipore). The membranes were blocked with 5% milk protein in TBST (0.3% Tween, 
10 mM Tris pH 8.0 and 150 mM NaCl in H2O) and probed with antibodies overnight at 4 degrees. 
Immunocomplexes were detected using Odyssey imaging system (LI-COR Biosciences) or ECL 
(GE Healthcare), which were consequently exposed to Kodak XB films (Rochester). The following 
primary antibodies were used: anti-C/EBPα (Santa Cruz Biotechnology, sc-61), anti-N-cadherin 
(BD Biosciences, 610921), anti-E-cadherin (BD Biosciences, 610182), anti-Fibronectin (BD 
Biosciences, 610077), anti-α-tubulin (Sigma, T90026). 

Confocal Microscopy
Cells were cultured on microscope glasses (Sigma-Aldrich). Coverslips were washed twice with 
PBS and fixed using PBS containing 4% paraformaldehyde (Merck) for 20 minutes at room 
temperature. Cells were washed twice with PBS and permeabilized with PBS containing 0.25% 
Triton (Sigma) for 5 minutes at room temperature.  Posteriorly, cells were pre-incubated with PBS 
containing 2% of bovine serum albumin (Sigma) for 60 minutes at room temperature. After the 
blocking step, cells were incubated overnight at 4 degrees with anti-C/EBPα (abcam, ab128482), 
anti-E-cadherin (abcam, ab1416) and anti-Fibronectin (BD Biosciences, 610077). Cells were 
washed twice in PBS and respective secondary antibodies (BD Biosciences) were incubated for 
60 minutes at room temperature. Lastly, cells were washed twice in PBS and coverslips were 
mounted in Prolong Gold anti-fade reagent with DAPI (Invitrogen). Confocal images were 
acquired using a Zeiss LSM 700 fluorescence microscope (Zeiss). 

Chromatin immunoprecipitation – sequencing 
Chromatin-immunoprecipitation was performed in HMLE cells using 5 of 15cm dishes per 
condition. HMLE cells were either treated with TGF-β (2.5ng/ml; R&D systems, 240-B-010) 
for 16 hours or left untreated. Subsequently, double crosslinking was performed using Di(N-
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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 5 min after which cells were 
washed in PBS and nuclear extracts were generated. Sonication using covaris was subsequently 
performed for 8 min at maximum output, after which immunoprecipitation was performed with 
1µg of the rabbit anti-SMAD3 (ab28379) 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. 

3D matrigel assay
8 well glass bottom chamber (Ibidi) was coated with cultrex matrigel (R&D systems) for 1 hour 
at 37 degrees. MCF10A cells were platted (5000 cells per chamber) in MCF10A assay medium 
as described previously 19. At specific experimental points, 5 ng/ml of TGFβ was added. For 
immunofluorescence staining, medium was gently removed and cells were fixed using PBS 
containing 4% paraformaldehyde (Merck) for 15 minutes at room temperature. Cells were 
washed twice with PBS and permeabilized with PBS containing 0.20% Triton (Sigma), 1% 
Dimethyl sulfoxide (DMSO; Santa Cruz Biotechnology) and 2% bovine serum albumin (Sigma) for 
60 minutes at room temperature. After the permebealization/blocking step, cells were incubated 
overnight at 4 degrees with anti-C/EBPα (Cell Signaling Technology, 2295). In the following 
day, cells were left for 30 minutes at room temperature and thereafter washed twice in PBS. 
Respective secondary antibody (BD Biosciences) and phalloidin (Cell Signaling Technology, 8940) 
were incubated for 2 hours at room temperature. Lastly, cells were washed twice in PBS and 
15µl of Prolong Gold anti-fade reagent with DAPI (Invitrogen) was added. Confocal images were 
acquired using a Zeiss LSM 700 fluorescence microscope (Zeiss). 

PyMT  tumor organoids
PyMT tumor organoids were generated from MMTV-PyMT;MMTV-Cre;R26R-YFP;E-Cad-mCFP 
mice on a FVB genetic background and established as previously described 4,20. In short, tumors 
were harvested and enzymatically digested using trypsin (from bovine pancreas, Sigma) and 
collagenase A (Roche). The digested tumors were spun down in several steps until only the cell 
fragments of 200 to 1000 cells were left. These organoids were embedded in BME (Reduced 
growth factor basement membrane extract type 2, PathClear). Organoids were maintained in 
medium consisting of DMEM/F12 Glutamax supplemented with Hepes (1M Gibco), Penicillin-
streptomycin, FGF (Life technologies) and B27 (50x Gibco). 
Lentiviral particles from pLEX307-C/EBPα overexpressing construct and pLEX307-empty-vector 
construct were produced using standard protocols and detailed above. Viral supernatants were 
concentrated using a centrifugal filter unit (Milipore, UFC901024) for 60 minutes at 4 degrees. 
The organoids were digested using Trypsin (Invitrogen Technologies) and mechanical disruption 
was used to generate small fragments of approximately 30-50 cells. The concentrated virus 
was diluted in DMEM/F12 Glutamax (Gibco) supplemented with Hepes (1M Gibco), Penicillin-
streptomycin, 8µg/ml Polybrene (Sigma) and 10 µM Y27632 (Sigma). The organoids and virus-
medium were spun in a 48-well plate at 600 rcf for 60 minutes at 32 degrees and afterwards 
placed in the 37 degrees, 5% CO2 incubator for 3 hours. Next, the organoids were washed and 
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plated. The organoids were selected using puromycin (100ng/ml) Life Technologies).

Mice
Non-obese diabetic SCID IL-2 receptor gamma chain knockout (NSG) mice (own colony) were 
housed under IVC conditions. Mice received food and water ad libitum. All experiments were 
carried out in accordance with the guidelines of the Animal Welfare Committee of the Royal 
Netherlands Academy of Arts and Sciences, The Netherlands.

Organoid transplantation and mastectomy in mice
C/EBPα-overexpressing organoids or empty-vector control organoids were harvested and made 
into smaller pieces using mechanical disruption. The organoids were diluted in PBS. NSG mice 
were sedated using isoflurane inhalation anesthesia (1.5% to 2% isoflurane/O2 mixture) and the 
organoids were injected beneath the 4th nipple. If the mouse developed a tumor of 1500mm3, 
a mastectomy was performed while sedated using isoflurane inhalation anesthesia (1.5% to 2% 
isoflurane/O2 mixture). All the mice were sacrificed 8,5 weeks after injection. Metastatic lesions 
in the lungs were counted by two independent researchers. 

Mouse tumor and tissue processing for histology
Part of tissues were fixed in periodate-lysine-paraformaldehyde (PLP) buffer (2.5 ml 4% PFA + 
0.0212 g NaIO4 + 3.75 ml L-Lysine + 3.75 ml P-buffer (pH 7.4)) O/N at 4°C. The following day, the 
fixed tumors and tissues were washed twice with P-buffer and placed for at least 6 hours in 30% 
sucrose at 4°C. The tumors and tissues were then embedded in tissue freezing medium (Leica 
Microsystems) and stored at -80°C before cryosectioning. Other part of the tissues were fixed in 
4% paraformaldehyde, dehydrated and embedded in paraffin. 

GFP staining of paraffin sections
Paraffin sections of 4 µm were firstly immersed in xylene for 10 minutes at room temperature 
and subsequently immersed in different percentages of ethanol (100%, 95%, 70% and 50%) for 
approximately 2 minutes each step. Tissue was rinsed in deionized water and boiled in citrate 
buffer (10mM C6H5Na3O7.2H2O pH 6.0) for 20 minutes. Slides were put aside to cool down and 
thereafter washed in PBS. After that, slides were blocked in PO-block buffer containing 5% of H2O2 
(from a 30% stock) for 15 minutes at room temperature. Washing step in PBS was performed 
and second block in PBS containing 2.5% bovine serum albumin (Sigma) for 30 minutes at room 
temperature was followed. Subsequently, tissue was incubated with anti-GFP antibody (Abcam, 
ab6673) in PBS containing 0.5% bovine serum albumin (Sigma) for 3 days at 4 degrees. After 
primary antibody incubation, tissues were washed in PBS and incubated with rabbit anti-goat 
antibody (BIO-RAD, STAR194) for 1 hour at room temperature. After that, samples were washed 
in PBS and incubated with HRP-labeled anti-rabbit (ImmunoLogic, DPVB110HRP) for 30 minutes 
at room temperature. Tissues were washed in PBS and incubated with 3,3’ Diaminobenzidine 
(DAB) containing 0.1% of H2O2 (from a 30% stock) for 10 minutes at room temperature. Washing 
steps in PBS were followed and tissues were incubated with hematoxyline counterstaining 
for 5 minutes at room temperature. Lastly, samples were immersed in different percentages 
of ethanol (50%, 70%, 95% and 100%) for approximately 2 minutes each step, followed by an 
incubation with xylene for 10 minutes at room temperature and subsequently mounted with 
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pertex. Tissues were analyzed with an inverted bright field microscope at 10 and 40 magnification 
to morphologically identify metastasis. Metastatic lesions in the lungs were counted by two 
independent researchers. 

