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Aim of the study 

 

An increasing body of evidence suggests that the largely uncharacterized 

developmental transcription factor Grainyhead-like 2 (GRHL2) plays a crucial role in 

the regulation of the Epithelial-to-mesenchymal transition (EMT) during the 

metastatic spread of breast cancer. Thus, a better understanding of the regulation 

of GRHL2 activity and expression in cancer cells is pivotal for molecularly dissecting 

breast cancer metastasis. 

This project is based on unpublished observations suggesting that GRHL2 is 

capable of physically interacting with various components of the SUMOylation 

pathway, implying that SUMOylation, which is the covalent attachment of SUMO 

proteins to substrates, could represent a novel posttranslational regulatory 

mechanism of the GRHL2 transcription factor. Major aim of this project is to start to 

investigate whether modification of GRHL2 by SUMO could affect its transcriptional 

activity and therefore also metastatic spread of breast cancer cells.  

First, it was of interest to demonstrate that GRHL2 represents a novel substrate for 

SUMOylation. The lysine residue(s) serving as acceptor site(s) for the covalent 

attachment of SUMO-proteins should be identified using a wide range of 

biochemical assays in combination with computational approaches. As 

SUMOylation can be enhanced by SUMO E3 ligases, the role of members of the 

PIAS family of proteins in SUMOylation of GRHL2 should be investigated. 

Furthermore, extended indirect immunofluorescence studies should be conducted 

to illuminate the possible influence of SUMOylation and/or interaction with PIAS 

proteins on the subnuclear distribution of GRHL2. Finally, it was of uppermost 

interest to investigate whether SUMOylation either activates or suppresses 

GRHL2-dependent transcription of target genes. 

The results of this study should help to elucidate possible SUMO-dependent 

regulatory mechanisms and to better understand the role of the GRHL2 transcription 

factor in EMT during breast cancer metastasis. 
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1. Introduction 

 

Breast cancer is now the most commonly diagnosed cancer and the leading cause 

of cancer-related deaths among women worldwide. According to the global cancer 

statistics, over 2 million new breast cancer cases and 0.6 million breast cancer 

deaths were estimated for 2018, accounting for approximately 24 % of all cancers 

and 15 % of cancer-related deaths, respectively (Bray et al., 2018). Despite 

significant progress in screening and systemic treatment of primary tumours, 

strategies targeting metastatic breast cancer (MBC) are far less effective and 

therefore the metastatic spread of tumours still is the major cause of cancer-related 

mortality. A better understanding of the molecular mechanisms driving metastatic 

spread of breast cancers is crucial for combating MBC. 

In the past decades, an enormous amount of research has indicated that 

epithelial-to-mesenchymal transition (EMT) plays a crucial role in tumour cell 

invasion and subsequent metastasis (Yeung and Yang, 2017). Several studies also 

demonstrated that the largely uncharacterized developmental transcription factor 

Grainyhead-like 2 (GRHL2) represents a potent suppressor of EMT during breast 

cancer metastasis (Cieply et al., 2013; Mooney et al., 2017; Werner et al., 2013). 

Aim of this work was to investigate the possibility of a SUMOylation-dependent 

regulation of the expression and activity of the metastasis suppressor GRHL2 in 

breast cancer. 

 

 

1.1 Breast cancer metastasis 

Metastatic breast cancer (also referred to as stage IV breast cancer) is characterized 

by the formation of secondary tumours in distant organs, predominantly in the 

skeleton, liver, lung and brain, with the most frequently site being the skeleton (Smid 

et al., 2008). At the time of diagnosis, 6 - 10 % of breast cancer patients present 

with detectable metastases and up to 30 % of patients without clinically secondary 

tumours are estimated to eventually develop metastatic lesions, irrespective of 

receiving systemic treatment (O'Shaughnessy, 2005; Pantel and Hayes, 2018). 

Treatment of breast cancer patients with metastatic disease still represents an 

extraordinary clinical challenge, as reflected by the extremely low 5-year survival 

rate.  
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Unfortunately, existing clinical strategies fall short in precisely classifying patients at 

high risk of developing metastases (Alix-Panabieres and Pantel, 2016). Treatment 

of MBC among many other parameters depends on the age, menopause statue, 

breast cancer subtype and location of the secondary tumours, and can include 

chemotherapy, radiation, surgery and hormonal therapy (Santa-Maria and 

Gradishar, 2015). Although a variety of options are available for treatment of MBC 

patients, what can be achieved in most of cases are optimizing quality of life by 

palliation of symptoms and prolongation of overall survival via delaying tumour 

progression (Senkus and Lacko, 2017). Currently, no matter how aggressive the 

treatment is, MBC remains incurable. 