Immunofluorescence staining of frozen tissue sections
Frozen tissues sections of 16 µm were rehydrated in 0.1M Tris pH 7.4 for 10 minutes at room 
temperature and subsequently permeabilized in 0.1M Tris pH 7.4 containing 0.25% Triton (Sigma) 
for 5 minutes at room temperature. Posteriorly, blocking was performed in 0.1M Tris pH 7.4 
containing 2% bovine serum albumin for 45 minutes at room temperature. After blocking step, 
tissueswere incubated overnight at 4 degrees with anti-C/EBPα (Cell Signaling Technology, 2295). 
In the following day, samples were washed twice in 0.1M Tris pH 7.4, and incubated with donkey 
anti-rabbit secondary antibody Alexa Fluor 555 (Thermo Scientific, A31572) and TOPRO-3 for 2 
hours at room temperature. Lastly, tissues were washed twice in 0.1M Tris pH 7.4 and mounted 
using vectashield antifade mounting medium (Vector labs). Confocal images were acquired using 
a Zeiss LSM 700 fluorescence microscope (Zeiss) at 63 magnification. 

Statistical analysis 
Data represented as mean ± SD of at least three independent experiments. Differences were 
analyzed by unpaired two-tailed T-Test between two groups and by Two-way ANOVA for 
differences between more than two groups. Exceptionally, qPCR results obtained on Fig. 2B were 
analyzed using unpaired one-tailed T-Test. 
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Figure S1. (a) qRT-PCR analysis showing the effect of TGF-β on several well-known EMT mesenchymal and 
epithelial markers in HMLE cells. p<0.05 except when indicated with ns (non-significant). Data represented 
as mean ± SD of three independent experiments. (b) Visualization of RNA-seq profile for the CEBPB locus 
in TGF-β treated (24 hours) and untreated HMLE cells in both duplicates. (c) qRT-PCR results showing 
the effect of TGF-β on CEBPB mRNA levels. ns (non-significant). Data represented as mean ± SD of three 
independent experiments. (d) qRT-PCR results showing the effect of TGF-β on CEBPA mRNA levels at shorter 
time points. Two independent set of primers were used (P1 and P2). Data represented as mean ± SD of 
three independent experiments. (e) MCF10A cells were either left untreated or treated with 5 ng/ml of 
TGF-β as indicated. qRT-PCR analysis showing the effect of TGF-β on CEBPA and well-known EMT markers. 
Data represented as mean ± SD of three independent experiments. p<0.05 except when indicated with ns 
(non-significant).



7

170

Chapter 7

a b

 E
v 

-
 E

v 
- 

 E
v 

+
 E

v 
+ 

 C
EB

PA
 -

 C
EB

PA
 -

 C
EB

PA
 +

 C
EB

PA
 +

 -1
.9

9 
 -1

.3
3 

 -0
.6

6 
 0

.0
0 

 0
.6

6 
 1

.3
3 

 1
.9

9 
Log2 FC

Intermediate filaments

Cell adhesion

Extracellular matrix

EMT core

-log(pvalue)
0 2 4 6 8 10

Angiogenesis

c

0

50

100

150

EV C/EBPα

C
el

l g
ro

w
th

 re
la

tiv
e 

to
 E

V

ns

Figure S2. (a) Heatmap visualizing gene expression of the 355 TGF-β- and C/EBPα-regulated genes. (b) Gene 
ontology (GO) analysis on the EMT core genes. (c) Graph showing percentage of cell growth of EV and C/
EBPα-expressing HMLE cells.
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Figure S3. (a) Results from qRT-PCR analysis showing CEBPA mRNA levels in HMLE cells expressing empty 
vector or constitutive CEBPA, untreated or TGF-β treated as indicated. Data represented as mean ± SD 
of three independent experiments. (b) CEBPA mRNA levels in HMLE cells expressing shRNA control or 
shRNA targeting CEBPA. Data represented as mean ± SD of three independent experiments. (c) CEBPA 
mRNA levels in MFC10A cells expressing shRNA control or shRNA targeting CEBPA. Two independent set 
of primers were used (P1 and P2). Data represented as mean ± SD of three independent experiments. 
(d) Bright-field microscopy images of MFC10A cells expressing shRNA control (SCR) or shRNA targeting 
CEBPA in two different magnifications. Data is representative of three independent experiments. (e) qRT-
PCR data showing the expression levels of known epithelial and mesenchymal markers upon CEBPA knock-
down in MCF10A cells. Data represented as mean ± SD of three independent experiments. (f) Results from 
immunoblotting analysis displaying protein levels of well-characterized EMT markers in the presence of 
CEBPA knock-down. Data is representative of three independent experiments.
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Figure S4. (a) qRT-PCR results displaying the effect of CEBPA knock down on the expression of known 
EMT-inducers both in HMLE and MCF10A cells. Data represented as mean ± SD of three independent 
experiments. (b) Schematic representation of the ZEB1 promoter region and predicted CEBPA binding sites 
using Contra V2 software and high stringent parameters (core 0.95; similarity matrix 0.85).
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Figure S5. (a) Results from qRT-PCR showing the expression levels of CEBPA in EV or CEBPA-inducible 
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experiments. (b) Fluorescence microscopy visualization of the epithelial-spheroids formed in MCF10A cells 
expressing empty vector or doxycycline-inducible CEBPA upon TGF-β, doxycycline or both. 4x magnification. 
Data is representative of three independent experiments. (c) Immunoblotting analysis of EV or CEBPA-
inducible MCF10A cells treated with TGF-β, doxycycline or both. Data is representative of three independent 
experiments.



7

174

Chapter 7

40

EV

C/EBPαEV

C/EBPα
0

10

20

30

40

Fo
ld

 c
ha

ng
e 

re
la

tiv
e 

to
 β

2m

CEBPA P3 CEBPA P4

0

10

20

30

Fo
ld

 c
ha

ng
e 

re
la

tiv
e 

to
 β

2m

a

b

Tu
m

or
 E

V
Tu

m
or

 C
/E

BP
α

anti-C/EBPα Topro-3 YFP

EV

C/EBPα

0

1

2

3

4

EV

C/EBPαPo
si

tiv
e 

st
ai

ni
ng

 re
la

tiv
e 

to
 E

V 

C/EBPα staining

*

c

0

50

100

150

200

250

*

EV

C/EBPαM
et

as
ta

tic
 le

si
on

s 
(p

er
ce

nt
ag

e)

Tu
m

or
 s

iz
e 

(m
m

3 )

0

500

1000

1500

2000

EV

C/EBPα

ns
d



7

175

C/EBPa is crucial determinant of epithelial homeostasis by preventing epithelial-to-
mesenchymal transition

Figure S6. (a) Quantitative RT-PCR analysis of C/EBPα expression in control or C/EBPα-overexpressing tumor 
organoids used for the injection into NGS mice. Two independent set of primers were used (P3 and P4). (b) 
Immunofluorescence images and quantification of primary mammary tumors of control or “C/EBPα-mice” 
stained for C/EBPα. Arrowheads indicate cells outside the primary tumor that endogenously express C/
EBPα (c) Tumor volume of primary mammary tumors at mastectomy day. n = 3 per experimental group. 
(d) Box plot showing the number of lung metastasis nodules from mice injected with control or C/EBPα-
overexpressing organoids.
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Figure S7. qRT-PCR results displaying the expression levels of ZEB1 during TGF-β stimulation in the presence 
of CEBPA constitutive expression. Data represented as mean ± SD of three independent experiments.
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Our understanding of the molecular mechanisms underlying cancer development have progressed 
well beyond the conventional and simplistic notion that tumor growth and metastasis relies only 
on the accumulation of mutations. In past years, many studies have shown that both cancer 
initiation and progression are extremely complex processes that additionally require alterations 
in epigenetic modifications, metabolism and microenvironment, which can ultimately result in 
the deregulation of transcription factors. 
In the studies comprising this thesis, we aimed to better understand the role of transcriptions 
factors whose expression is modulated by TGF-β signaling, a pleiotropic cytokine that is found 
upregulated in many human cancers, including breast cancer 1. The TGF-β signaling pathway plays 
a critical role during mammalian breast development by regulating apoptosis and establishing 
proper gland structures 1. However, TGF-β signaling has also been demonstrated to play a 
tumor suppressive role in the early-stage tumors (by inhibiting cell proliferation and inducing 
apoptosis), while in advanced tumors it has been shown to contribute to metastasis formation 
and poor clinical outcome 2,3. This functional switch is believed to be caused by the shutting 
down of certain core elements of the signaling cascade and/or downstream core transcription 
factors required for SMADs transactivation ability of tumor-suppressor genes 2. This contributes 
to the impairment of the tumor suppressive transcriptional axis and the emergence of an 
oncogenic response. According to the revised notion of cancer development, mutations in the 
core components of the TGF-β signaling cascade are not common in breast cancer 1, suggesting 
that additional mechanisms such as hypermethylation-mediated gene silencing, protein-protein 
interactions or post-translational modifications may interfere with both expression levels and 
transcriptional activity of these factors. 
TGF-β and its receptors are not only expressed by the epithelial-derived tumor cells but also by 
numerous cell-types found in the stroma, including fibroblasts, endothelial cells, immune cells 
and bone marrow-derived stem cells 2.  Activation of TGF-β pathway can thus impact multiple 
aspects of tumor progression including angiogenesis and immune cell infiltration 2. Moreover, 
TGF-β-mediated upregulation of matrix metalloproteinases (MMPs) contributes to the 
degradation of the extracellular matrix (ECM) and consequent release of stored growth factors, 
including TGF-β, thereby sustaining the activated pathway 4.  Taken together, the activation of 
TGF-β pathway contributes to both tumor initiation and to the maintenance of a favorable tumor 
microenvironment. In this thesis, we propose that TGF-β oncogenic role in the context of breast 
cancer is, in part, mediated by the upregulation of SOX4 and repression of C/EBPα transcription 
factors. 