Metastasis represents a highly complex multistep process. To successfully develop 

a secondary site, tumour cells must complete all steps of a metastatic cascade 

comprising the following steps: local invasion, induction of blood vessel formation, 

intravasation, transport and survival in the circulation, extravasation, colonization of 

distant organs, and finally outgrowth to clinically detectable metastases (Fig. 1).  

 

 

Fig. 1. The metastatic cascade. The figure illustrates sequential steps of the metastatic spread 
of tumour cells as described in the body text (Faltas, 2012). 
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Primary tumour cells acquire the ability to alter cell-to-cell adhesion and cell 

attachment to the extracellular matrix (ECM) allowing them to invade into the 

adjacent host tissue. To penetrate basement membranes and interstitial matrix, 

local degradation of ECMs is induced by tumour-associated proteases and tumour 

cell migration mostly driven by motility factors is initiated (Lamouille et al., 2014). 

Local invasion is complemented by angiogenesis, the development of new host 

blood vessels in the primary tumour. The process is induced at capillary or 

post-capillary venule levels by angiogenesis-promoting factors released by tumour 

or stromal cells (Bielenberg and Zetter, 2015).  

Local invasion enables tumour cells to intravasate into blood vessels or lymphatic 

channels. Tumour-associated capillaries are notoriously defective, highly leaky and 

permeable, a property that favours the entry of tumour cells into the vasculature 

(Bielenberg and Zetter, 2015). Tumour cells discharged into the circulation can 

occur either as single cells or clusters of tumour cells. From rapidly growing tumours, 

thousands of aggressive tumour cells are believed to be shed into the circulation 

every day (Chambers et al., 2002). 

Circulating tumour cells, which often are associated with platelets or fibrin, reach 

distant organs and through physical trapping as well as specific adhesion processes 

adhere to the endothelium of target organs. Tumour cells then induce retraction of 

endothelial cells and degradation of basement membranes, thus enabling them to 

extravasate into the organ parenchyma (Miles et al., 2008). Once settled in the 

organ parenchyma, tumour cell can grow to form clinically detectable metastases or 

may undergo cell cycle arrest and remain dormant for long periods of time, a 

phenomenon commonly described as tumour dormancy or minimal residual disease 

(MRD) (Werner and Pantel, 2017). Metastasis is a highly inefficient process in that 

only a small proportion of circulating tumour cells develop micrometastases and only 

minority of micrometastases eventually grow into macrometastases (Vanharanta 

and Massague, 2013).  

 

 

1.2 Epithelial-Mesenchymal Transition (EMT) 

Epithelial and mesenchymal cells are two of the basic cell types distinguished by 

their distinct morphology and cell physiology. They differ in several crucial 

characteristics such as cell junctions, the cell skeleton, cell polarity and gene 
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expression. Differentiated epithelial cells predominantly maintain structural integrity 

by establishing single layers or multilayer tissues via specialized intercellular 

junctions, including tight junctions, adherens junctions, gap junctions, and 

desmosomes, and are sited on basement membranes (Serrano-Gomez et al., 

2016). Cell polarity is a fundamental trait of epithelial cells, featuring apical, lateral 

and basal membrane domains that function differently in sustaining cell-cell and 

cell-ECM contacts. By contrast, mesenchymal cells exist without defined cell polarity 

and are characterized by an elongated, fibroblast-like morphology. They normally 

are embedded inside the ECM, hardly establish direct contacts with adjacent cells, 

have a distinct cytoskeleton and attach to the ECM via distinct cell adhesion 

structures (Lee et al., 2006b; Thiery et al., 2009). 

Epithelial-to-mesenchymal transition (EMT) describes a biological process that 

enables stationary epithelial cells to downregulate epithelial and to acquire a 

mesenchymal stem cell characteristics with enhanced migratory and invasive 

phenotype (Kalluri and Weinberg, 2009). The pioneering work of Elizabeth Hay first 

recognized EMT as a development program during embryogenesis in 1980s (Hay, 

1995). However, subsequent studies demonstrated that the processes underlying 

EMT are reactivated during tissue repair and also tumour progression (Kalluri and 

Weinberg, 2009). 

EMT is often classified into three subtypes based on distinct biological contexts: 

Type I EMT is associated with distinct embryogenic processes such as, for example, 

during implantation of the embryo into the endometrium, gastrulation when 

multipotent epithelial epiblast cells ingress to form mesoderm and endoderm, and 

neural crest formation when neuroectodermal epithelial cells transform to migratory 

neural crest cells (Bischof et al., 2006; Lim and Thiery, 2012). 

Type II EMT occurs during tissue repair where resident epithelial cells 

transdifferentiate to fibroblasts and other related cells in order to synthesize ECM 

components and to narrow wound bed, enabling contract of the injured edge. In 

contrast to type I EMT, type II EMT represents an inflammation-associated event 

which ceases once inflammation is attenuated (Stone et al., 2016). 

Type III EMT relates to tumour progression and metastasis and enables primary 

carcinoma cells to acquire invasiveness and subsequent metastatic abilities, thus 

promoting the formation of life-threatening metastatic lesions. Type III EMT 

represents a hall mark of cancer metastasis and has become a forefront area of 
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intensive research (Felipe Lima et al., 2016; Hanahan and Weinberg, 2011; Sato et 

al., 2016). While all three types of EMT represent distinct morphogenetic programs, 

a set of genetic and biological characteristics appears to be highly conserved. More 

research is still required to illuminate possible similarities and differences among the 

three types of EMT. 

Hallmarks of EMT include dissolution of epithelial cell junctions, loss of apical-basal 

polarity and acquisition of front-rear polarity, rearrangement of cytoskeletal 

architecture and cell morphology, inactivation of epithelial-related genes and 

concomitant upregulation of an mesenchymal gene expression signature, increased 

cellular protrusions and enhanced motility, and, at least in some cases, expression 

of ECM-degrading enzymes (Lamouille et al., 2014). Furthermore, cells undergoing 

EMT acquire resistance to apoptosis and senescence (Thiery et al., 2009). Upon 

initiation of EMT, intercellular bridges consisting of adherens junctions, tight 

junctions, desmosomes and gap junctions are deconstructed, compromised by the 

degradation and/or re-localisation of core junctional proteins, such as epithelial 

cadherin (E-cadherin), claudin, occluding, zonula occludens 1 (ZO1) and connexin 

(Bax et al., 2011; Huang et al., 2012; Yilmaz and Christofori, 2009). Meanwhile, the 

disruption of junctional proteins further confers the loss of apical-basal polarity, 

which is maintained by polarity complexes, for instance partitioning-defective (PAR), 

Crumbs and Scribble complexes which physically and functionally associate with 

epithelial junctional architecture to define the apical and basolateral compartment 

(Huang et al., 2012; Navarro et al., 2005; Qin et al., 2005; St Johnston and Ahringer, 

2010). Simultaneously, the expression of junctional complex proteins and polarity 

complex proteins are transcriptionally repressed to further destabilize the epithelial 

junctions and cellular polarity, among which the downregulation of E-cadherin is 

regarded as a hallmark of EMT progression (De Craene and Berx, 2013; Moreno-

Bueno et al., 2008; Pecina-Slaus, 2003; Peinado et al., 2007). 

Concomitantly, EMT triggers the upregulation of mesenchymal genes such as 

N-cadherin, vimentin and fibronectin, and other numerous non-epithelial cadherins 

and membrane proteins, thus allowing morphologic elongation and dynamic cell 

motility (Thiery and Sleeman, 2006) (Fig. 2). Cells undergoing EMT reorganize their 

cortical actin cytoskeleton into cytoplasmic and basal network of intermediate 

filaments and form new membrane projections, including lamellipodia, filopodia and 

actin-rich invadopodia, the latter one exerting a proteolytic function during ECM 
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degradation (McNiven, 2013; Yilmaz and Christofori, 2009, 2010). The transition to 

mesenchymal cytoskeletal architecture result in cell elongation, front-rear polarity 

formation, increase of cell contractility and cell motility which are essential for EMT 

during tumour cell invasion. 

 

 

Fig. 2. Epithelial-to-Mesenchymal Transition. The figure represents the simplified EMT 
process. The commonly used epithelial and mesenchymal cellular markers are listed (Kalluri 
and Weinberg, 2009). 
 

 

However, recent investigations suggest that, rather than undergoing a complete 

EMT process, cells may acquire mixed epithelial and mesenchymal properties, thus 

exhibiting a hybrid epithelial/mesenchymal (E/M) phenotype which enables cells to 

move collectively as clusters (Jolly et al., 2018). Following intravasation of these 

clusters into the bloodstream, they will give rise to clusters of circulating tumour cells 

(CTCs) - the chief “villains” of metastasis (Aceto et al., 2014; Cheung et al., 2016). 