SOX4 as a critical player in TGF-β-induced EMT and tumor progression
The developmental epithelial-to-mesenchymal transition (EMT) program is often exploited 
by cancer cells to acquire pro-metastatic features including motility and invasion 5. Aberrant 
expression of many growth factors, including TGF-β, contributes to the transcriptional activation 
of several key transcription factors involved in the repression of epithelial proteins, including cell-
adhesion and polarity-associated proteins, and induction of mesenchymal proteins important for 
cell migration, ECM remodeling and intra/extravasation 5. In Chapter 2, we have demonstrated 
that SOX4 is sufficient to induce EMT and its expression is also required for TGF-β-mediated 
EMT. We observed that ectopic expression of SOX4 is sufficient to induce the expression of 
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mesenchymal markers (N-cadherin, vimentin and fibronectin), however and unlike other EMT-
inducers such as SNAI1 or ZEB1, it fails to repress CDH1 (E-cadherin) expression 6,7.  This, together 
with the observations that TGF-β-mediated repression of E-cadherin is significantly impaired in 
SOX4-depleted human epithelial mammary (HMLE) cells 6, suggests that repression of CDH1 
by SOX4 requires the concerted action of additional (transcription) factors and/or chromatin 
remodelers, which are likely activated by TGF-β pathway.  In line with this notion, it has been 
demonstrated that modulation of gene expression by transcription factors is not based solely 
on binding sites motifs but also on the availability and interaction of additional (transcriptional) 
factors, thereby contributing to the variability of transcriptional output observed in different cell 
types 8. For example, the transcription factors p63 and p73 are required for the p53-binding to 
the p53 response elements present in PERP, BAX and NOXA target genes, but not to CDKN1A 
(p21) or MDM2, where it has been suggested that binding of p63 and p73 is necessary to 
subsequently modify the chromatin architecture in such a way that DNA regulatory regions 
become available for p53 binding 9. Taken together, these suggests that activation of TGF-β 
signaling modulates the expression and/or activity of SOX4 co-factors required for its direct 
repression of epithelial proteins or for SOX4-mediated transcriptional activation of epithelial 
repressors. In order to identify potential SOX4 co-factors, we performed an unbiased global 
transcription factor interaction screen (Chapter 4). This revealed that SOX4 can interact with 
several transcription factors including ETS-1, PIT-1, MAFB and SMAD3. Interaction between 
SOX4 and SMAD3 indicates that SOX4 is not only a transcriptional target of TGF-β, as shown in 
Chapter 2, but also a relevant player in the TGF-β signaling cascade. We observed that SOX4 
and SMAD3 co-occupy a large number of genomic loci, enriched for markers associated with 
active/open chromatin (H3K27ac, H3K4me3 and POL2) (Chapter 4). This suggests that SOX4 acts 
predominantly as “settler” transcription factor, characterized by their ability to bind genomic 
DNA adjacent to open chromatin 10,11. However, this type of transcriptional regulation does not 
exclude a role for SOX4 as a pioneering transcription factor on a tissue-specific subset of target 
genes which may be dependent on SOX4 levels, binding-site kinetics and the availability of co-
factors. In line with this notion, in Chapter 5, we demonstrated that tyrosine 126 residue is 
important for SOX4 transcriptional activity, potentially due its ability to interact with proteins 
comprising the nucleosomes. Pioneer factors differ from the most transcription factors by their 
ability to bind condensed chromatin, which subsequently can recruit chromatin remodelers 
(histone acetyltransferases and histone methyltransferases) that can modify the chromatin 
directly and make it accessible for other factors to bind, endowing transcription regulation 12. 
Additionally, comparison of SOX4-SMAD3 co-bound sites in distinct human mammary cell lines 
demonstrated only a small degree of overlap (Chapter 4), supporting that SOX4 modulates 
transcriptional network in a cell-type specific manner, likely determined by the availability of co-
factors and differences in epigenomes. 

Sox4 redirects TGF-β response from tumor suppressive to oncogenic
In Chapter 2 and 4, we have shown that SOX4 is not only a target of TGF-β signalling but also 
interacts with SMAD3 to cooperatively bind on the genome and regulate gene expression. Gene-
ontology (GO) term analysis of SOX4-SMAD3 co-bound and regulated core genes showed an 
enrichment for cellular processes involved in tumour progression, including extracellular matrix 
organization, regulation of cell adhesion and blood vessel development (Chapter 4). Moreover, 
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SOX4-dependent TGF-β gene expression signature demonstrated a significant correlation with 
diminished disease-specific survival (DSS), while analysis of the total TGF-β signature devoid of 
SOX4-depedent and SOX4/SMAD3 co-bound genes showed little-to-no association with clinical 
outcome (Chapter 4). These strongly suggests that SOX4 redirects TGF-β signalling from a tumour 
suppressive response towards a pro-malignant outcome, thereby differences in SOX4 expression 
levels can therefore determine TGF-β response in cancer. In non-transformed cells or early 
stage cancers, both SOX4 expression and activity are likely limited and intrinsically regulated. 
Several mechanisms may be responsible for such tight regulation, including a) hypermethylation-
mediated silencing of SOX4 gene expression; b) miRNAs targeting SOX4 transcript; c) interaction 
of factors that compete for SMAD3 binding and d) absence of factors that interact and stabilize 
SOX4 protein, such as syntenin 13 (Figure 1). 
DNA methylation is a highly reversible process that plays a critical role in the silencing of numerous 
genes during both embryogenesis and tissue homeostasis 14,15. During palate development and 
after palatal shelf fusion, increase methylation on SOX4 promoter is responsible for reduction 
of SOX4 levels 16. Similarly, during retinal development, temporal expression of SOX4 is highly 
dependent on the methylation status of its regulatory regions 17. Consistent with restricted 
expression of SOX4 in adult tissues 18, it was shown that SOX4-associated repressive mark 
H3K27me3 is markedly increased in the adult retina compared to under development retina 
17. Global genomic hypomethylation has been observed in a wide variety of human cancers, 
including prostate, leukemia and hepatocellular carcinoma 19. Many tumour-associated genes 
have been found hypomethylated in tumour samples compared to healthy tissue, which 
positively correlates with increased expression 19,20. Furthermore, CD44+CD24- population of 

breast cancer cells, which exhibits invasive and stem cell-like features, display increased global 
hypomethylation and highly expressed oncogenes (FOXC1, LHX1, HOXA10) which promoters were 
found hypomethylated compared to the more epithelial CD44-CD24+ population 21. It is possible 
that aberrant SOX4 expression in cancer is caused, in part, by increased hypomethylation of SOX4 
regulatory regions (Figure 1I-II). Among others, mutations in the DNA methylation machinery 
and increased oxidative stress have been attributed to the development of hypomethylation-
associated malignancies, including cancer 20,22.
The expression of microRNAs (miRNAs), small noncoding RNAs that function as post-transcriptional 
regulators of gene expression, are also generally altered in cancer 23. Many miRNAs have been 
shown to target SOX4 transcript (Chapter 1-3, Table 1). Diminished expression of these miRNAs is 
commonly observed in tumor specimens compared to healthy tissue and reduced expression of 
these factors is associated with poor-clinical outcome (Chapter 3, Table 1). An inverse correlation 
between SOX4 and these miRNAs, strongly suggests that aberrant expression of SOX4 can be 
caused by mechanisms involved in the repression of miRNAs transcription, including epigenetic 
modifications or direct repression by transcription factors (Figure 1III) 24. Indeed, promoter 
hypermethylation of miRNAs with the ability to target SOX4 is observed in many human cancers 
and correlates with increased SOX4 expression 23,25–27. 
The dynamic of interactions between transcription factors largely determine the transcriptional 
output 28,29. For example, interaction of p53 with two pro-apoptotic members of ASPP family 
(ASPP1 and ASPP2) results in p53-induced apoptosis by stimulating p53 binding to the BAX 
and PIG3 genes. However, in the presence of anti-apoptotic member iASPP, these complex is 
abrogated and induction of apoptosis is inhibited 9. It is possible that, in early stage cancers, 
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SMAD3-SOX4 complex is disrupted by physical competition exerted by other factors that can 
sequester SOX4 from SMAD3. Notably, we observed that tumor suppressor C/EBPα is able 
to interact with Sox4, through distinct Sox4 domains and independent of DNA (Figure 2A-B). 
Together with the observations that C/EBPα is a repressed target of TGF-β, this suggests that C/
EBPα tumor suppressive function could also be exerted through SOX4 sequestration and that 
repression of C/EBPα is necessary for its release and subsequent association in the transcriptional 
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Figure 1. Schematic representation of molecular mechanisms involved in the regulation of SOX4 
expression in non-transformed cells, early and late stage-cancer cells. (I) In non-transformed mammary 
epithelial cells, epithelial homeostasis is ensured by (a) H3K27me3-mediated repression of SOX4 
transcription and by (b) the tumor-suppressor C/EBPα that acts as inhibitor of mesenchymal-related genes 
and activator of epithelial proteins such as E-Cadherin. (II) In early stage-cancer, TGF-β-induced SOX4 can be 
(a) post-transcriptionally repressed by miRNAs or (b-c) SOX4 protein activity can be negatively regulated by 
sequestration and/or proteasome-mediated degradation. (d) This contributes to TGF-β tumor suppressive 
function through the induction of genes involved in the inhibition of cell proliferation, angiogenesis and 
inflammation, and induction of cell death. (III) In late stage-cancer, repression of TGF-β-activated SOX4 is 
alleviated by the inhibition of miRNAs that recognize SOX4 transcript, either by (a) gene hypermethylation 
or (b) transcriptional repression mediated by EMT-inducers such as ZEB1. (c) Induction of syntenin 
stimulates the formation of SOX4-syntenin complex, thereby preventing SOX4 degradation. (d) Moreover, 
TGF-β-mediated repression of CEBPA expression results in the abrogation of SOX4-C/EBPα inactive complex, 
resulting in the release of SOX4 and (e) SOX4-mediated transcriptional activation of genes involved in tumor 
progression and metastasis.
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active SMAD3-SOX4 complex (Figure 1III). 
Taken together, aberrant SOX4 expression has a significant impact on tumorigenesis, suggesting 
that SOX4 is tightly regulated in its expression by many signaling pathways, and their transcriptional 
activity is likely subject to post-transcriptional mechanisms and sequestration mechanisms.  