Clustered cells better survive chemical gradients and migrate more efficiently under 

mechanical stress. Immune or stromal cells within clusters may help in evading 

immune surveillance during navigation. Also, cell-cell interactions mediated by 

epithelial adhesion molecules may provide pro-survival signals (Aceto et al., 2014; 

Al Habyan et al., 2018; Bardelli and Pantel, 2017; Giuliano et al., 2018; Jolly et al., 

2017; Mohme et al., 2017). Furthermore, cells exhibiting a hybrid E/M phenotype 

often are resistant to apoptosis as compared to cells displaying a mere 

mesenchymal state and attain maximal stem cell character associated with higher 

tumour initiating potential (Pastushenko et al., 2018; Tan et al., 2014). Thus, 

promising in vivo result emphasize that hybrid E/M phenotypes could exist stably 
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and exhibit more aggressive properties in fostering cancer metastasis compared to 

a complete EMT phenotype (Jolly et al., 2015). Additionally, partial EMT could be 

more therapy-resistant compared with a wholly mesenchymal phenotype and more 

such hybrid phenotypes can be induced and/or selected under various therapies 

(Fustaino et al., 2017; Goldman et al., 2015; Jolly et al., 2017). 

The EMT program is regulated by multiple pathways at different levels, including 

epigenetic modifications (e.g., DNA methylation) directly affecting gene expression, 

alterative splicing of mRNAs leading to distinct protein isoforms in mesenchymal 

cells, miRNA-mediated inhibition and/or degradation of gene transcripts, and 

post-translational modifications (e.g., phosphorylation, SUMOylation, methylation, 

etc.) governing the activity and stability of master transcription factors (Lamouille et 

al., 2014; Lee and Kong, 2016; Nieto et al., 2016). Additionally, EMT programs are 

also influenced by factors such as tissue hypoxia, mechanical stress or matrix 

stiffness (Diepenbruck and Christofori, 2016). 

In response of numerous intracellular or extracellular stimuli, a substantial number 

of signalling pathways, for instance Transforming Growth Factor-β (TGF-β) 

signalling pathway, Wnt / β-catenin pathway, and Notch pathway, alone or through 

extensive crosstalk regulate the EMT program (Felipe Lima et al., 2016). Common 

to all these EMT pathways is the convergence on the regulation of core 

EMT-inducing transcriptional factors (EMT-TFs). Since the identification of Snail 1 

as the first transcriptional repressor of E-cadherin, numerous EMT-TFs 

subsequently were discovered (Batlle et al., 2000). Based on their abilities to repress 

E-cadherin directly or indirectly, EMT-TFs can be classified into two groups. Direct 

regulators include SNAIL1, SNAIL2, ZEB1, and ZEB2, whereas transcription factors 

such as TWIST 1 and TWIST 2 are acting through indirect regulation of E-Cadherin 

expression (Lee and Kong, 2016). Apart from these EMT-inducing transcription 

factors, several transcription factors are also known to suppress EMT. One of these 

EMT-suppressor molecules represents the developmental transcription factor 

Grainyhead-like 2 (GRHL2). 
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1.3 The transcription factor Grainyhead-like 2 (GRHL2) 

 

1.3.1 The Grainyhead family of transcription factors 

The Grainyhead gene (dGrh) was first identified through a Drosophila mutant that 

exhibited neural tube closure defects leading to a “grainyhead” phenotype with 

discontinuous head skeleton which is the namesake of the family (Nusslein-Volhard 

et al., 1984). Subsequent studies identified Grainyhead as a crucial regulator of 

neuronal and cuticle-assembly target genes in Drosophila (Bray et al., 1989; Bray 

and Kafatos, 1991; Dynlacht et al., 1989). In mammals, several transcription factors 

related to Drosophila Grainyhead were described. Based on sequence homology, 

members of the LSF/GRH family gene family of transcription factors are grouped 

into two different branches (Wilanowski et al., 2002). The LSF/CP2 subfamily, which 

has Drosophila dCP2 as an ancestor gene, encompasses the transcription factors 

CP2, LBP-1a, and LBP-9d. The other phylogenetic branch, known as the GRH 

subfamily with dGrh as an ancestral gene, includes the GRHL1, GRHL2, and 

GRHL3 transcription factors which are considered as the three mammalian 

homologs of Drosophila dGrh (Ting et al., 2003; Wilanowski et al., 2002). The 

LSF/GRH transcription factors play critical roles in a variety of physiological and 

pathological contexts. For example, the three GRHL proteins participate in diverse 

physiological programs such as embryogenesis and wound healing, and more 

recently have been linked to diverse types of cancer (Auden et al., 2006; Frisch et 

al., 2017; Mlacki et al., 2015; Wang and Samakovlis, 2012). An increasing body of 

evidence suggests that especially the GRHL2 transcription factor plays a crucial role 

in various malignancies (Frisch et al., 2017; Mlacki et al., 2015). 