Regulation of SOX4 activity by post-translational modifications
The sequence of SOX proteins contain consensus recognition sites for several post-translational 
modifications (PTMs), including phosphorylation, acetylation and sumoylation 30. Although a 
functional role for PTMs have been stablished for several SOX members, including SOX9 and SOX2 
31,32, little is known about the actual occurrence of such modifications in SOX4 protein and their 
role in the regulation of SOX4 activity. Previous studies have shown that Sox4 C-terminus contain 
a degradation motif, however proteasome-mediated degradation of Sox4 was poly-ubiquitination 
independent 13. In Chapter 5, we show that Sox4 Y126 is important for Sox4 transcriptional 
activity, however, this effect was independent of phosphorylation. Nonetheless, we have shown 
that Sox4 protein can be tyrosine phosphorylated in both HEK293T and human mammary 
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that include the HMG box domain (1-
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epithelial (HMLE) cells, suggesting a functional role for this modification in the modulation of 
Sox4 activity. Although less frequent compared to serine/threonine phosphorylation, tyrosine 
phosphorylation has been shown to regulate several aspects of protein activity, including nuclear 
localization, protein stabilization and DNA-binding ability  33–37. 
Since no alterations in cellular localization or stability were observed for SOX4 tyrosine dead 
(Y9xF), we can postulate that, in this system, tyrosine phosphorylation has no impact on Sox4 
nuclear localization or protein stability. Moreover, SOX4 nuclear staining was unaffected upon 
pervanadate treatment of U2OS and MCF-7 cells. However, we cannot exclude that in the 
presence of the correct stimuli, activation of an unknown signaling pathway leads to SOX4 
tyrosine phosphorylation and consequent SOX4 nuclear exclusion and protein degradation. 

Dual role for SOX4 in cancer
Similar to TGF-β, SOX4 has also been shown to have a complex role in tumorigenesis, acting both 
as tumor suppressive and pro-metastatic factor. Elevated SOX4 expression has been reported in 
nearly all human cancer types, and although most studies describe a pro-oncogenic function of 
SOX4, several studies have also shown that increased SOX4 expression is correlated with better 
clinical outcome 18. Contrasting SOX4 functions may result from differences in the availability of 
SOX4 protein partners.
Cooperative binding between transcription factors contributes to target gene selection 38,39. 
We observed that, In addition to SMAD3 binding sites, SOX4 bound sites contain the consensus 
DNA binding motifs of a number of distinct transcriptional factors including CTCF, AP1 and 
ETS1. Additionally, by performing a transcription factor interaction screen, we observed that 
SOX4 can interact with several other transcription factors besides SMAD3 (Chapter 4). Relative 
concentrations of binding partners have also been shown to allosterically influence the 
conformation of the transcription factor, which ultimately can influence its interaction with 
diverse DNA response elements (RE), resulting in a distinct transcriptional output 40. Differences 
in availability and levels of additional transcription (co-)factors may therefore contribute to the 
diversity of SOX4 function and tumor-stage specific effects of SOX4 during tumorigenesis. SOX4 
has been shown to act as tumor suppressor at initial stages of HCC, while in more advanced stages 
of the disease, SOX4 expression is associated with poor clinical prognosis 18. Accordingly, the 
expression of proto-oncogene ETS1 was found increased in advanced prostate cancer specimens 
compared to benign prostatic hyperplasia and normal prostate tissue 41. SOX4-induced cellular 
responses may therefore be dependent on the availability, binding affinity and combination of 
diverse transcription factors. Taken together, in addition to a permissive epigenome, availability 
of specific SOX4 co-factors may dictate and redirect cellular response from a tumor suppressive 
function towards a pro-metastatic outcome. 

EMT: a matter of imbalance
An extensive effort has been devoted to the characterization of transcription factors that are able 
to induce EMT (EMT-inducers), however transcription factors whose function ensures epithelial 
homeostasis and repression of the EMT program remain poorly characterized (Figure 3). In 
Chapter 7, we show that transcription factor C/EBPα plays a fundamental role in maintaining 
mammary epithelial homeostasis and preventing “spontaneous” EMT, thereby by acting as an 
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“epithelial guardian”. Additionally, ectopic expression of C/EBPα during TGF-β-mediated EMT 
was sufficient to suppress several aspects of this process, including upregulation of mesenchymal 
proteins and switch in cell morphology. Importantly, this shows that EMT program not only 
relies on the upregulation of EMT-inducers but also requires the suppression of EMT-repressors. 
Accordingly, ectopic expression of tumor-suppressor ELF5 is sufficient to inhibit TGF-β-mediated 
EMT, both in vitro and in vivo 42. It is shown that EMT-inducer SNAI2 (Slug) is a downstream 
target of ELF5, thereby restoration of ELF5 is important for SNAI2 repression 42. Similarly, we 
observed that ectopic expression of C/EBPα leads to inhibition of EMT-inducer ZEB1, and 
depletion of C/EBPα was accompanied by a marked increase of ZEB1 expression levels (Chapter 
7). Taken together, these studies indicate that EMT-repressors are upstream of EMT-inducers 
and restoration of these EMT-repressors might have a great impact in reverting mesenchymal 
phenotype towards epithelial-like characteristics, thereby contributing to the sensitibilization 
of these cells for chemotherapy and cell death. In summary, this shows the importance of 
defining and characterizing transcription factors that prevent EMT-mediated tumorigenesis and 
contribute to a better clinical outcome of patients.

SOX4 and CEBPA: a coincidence? 
Competition between repressor and activator proteins for promoter occupancy by mutually 
exclusive binding to the same DNA is one of the multiple mechanisms underlying transcriptional 
control of gene expression 43,44. Interestingly, both SOX4 and C/EBPα recognition binding motifs 
share a high degree of similarity, including the CCAAT core 18,45. We showed throughout this thesis 
that both SOX4 and C/EBPα are transcriptional targets of TGF-β signaling, and interaction between 
these factors was observed (Figure 2). While SOX4 expression is induced upon TGF-β activation, 
C/EBPα transcription is rapidly repressed. Notably, we observed that several genes are common 
targets between these two transcription factors (Figure 4A). More importantly, expression levels 
of many common target genes display an inverse correlation in C/EBPα-overexpressing HMLE 
cells compared to SOX4-overexpressing HMLE cells (52.4%), including FN1, CDH2, FYN, PLAU, 
CDH11 and ADAM19. Together with the observations that interaction between SOX4 and C/EBPα 
is reduced upon DNA disruption (Figure 2B), this suggests that regulation of common targets 
may be exerted through physical competition for DNA-binding. Additionally, we can postulate 
that TGF-β-mediated repression of C/EBPα is also required to free common regulatory regions 
for subsequent SOX4 binding during EMT. Furthermore, we observed that co-transfection of C/
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Figure 3. Schematic 
illustration representing 
the unbalance underlying 
the knowledge in the 
field in regard to EMT-
repressors and EMT-
inducers characterization.
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EBPα is sufficient to suppress SOX4-mediated activation of CDH2 reporter (+5 to -3200bp) in 
HMLE cells (Figure 4B). Together with the observations that ectopic expression of C/EBPα is 
sufficient to repress CDH2 reporter (Figure 4B), this supports that C/EBPα may compete with 
SOX4 for DNA-binding. However, we cannot exclude that association between C/EBPα and SOX4 
may contribute to the formation of inactive heterodimers that result in the abrogation of SOX4 
transactivation capacity.
A link between SOX4 and C/EBPα has been observed in acute myeloid leukemia (AML). Depletion 
of C/EBPα in the hematopoietic stem cell-derived LSK (Lin−Sca-1+c-Kit+) cells results in the 
upregulation of SOX4 expression, due to the alleviation of C/EBPα-mediated transcriptional 
repression of SOX4 gene 46. SOX4 knockdown in C/EBPα-depleted LSK reverts the malignant 
traits acquired by the inactivation of C/EBPα, such as undifferentiated state and self-renewal 
ability 46, indicating that oncogenic phenotype observed in AML expressing CEBPA mutations is 
mediated by the aberrant upregulation of SOX4. Indeed, analysis of gene expression profile of 
leukemic cells overexpressing SOX4 shared a high similarity with leukemic cells expressing CEBPA 
mutations, and depletion of SOX4 in cells derived from CEBPA mutant AML patients restores 
the percentage of mature granulocytes in vivo 46. Therefore it is suggested that SOX4 is a central 
mediator of AML with defective C/EBPα activity. Taken together, this suggests that increased 
SOX4 expression observed upon TGF-β activation may also result from SMAD3-mediated 
transcriptional repression of CEBPA (Chapter 2 and 7). However, depletion of C/EBPα in HMLE 
cells showed no significant effect on SOX4 expression levels, indicating that SOX4 may not be a 
transcriptional target of C/EBPα in solid tumors. Nonetheless, in both hematopoietic and non-
hematopoietic tissues, opposite roles for C/EBPα and SOX4 during tumorigenesis is observed. 
Moreover, certain degree of common targets indicate a potential crosstalk between these two 
factors in cancer.

Figure 4. Multiple target genes are commonly regulated by SOX4 and C/EBPα. (A) Venn-diagram 
representing the overlap of genes regulated by SOX4 and C/EBPα in human mammary epithelial 
(HMLE) cells. (B) HMLE cells were transfected with C/EBPα, Sox4 or both, and co-transfected with CDH2 
(N-cadherin) luciferase reporter and internal transfection control pTK-Renilla reporter. Cells were lysed and 
the supernatant fraction was assayed for luciferase activity using a dual-luciferase reporter assay system.

82 (7.4%)

381 692

Diff. exp. 
upon SOX4 OE

Diff. exp. 
upon C/EBPα OE

A B

0

20

40

60

80

100

120

EV Sox4 C/EBPα Both

Lu
ci

fe
ra

se
/R

en
ill

a 
ra

tio

**

***

CDH2 reporter



8

188

Chapter 8

Potential role for C/EBPα in the regulation of cancer stem cells? 
C/EBPα is a negative regulator of several processes involved in tumorigenesis, including cell 
proliferation, migration and cell survival (Chapter 6). Interestingly, several C/EBPα-repressed 
targets are found enriched in cancer stem-cell associated CD44+CD24- population compared to 
epithelial CD44-CD24+ population, including CDH2, FYN, HMGA2, MMP2, SPARC and ZEB1 47. 
Moreover, depletion of C/EBPα in human mammary epithelial (HMLE) cells results in a significant 
increase of  CD44+CD24- population, while epithelial-like CD44-CD24+ population is found reduced 
(Figure 5A-B). Relative CD44 and CD24 expression are commonly used as putative markers to 
isolate cancer stem cells (CSCs) 48. In addition to self-renewal capacity, CD44+CD24- breast cancer 
cells have been shown to be more mesenchymal, motile and invasive as well as chemotherapy 
resistant 49–51. These observation suggest that C/EBPα, likely by repressing genes that are involved 
in the generation and maintenance of cancer stem cells, is required for preserving a more 
epithelial and differentiated state. In line with this notion, restoration of C/EBPα in the head and 
neck squamous cell carcinoma SCC22B cell line resulted in increased expression of involucrin, a 
squamous cell differentiation marker 52. Mice injected with C/EBPα-overexpressing SCC22B cells 
showed no tumor formation unlike mice injected with SCC22B control, of which 10 out 10 mice 
displayed tumors 52. Furthermore, conditional C/EBPα-/- mice displayed enhanced hematopoietic 
stem cell (HSC) activity, characterized by increased Bmi-1 expression, repopulation capacity and 
self-renewal ability 53. Taken together, these observations suggest that C/EBPα is required to limit 
stemness of both hematopoietic and cancer cells. 
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The role of C/EBPα and SOX4 in distant metastasis and their (potential) 
contribution to mesenchymal-to-epithelial transition (MET)
There are distinct and opposing opinions regarding the contribution of EMT for cancer 
metastasis, in part, due to immunohistochemistry observations that show high similarity 
between primary and metastatic tumors. In recent years, it has been postulated that the reverse 
event, mesenchymal-to-epithelial transition (MET), occurs at sites of metastasis whereby 
cancer cells (re)gain the ability to interact with stromal cells and ECM comprising the colonized 
organ, contributing to cancer cell survival and growth 54,55. Therefore, it is proposed that cancer 
metastasis requires two major sequential events: EMT and MET 54,56. MET is characterized by 
the ability of cells to re-express adhesion molecules such as E-cadherin, wherein loss of CDH1 
promoter hypermethylation is observed 57–59. Moreover, expression of genes whose products are 
implicated in EMT such as TWIST and FOXC1 are found downregulated during MET 60. 
The pre-metastatic niche has been demonstrated to play a fundamental role in inducing MET 
54,58. Paracrine and autocrine signaling initiated by stromal cells residing the metastatic lesion are 
believed to positively contribute to the induction of MET program in cancer cells 54. Additionally, 
another plausible mechanism underlying the EMT-MET switch in distant tissues is the absence of 
continued expression of EMT-promoting signals such as TGF-β, Wnt and hypoxia 54. 
We have observed that mice injected with C/EBPα-overexpressing organoids displayed similar 
primary tumor growth and size compared to control organoids, however, ectopic expression of 
C/EBPα was sufficient to impair cancer cell colonization in the lungs as showed by the significant 
reduction of metastasis number (Chapter 7). Furthermore, although not statistically significant, 
we observed a reduction in the number of circulating tumor cells (CTCs) in mice injected 
with C/EBPα-overexpressing organoids, suggesting that C/EBPα suppresses cell intravasation. 
Accordingly, C/EBPα expression results in the inhibition of important components involved 
in this process, including CDH2 (N-cadherin), PLAU (urokinase or uPA) and FN1 (fibronectin) 
61–63. Taken together, these supports that maintenance of epithelial traits is critical to prevent 
metastasis development, in which C/EBPα plays a fundamental role. Additionally, we observed 
that introduction of C/EBPα in TGF-β-induced mesenchymal cells leads to MET (Chapter 7). 
This raises a question regarding the contribution of C/EBPα expression during MET-associated 
metastasis. Do cancer cells overexpress C/EBPα at metastatic lesions in order to induce MET? 
Assessment of C/EBPα expression at metastatic organs remains to be determined. However, we 
can speculate that signals inducing MET program at secondary tumors might differ from MET 
program involved during embryogenesis and tissue homeostasis. For example, cells may activate 
certain epithelial properties necessary for survival and maintain some mesenchymal features 
involved in dormancy and chemotherapy resistance. Accordingly, assessment of E-cadherin and 
vimentin expression of metastatic cancer cells in the brain showed a high percentage of cells co-
expressing both proteins 67. 
Unlike C/EBPα, SOX4 expression enhances metastatic progression of breast cancer, whereby 
SOX4 depletion is sufficient to impair colonization of breast cancer cells in several secondary 
tissues, including lungs and liver 64. These observations support that SOX4-expressing cells have 
a metastatic-advantage. A relevant question is therefore which step(s) of the metastatic program 
is SOX4 expression required. Is SOX4 only important for the initial steps of tumorigenesis by 
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providing migratory and transendothelial abilities? Or is SOX4 also important to support cell 
survival of CTCs and extravasation capacity? If so, which molecular mechanisms are involved 
in downregulating SOX4 expression during MET-associated tumorigenesis? We could postulate 
that absence of EMT-associated signaling pathways such as TGF-β and Wnt at the pre-metastatic 
niche might contribute to the reduction of SOX4 levels. Moreover, autocrine factors released by 
stromal cells might activate certain signaling pathways that lead to the transcription of miRNAs 
that post-transcriptionally regulate SOX4 levels. 
Although many studies have shown the importance of MET in the formation of metastasis 54, 
other reports have suggested that activation of MET program in cancer cells leads to more 
differentiated, less aggressive and chemotherapy sensitive tumors 65,66. These contrasting 
observations could result, in part, from distinct molecular properties of cancer cells. Although, 
through MET, cancer cells might phenotypically resemble resident epithelial cells, some studies 
have demonstrated some degree of molecular heterogeneity 58,67. These suggests that depending 
of the microenvironment and variability of MET-induced pathways, cancer cells might acquire 
different phenotypes with distinct clinical outcome. Taken together, molecular characterization 
of MET-derived cancer cells is of great importance in the context of therapeutic tools and clinical 
outcome.

Concluding remarks
Together our studies provide novel mechanistic insights into the transcription factors regulating 
TGF-β-mediated EMT. This had led us to the identification of a novel “epithelial guardian” and 
to a better understanding of SOX4 and TGF-β dual role in breast cancer. Moreover, our data 
highlight the importance of C/EBPα in the progression of solid tumors. The characterization of 
the molecular mechanisms described here, could aid to improve the treatment of breast cancer 
patients, as we showed by the functional relevance of SOX4 in claudinlow tumor subtype. In 
summary, therapeutic targeting of SOX4-SMAD3 interaction and restoration of C/EBPα has the 
potential to improve therapy resistance and tumor recurrence, thereby contributing to better 
clinical outcome of breast cancer patients. 
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Borstkanker is de meest voorkomende vorm van kanker bij vrouwen en leidt jaarlijks wereldwijd 
tot 521.000 doden. Ondanks dat er verschillende behandelingen zijn, zoals het chirurgisch 
verwijderen van tumoren en chemotherapie, sterft 14% van de vrouwen binnen één jaar na 
diagnose. Dit hoge sterftecijfer wordt veroorzaakt door metastase, het proces waarin tumorcellen 
zich van de primaire tumor kunnen afsplitsen, zich door het lichaam kunnen verplaatsen, 
in andere organen kunnen nestelen en groeien, en de functie van het weefsel aldaar kunnen 
verstoren. Het wordt veelal aangenomen dat deze tumorcellen hun invasieve capaciteiten krijgen 
door de activatie van het cellulaire “Epitheliale-naar-Mesenchymale Transitie” (EMT) proces. Het 
EMT-proces wordt geactiveerd door afwijkende cellulaire signalen. Cellulaire signalen komen van 
omringende cellen en zijn belangrijk om een cel instructies te geven bij allerlei fysiologische 
processen. Elke cel in ons lichaam wordt aangestuurd door een combinatie van cellulaire 
signalen, ook de epitheelcellen van het borstweefsel. TGF-β signalering is een belangrijke vorm 
van cellulaire signalering en is belangrijk tijdens de ontwikkeling van het embryo, maar ook voor 
de homeostase van cellen in het volwassen lichaam. Daarnaast is de activatie van TGF-β ook 
gekoppeld aan het ontstaan en het in staat houden van borstkanker. De activatie van het TGF-β 
netwerk in borstepitheelcellen is genoeg om ze te veranderen van stabiele kubusvormige cellen 
naar lang gestrekte cellen met invasieve eigenschappen. Hierdoor wordt TGF-β gezien als een 
belangrijke factor voor de inductie van het EMT-proces. In dit proefschrift onderzoek ik hoe de 
signalen van het TGF-β netwerk zulke kwaadaardige veranderingen kunnen veroorzaken in het 
borstweefsel. Daarnaast onderzoek ik in welke context TGF-β signalering de normale tumor-
onderdrukkende werking in gezonde cellen verliest en kwaadaardige eigenschappen verkrijgt.
In hoofdstuk 2 identificeren we de transcriptie-factor SOX4 als een transcriptioneel doelwit 
van TGF-β in menselijke borstepitheelcellen. In de vroege stadia van TGF-β-geïnduceerde EMT 
wordt SOX4 expressie en activiteit snel geïnduceerd. Sox4 activatie is genoeg om mesenchymale 
eiwitten zoals N-cadherin, vimentine en fibronectine te expresseren, maar is niet voldoende om 
het complete EMT-proces te induceren, omdat geen verandering in expressie van E-cadherine 
and β-catenine kon worden gevonden. Het uitschakelen van SOX4 vertraagd de TGF-β-
geïnduceerde mRNA- en eiwit-expressie van mesenchymale eiwitten. Sox4 heeft een belangrijke 
rol in de activatie van EMT, gedeeltelijk door het induceren van de transcriptie van het CDH2 
(N-cadherine) gen, wat waarschijnlijk komt door het direct binden van SOX4 aan de regulatie 
gebieden van het CDH2 gen.
In hoofdstuk 3 wordt een overzicht gegeven en bediscussieerd over de rol van SOX4 tijdens het 
EMT-proces. In de laatste jaren zijn verschillende transcriptie factors, waaronder eiwitten van 
de Snail en Zeb families, die belangrijk zijn voor de inductie van EMT bestempeld als “meester-
regulators” van het EMT-proces. Het EMT-proces is een complex, omkeerbaar systeem met 
verschillende stappen dat betrokken is bij resistentie tegen chemotherapie en bij het ontstaan 
van tumor-initiërende cellen. Recentelijk hebben verschillende studies laten zien dat SOX4 
tumorgenese kan bevorderen door cellen migratie, invasieve, apoptose resistentie en stamcel 
eigenschappen te geven, belangrijke factoren van het EMT-proces. In dit hoofdstuk bediscussiëren 
we de moleculaire mechanismen die de basis zijn van de functie van SOX4 in het EMT-proces.
In hoofdstuk 4 identificeren we SMAD3 (een belangrijke factor in het TGF-β netwerk) als een 
nieuwe, functioneel belangrijke interactiepartner van SOX4. Genoom-brede analyse laat zien dat 
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SMAD3 en SOX4 op dezelfde locatie van een groot aantal genomische loci aanwezig zijn op een 
cel-specifieke manier. Bovendien was SOX4 expressie nodig voor TGF-β-gemedieerde inductie 
van een groep SMAD3/SOX4-gebonden genen die migratie en extracellulaire matrix processen 
reguleren en correlatie hebben met slechte prognose in kanker. SOX4 is een belangrijke SMAD3 
cofactor die de transcriptie van metastase-genen beheerst en ook de respons van de cel op 
TGF-β stimulatie veranderd. Dit mechanisme veranderd waarschijnlijk de TGF-β respons van 
de cel van tumor-onderdrukkend naar tumor-stimulerend. Omdat SOX4 de TGF-β signalering 
van tumor-onderdrukkend naar oncogeen kan sturen, zijn de verschillen in SOX4 expressie en 
activiteit belangrijk voor het reguleren van de TGF-β respons bij kanker.
In hoofdstuk 5 laten we zien dat het Tyrosine (Y) aminozuur Y126 cruciaal is voor de transcriptionele 
activiteit van SOX4. Het wisselen van het Y126 aminozuur voor een Phenylalanine (F) gaf geen 
effect op de localizatie van SOX4, maar verminderde wel sterk de capaciteit voor het binden 
aan DNA. Tyrosine aminozuren kunnen gefosforyleerd worden, maar de Y126F mutant had 
vergelijkbare fosforylatie niveaus als de wild type (WT) variant. Met behulp van kwantitatieve 
massaspectrometrie identificeerde we Y126 als een cruciaal aminozuur voor het tot stand brengen 
van interacties met DNA-geassocieerde eiwitten, waaronder histonen. Dit suggereert dat het 
Y126 aminozuur bijdraagt aan het transcriptionele vermogen van SOX4 door het bevorderen van 
interacties tussen SOX4 en chromatine-geassocieerde eiwitten in een fosforylatie-onafhankelijke 
manier en zo SOX4-gestuurde genexpressie beïnvloed.
In hoofdstuk 6 verdiepen we ons in de rol van de tumor-onderdrukker C/EBPα in vaste tumoren 
en focussen we op de moleculaire mechanismen die ten grondslag liggen aan die tumor-
onderdrukkende capaciteit. C/EBPα is cruciaal tijdens de embryonale ontwikkeling en is daarna 
belangrijk voor glucose metabolisme, adipogenese en myeloïde ontwikkeling. Het vermogen 
van C/EBPα om afstammings-specifieke genen tot expressie te brengen en groei te blokkeren 
draagt bij aan de differentiatie van verscheidende celtypes zoals hepatocyten, adipocyten en 
granulocyten. De tumor-onderdrukkende rol van C/EBPα wordt bevestigd mede doordat mutaties 
die de functie van C/EBPα blokkeren bij dragen aan ~10% van acute myeloïde leukemie (AML). De 
misregulatie van C/EBPα expressie is ook gerapporteerd bij humane neoplasie in onder andere 
lever-, borst- en longkanker. Functionele CEBPA mutaties zijn niet in alle vaste tumoren gevonden. 
Dit suggereert dat andere mechanismen verantwoordelijk zijn voor verstoorde C/EBPα functie in 
niet-hematopoëtische weefsels.
In hoofdstuk 7 identificeren we C/EBPα als een van de transcriptie factors wiens expressie het 
meest verminderd in humaan borstepitheel na TGF-β stimulatie. We laten zien dat activatie van 
het TGF-β-netwerk SMAD3 binding aan de CEBPA-locus verhoogd, terwijl SMAD3 knockdown 
CEBPA expressie niet onderdrukt. Constitutieve expressie van C/EBPα blokkeert TGF-β-
aangedreven EMT door de expressie van bekende EMT factoren zoals N-cadherine, MMP-2 en 
ZEB1 te blokkeren, en door E-cadherine expressie in stand te houden. Tegenovergesteld was 
depletie van C/EBPα expressie voldoende om mesenchymaal-achtige moleculaire karakteristieken 
en morfologie te induceren. Bovendien konden cellen die TGF-β-aangedreven EMT hadden 
ondergaan terug worden gedraaid naar een epitheel-achtige staat door het herintroduceren 
van C/EBPα expressie. Het TGF-β-aangedreven verstoren van de 3D-architectuur van epitheel 
sferoïden kon ook terug worden gedraaid door het herintroduceren van C/EBPα. Verder laten we 
zien dat muizen die geïnjecteerd waren met borstkanker organoids die constitutief C/EBPα tot 
expressie brengen, significant minder metastase in de longen hadden dan muizen geinjecteerd 
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met controle borstkanker organoids. Deze resultaten laten zien dat C/EBPα nodig is voor 
normale epitheel-homeostase en het tegengaan van EMT-gemedieerde tumorvorming door de 
expressie van mesenchymale eiwitten te onderdrukken. We dragen hierbij aan dat C/EBPα een 
“poortwachter” is die nodig is om ongegronde mesenchymale transitie tegen te gaan en dus een 
belangrijke rol heeft in het EMT-proces bij borstkanker metastase. 
In hoofdstuk 8 worden de resultaten van het gehele proefschrift samengevat en bediscussieerd.



A

199

Acknowledgements/Agradecimentos

Acknowledgements/Agradecimentos 
Começo por agradecer as duas pessoas mais imporatnates da minha vida, que sempre me 
apoiaram e me permitiram chegar longe na minha vida pessoal e profissional. Mãe e pai, obrigada 
pelo carinho, conselhos e pela oportunidade de estudar em sitios magnificos como Coimbra 
e Utrecht. Sem vocês, a vida tinha dado outro rumo e quem sabe o que estaria a fazer hoje. 
Ensinaram-me a batalhar por aquilo que eu queria e ensinaram-me todos os grandes valores da 
vida. Ambos foram e são uma inspiração para mim. Muito do que sou hoje, veio da vosso amor e 
do excelente ambiente em que cresci. Amo-vos incondicionalmente. Obrigada por tudo!
Cas, my love, não poderias estar em outro sitio nos agradecimentos. Tu és tudo o que alguém 
pode sonhar como parceiro. Será dificil pôr em palavras o que significas para mim. És mais que 
o melhor parceiro nas aventuras da vida, és também o meu melhor amigo e melhor colega de 
trabalho. Sem ti, este percurso teria sido tão mais dificil e tão sem graça. Contigo a meu lado, 
tudo é tão mágico e os problemas tão insignificantes. Ajudaste-me a crescer profissionalmente 
e a ver o mundo com outros olhos. Fazes-me sentir segura, amada e feliz. Que todas as nossas 
aventuras sejam tão magníficas como as passadas têm sido. Ah, e o que seria de mim sem a tua 
ajuda com as tecnologias. Obrigada liefjet! Obrigada por me agarrares sempre que tropeço na 
vida (e no dia-a-dia :)). És o amor da minha vida! IK houd van jou!
From the bottom of my heart, special thanks to Ingrid, Andreia, Manja and Janneke, all super 
women that contributed to amazing times during my PhD and helped in the bad moments. 
My dear Ingrid, you are like a sister to me. Your wise words, warm hugs and smile fulfilled my 
days and helped throughout my PhD. I have learned so much from you both in the lab and 
outside. Without you, borrels are so boring and recording movies is no fun. You are the soul of 
the department. Difficult to explain, but even in NY, I can feel your positive energies. Looking 
forward to hug you again. Thank you for being such a great and supportive friend. 
Minha querida Andreia, ainda me lembro do primeiro dia que te conheci: sexta-feira à tardinha 
no fim de um borrel graças ao Guy. Foi tipo amizade à primeira vista =) És um doce de pessoa, 
estás sempre lá para ajudar e vês sempre o bem nas pessoas. Não interessa há quanto tempo 
nos conhecemos mas sim a intensidade da nossa cumplicidade. Contribuiste para o facto de que 
os últimos anos do meu PhD foram os melhores. És uma lutadora e uma apaixonada pela vida, 
uma verdadeira inspiração. Tenho a certeza que nos vamos cruzar outra vez no futuro, onde 
moraremos pertinho e continuaremos as nossas infinitas conversas. Obrigada por tudo fofinha.
Manja, my dear. My partner in crime! Especially all the gym classes that we missed for a nice 
glass of wine at the terrace =) Priceless picnics at the park, our special evenings playing board 
games and our travels. We couldn´t be so different but at the same time so similar. Thank you for 
all your sweet words and advices. You and Timo are like family to me. I miss you both very much 
here. Weekends are not the same! Looking forward to have us together again and enjoy a long 
night of chatting. 
Dear Janneke, my crucial pillar at the lab. It was amazing to have you as a neighbor at the office. 
Your positivism and calmness were so important for me during my last years of PhD. I could 
always come to you to share my frustrations or funny (hopefully) stories. Also, you are always 
willing to help with all this boring NGS stuff or anything that I could be stuck with (like Dutch 
websites). Thank you for all the great moments and nice times at the cell culture. All the luck for 
the coming future. 



A

200

Addendum

Agradecmentos ao resto da família. Avó, ja podes dizer que tens um(a) doutor(a) na família! 
À minha princesa Mariana, que sinto tantas saudades e de quem tenho tanto orgulho. A 
desvatagem deste percurso é que não te consigo ver como gostaria e não consigo estar por perto 
para as palhaçadas do dia-a-dia. Tenho tantas saudades dos teus abracinhos. Espero que um 
dia isto mude, e finalmente estejamos mais pertinho uma da outra. Adoro-te muito meu amor. 
Agradecimentos à minha prima Sílvia, primo Zé e priminha Matilde que estam sempre lá para o 
que é preciso. Que são como irmãos e que me acolhem sempre lá casa com muito amor. Ao meu 
irmão Vasco, que apesar de sermos tão diferentes e possuirmos perpectivas de vida tão distintas, 
sempre me protegeu e me amou. Além disso, deu-me dois sobrinhos amorosos e sorridentes, 
os meus queridos Victor e Júlia. Tios, primos, Vânia e amigos dos pais, um muito obrigada. 
Tina, Clemente, Maló, Nica, São e Ribeiro, um especial obrigada pelos bons momentos e pelas 
maravilhosas férias em Cabo Verde. 
Obrigada aos meus portuguese favoritos de Utrecht: Sandra, Andreia, Janine, Ana, Ricardo, 
Alex, Renata, Ramalho, Euclides, Cátia and Reinier (you belong to the family now). Vocês 
“sóis” uns malucos. Tanto parvoice junta! Da melhor parvoice que uma pessoa pode ter. Tenho 
saudades vossas (Não Sandra, não estou a ser ironica). A loucura que seria aqui com vocês. Talvez 
um dia! Obrigada pelas gargalhadas, amizade e por me relembrarem que já não conseguimos 
falar português correctamente. Um até já!
Thank you very much for all the love that I get from my other family. Pieter and Yolande, who 
receive me with their open arms from the start and are very important in my second home. 
Thank you for your caring environment and for all the fun while playing cards or simply chatting 
near the fireplace. You both are a great contribution to my happiness. Gudo, my broertje. Always 
super fun to be around you. You are my best source of jokes on WhatsApp. Also, thank you for 
your advices and “gezelligness”. Very inspired by your braveness of these last years. Filip and 
Juliette, thank you for always welcoming me with a smile. It is always cozy around you. Imke, 
Nol, Tom, Eva, Lae, Gudo and Theo, you are such a super group of friends. Thank you for all the 
laughs and great adventures in France. You are an example of great friendship. 
Huge thanks to Paul, who believed that a crazy Portuguese master student that barely spoke 
English at the start could become a PhD. Thank you for your supervision but more importantly, 
thank you so much for preparing me for the future. We both know that it was not always 
smooth at the start but we managed to overcome our miscommunications and at the end I 
think that we were a great team. I sincerely can tell you that I had a great PhD experience, in a 
great environment with very caring and smart people. Thank you for putting them together =) 
Hopefully we will keep contact and see you back in the Netherlands. 
Luca, my partner in crime in the lab. Thank you so much for all the great moments that we 
shared. Having you in the office is the best therapy for any PhD student. It was great with all the 
jokes, the nice lunches and conversations. You were always there to listen to my stupid mistakes, 
complains and good moments. Also, you were always there to tell exactly what I wanted to hear 
=) I really hope that our ways will cross again in the future. All the best for this exciting step of 
your life as well. 
Cindy, my fairy Godmother. Thousands thanks for the precious help in the last year of my PhD. 
Also, for being so calm and organized. It was really great to have you around. I had great fun and 
nice conversations with you, while at the cell culture or cycling back home. Thank you as well for 
the nice activities that you organized outside of the lab, like the laser games. All the luck for the 



A

201

Acknowledgements/Agradecimentos

coming years. I will always be in contact.
Dear Jorg, every lab should have a person like you. You were the first person of the lab that I 
met, and as today you welcomed me with a smile. Unbelievable, how much I have learned from 
you and how much you contributed to my progress as a scientist and also as a mentally heathy 
person. Thank you very much for being part of my journey. I will see you back in the Netherlands. 
All the best with your exciting new step in science. 
Dear Enric and Guy, it is a real madness when you guys are together in the same room. One 
of the higher moments of the anybody´s day in the lab. Enric, you are one the funniest person 
I know. I had such a great time with you. Thanks for all your helpful advices. Your passion for 
science is truly inspiring to me. I hope you get several grants and your own army =) Guy, my SOX 
buddy. Thank you again for all the help, fun and advices.  It was very great to work with you. You 
are super optimistic person. Thanks for the good vibe.
Dear Veerle, I don´t know what would have become of me without you in the lab. You were 
pretty much my rescuer at my first years. Many experiments would have failed without you, so 
thank you very much for that and also for being there as a friend. For the nice tea breaks and for 
being a great example of perseverance. Also for the hugs when things did not go so well. 
Dear Sandra, Sanne and Lucas, partners in the fun times. The lab without you would be less 
special and less fun to work. Thank you for all the great time and good teasing.  
Cornelieke, thank you very much for your patience and help. Without you, the lab would be a 
jungle. I will miss your cooking, our conversations and the new music that you bring to the lab. 
See you soon. 
Magdalena and Koen Braat, thank you for your wise advices and guidance. 
Dear Ruben, great memories of my master time. With your passion and excitement for science, 
you have influenced my view of looking at the job. Thank you for such inspiration and for always 
being there when I need you. 
Jessica, you were a great office buddy and a great friend. I will never forget it. Also, all the quiz 
and Tivoli. I really miss it. All the best for you and hopefully see you soon. 
Thank you Anita, Desiree, Catalina, Emily, Stephin, Liesbeth, Florijn, Jeffrey, Evelien, Richard, 
Linda, Anton, Pauline and Koen S. for contributing to my scientific progress and good time in 
the lab. Thanks Stephin for sharing your knowledge with me. The saying “what doesn´t kill you 
makes you stronger” never made so much sense after I met you. Good luck in Australia.
Also thanks to the amazing next door lab neighbors at the WKZ: Ewoud, Robert , Arjan, Thijs, 
and Kerstin.
Thanks to all the lab guests that brought to the lab an extra good energy and contributed to so 
many great moments: Marita, Andrana, Pernilla, Lena, Lourdes, Theresa. 
Enormous thanks to Anna, Filip, Pernilla and Theo, who made my time so special during my 
master´s internship that I gladly came back for my PhD. You are always in my heart. I miss our 
gang very much. 
Dear Simona, I had amazing conversations with you in any place of the 5th floor (main corridor, 
centrifuge room, lab, etc.). I could literally talk to you about anything and the outcome of that 
would always be a big laugh. Thank you for your optimism and empathy.
Also I would like to thank Judith, Fulvio, Catherine, Judith, Ger and Madelon for assembling 
such a great group of scientists that resulted in a great scientific environment. 
To all the rest of the department, big thanks for the great environment and friendship. Dear 



A

202

Addendum

Eline, we have shared the office from the start. You saved Mila´s life and helped all the foreigners 
with duct bureaucracy. Also, your great organization is an inspiration for anyone. Thank you for 
our great stories and fun time. Any questions that I have about legal stuff I will always think about 
you =)
Nicola, my panda buddy (yes, because Ingrid places pandas on her second place). You saved me 
for committing a crime in Italy, I will always thank you for that =) Also, your perseverance and 
hard work are such a great influence on me. You have opened my eyes regarding Italian food. I 
am starting to get picky as you =) Thank you so much for the nice scientific discussions and great 
fun. 
Dear Mario, without you that lunch breaks would have been a total madness. Thank you for 
bringing some discipline to these southern European scientists. Also, your contribution for the 
lunch subjects was priceless. You made the recording of Cas´s movie a total joy with so many 
great memories. Hopefully see you soon back in the Netherlands. 
Dear Tomica, you have contributed to the increase of my chocolate intake and, therefore, to 
painful runs around Utrecht. Other than that, I thank you for being such a genuine and docile 
friend/colleague. The Lego stores are waiting for you here =)
Bella Francesca, you brought a different light to the department. Together, we played cupid to 
other people (which quite worked) and you showed us your beautiful Italy. I will never forget, one 
of the best holidays! I miss your great energy and happiness. 
Dear Betty and Wieke, I cannot thank you enough for all the help. Also, I can always count on 
your smile and sweet words. Thank you for making my journey easier and so joyful. 
Dear Reini, Nalan and Cara, thank you for the boost of happiness that I always get when I see 
you. You are always so positive and cheerful, it is impossible to not get in the same vibe.
Dear René, thank you for all our conversations. You always knew a funny fact or something history 
related that was always interesting. Thank you also for all the scans and pictures. My thesis would 
have less quality without you =)
Thank you Rodrigo, Susana, Ruben, Muriel, Jan, Corlinda, Despina, Suzanne, Ann, Tineke, 
George, Job, Nienke, Inge, Marc van Peski, Michal, Alba and Cilia that have crossed my 
incredible journey and contributed to a fun borrel moment or helped me with questions about 
science and life. 
Dearest Malik, Romain and Maui, you brought fun to a whole new level. From super Mario 
gaming at the conference room to get injured by Romain with the nerf gun, Friday´s evening 
wouldn´t have been the same without you. Also, certain discussions would have been so boring 
without your contribution, there was never a straight forward answer! =) Thank you for being so 
spoiled by you in France, it was amazing all the times. I can’t wait to see you again and hopefully 
soon I can make the “PhD face”. 
Dear Teun, Arjan, Marti, João, Timo, Tessa, Marcelo and Steven, you have adopted me in your 
great group of friends and treated me like family. Thank you for all the good moments around 
our great dinners and nights out. 
Thank you Miriam and Rieky. Always so relaxing and fun to be around you. All the nice dinners 
and BBQ at the park. You are both always super sweet.
I would like to thank all the committee members: Madelon Maurice, Jacco van Rheenen, Eric 
Lam, Rik Korswagen, Onno Kranenburg, Eric Kalkhoven and Patrick Derksen for your interest in 
my thesis and for taking part in this special day. 



A

203

Acknowledgements/Agradecimentos

Meus amores de Portugal: Sus, Ana Isabel, Nicole, Nina, Carla, Bruno, Remy, Dinis, Sandra, 
Xica, Daniel, Luísa, Vanessa e Fabi, obrigada pelos inúmeros momentos de diversão e carinho. 
O tempo vai passando e cada um segue o seu caminho, mas com vocês tenho a certeza que, 
passe o tempo que passar, vou ter sempre os vossos braços abertos e a conversa vai sempre fluir. 
Diversos melhores momentso da minha vida foram passados com vocês. Tenho-vos a todos no 
meu coração. Obrigada!! 
Last but not the least, thank you to all the students that have made the lab such a fun place 
to be: Remko, Anneloes, Anne, Anna, Brooke, Merel, Marcos, Sofia, Mario, Gianmarco, Iris, 
Rozemarijn, Stefan, Jennifer, Yu Wah, Gerben, Wout, Tommy, Genoveva, Yvonne, Ingrid S., 
Elena, Ashfaak, Diede, Kim, Tom C. Bas, Nienke, Philip, Constantin, Marcelina and Almar. Dear 
Remko, you were my company when staying late in the lab. Also, my company when sneaking 
for candy in the conference room. Thank you for all the (numerous) crazy moments. I could 
write a complete new chapter for the moments that you were drunk =P Dear Merel, my only 
and best master student =) Thank you for the help in the lab and for contributing for the great 
environment. Also, thank you for being so organized. All the best. 

If you tried to find your name until the end of this section and I failed you miserably, my apologies.  
I have to add that after so many months of writing, my brain is absolutely fried. Also, if you 
happen to find typos, it is for the same reason. 



A

204

Curriculun Vitae

Curriculum Vitae
Ana Rita Fernandes Lourenço was born on January 6th 1987 in Lisbon, Portugal. In 2005, after 
completing her secondary education at the lyceum “José Saramago” in Mafra, she started studying 
genetics and molecular biology at the Faculty of Science of the University of Lisbon, where she 
obtained a bachelor’s degree in 2009. In 2011 she obtained her master´s degree in cellular 
and molecular biology at the Faculty of Science and Technology of the University of Coimbra. 
She performed her Master´s research project on the role of post-translational modifications in 
the regulation of the transcription factor SOX4 activity under the supervision of Professor Paul 
Coffer at the University Medical Center Utrecht, The Netherlands. In 2011, she returned to the 
Netherlands to begin her PhD in the group of Professor Paul Coffer. The results of her PhD are 
presented in this thesis.



A

205

List of publications

List of publications

Lourenço AR & Coffer P J. “SOX4: Joining the Master Regulators of Epithelial-to-Mesenchymal 
Transition?”. Trends in Cancer 452, 746–752 (2017)

Lourenço AR & Coffer PJ. “A tumor suppressor role for C/EBPα in solid tumors: more than fat and 
blood”. Oncogene (2017)

Lozano T, Villanueva L, Durántez M, Gorraiz M, Ruiz M, Belsúe V, Riezu-Boj JI, Hervás-Stubbs 
S, Oyarzábal J, Bandukwala H, Lourenço AR, Coffer PJ, Sarobe P, Prieto J, Casares N & Lasarte 
JJ. “Inhibition of FOXP3/NFAT Interaction Enhances T Cell Function after TCR Stimulation”. J. 
Immunol. 195, 3180–9 (2015)

Bartels M, Govers AM, Fleskens V, Lourenço AR, Pals CE, Vervoort SJ, Van Gent R, Brenkman AB, 
Bierings MB, Ackerman SJ, Van Loosdregt J & Coffer PJ. “Acetylation of C/EBP« is a prerequisite 
for terminal neutrophil differentiation”. Blood 125, 1782–1792 (2015)

Vervoort  S*, Lourenço AR*, van Boxtel R & Coffer PJ. “SOX4 Mediates TGF-β-Induced Expression 
of Mesenchymal Markers during Mammary Cell Epithelial to Mesenchymal Transition”. PLoS One 
8, (2013).

Vervoort SJ, de Jong OG*, Vermeulen JF*, Lourenҫo AR*, Roukens G, Bella L, Frederiks C, 
Vidakovic AT, Russel R, Moelans C, Nieuwenhuis E, et al.  “Global transcriptional analysis identifies 
a novel role for SOX4 in tumor-induced angiogenesis”. In revision, eLife.

Lourenço AR, Seinstra D*, Frederiks C*, Vervoort SJ, Margarido AS, van Rheenen J and Coffer 
PJ. “C/EBPɑ is crucial determinant of epithelial homeostasis by preventing epithelial-to-
mesenchymal transition”. Submitted in Nature Communications.

Vervoort SJ, Lourenço AR, Vidakovic AT, Sandoval JL, Rueda OM, Frederiks C, Caldas C, Bruna A 
and Coffer, PJ. “SOX4-SMAD3 interaction redir ects TGF-β-mediated transcriptional output in a 
context-dependent manner”. Submitted in Nuclei Acids Research.

* Authors contributed equally