 

 

1.3.2  Structure of the GRHL2 gene and protein 

In humans, the GRHL2 gene is located on the long arm of chromosome 8 (8q22.3). 

The gene spans approximately 177 kb with 16 exons and translates into a 625 amino 

acid protein with a molecular weight of approximately 71 kDa (Wilanowski et al., 

2002).  

The GRHL2 protein consists of an N-terminal transactivation domain (TAD), a 

central DNA binding domain (DBD), and a C-terminal dimerization domain (DD). The 

transactivation domain encompasses residues 1-135 and can activate transcription 



   14 
 

from a target gene promotor. The central DNA-binding domain, corresponding to 

residual 245-494, shares structural similarities with p53, and can attach to specific 

sequences of DNA. The C-terminal dimerization domain corresponds to residual 

521-625 and contains ubiquitin-like folds. This domain participates in 

homo-dimerization and hetero-dimerization with GRHL1 and GRHL3 and possibly 

other yet unknown interaction partners (Fig. 3) (Kokoszynska et al., 2008; Wang and 

Samakovlis, 2012). 

 

 

 

 

Fig. 3. The GRHL2 functional domains. The figure illustrates the location of transactivation 
domain, DNA binding domain and dimerization domain of GRHL2 as described in the body 
text. 
 

 

1.3.3 Physiological significance of GRHL2 

In adults, GRHL2 expression primarily occurs in epithelial cells, in organs such as 

epidermis, oral cavity, oesophagus, and kidney (Auden et al., 2006; Riethdorf et al., 

2016). However, GRHL2 is not exclusively expressed in epithelial cells, the 

expression is also observed in non-epithelial cells, such as myocytes of left heart 

ventricle, smooth muscle cells of aorta media, neuronal cells of cerebrum, and 

dendritic cells within thymus (Riethdorf et al., 2016). The physiological significance 

of GRHL2 transcription factor has been intensively investigated using numerous 

engineered mouse models, and one fundamental role of GRHL2 relates to epithelial 

morphogenesis during embryonic development. Studies published by Werth et al 

showed that Grhl2-deficient mice exhibited neural tube closure defects and aberrant 

expression of apical junctional complex proteins in several epithelial tissues. With 

severe developmental defects, the Grhl2-null mutant embryos die around E11.5 and 

no embryos were viable and fertile at later stages (Werth et al., 2010). Likewise, in 

Grhl2-nonsense mutants induced by N-ethyl-N-nitrosourea embryonic lethality was 

induced at E12.5 due to a general defect in tissue closure and abnormalities in organ 

development (Pyrgaki et al., 2011). In addition to its fundamental role during 

embryogenesis, several groups also identified specific roles for the GRHL2 

transcription factor in tubulogenesis of kidneys, morphogenesis of pulmonary 
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epithelium, and maintenance of cholangiocyte phenotype (Aue et al., 2015; Gao et 

al., 2013; Senga et al., 2012). Further analysis of underlying molecular mechanisms 

revealed that Grhl2 participate in epithelial differentiation both via direct regulation 

of expression of epithelial junctional molecules such as, for example, E-cadherin, 

Cldn3, and Cldn4, as well as via regulation of other epithelial-related transcription 

factors, including Nkx2-1, and OVOL2 (Aue et al., 2015; Senga et al., 2012; Varma 

et al., 2012; Werth et al., 2010). Although a substantial number of studies have 

established an indispensable role of GRHL2 in embryogenesis, the implication of 

GRHL2 in other physiological programs, for example wound healing and fibrosis, is 

still ill defined. 

Two disease causing mutations in the human GRHL2 gene have been identified, 

providing the substantiation for GRHL2 being an autosomal dominant deafness 

gene (DFNA28). A frameshift mutation leading to a premature translation stop codon 

in exon 14 of GRHL2 was first linked to progressive non-syndromic sensorineural 

hearing loss (Peters et al., 2002). Subsequently, Vona et al. identified a 

heterozygous non-classical splice site mutation in exon 10, also resulting in a 

post-lingual hearing loss with a highly variable age of onset and progression (Vona 

et al., 2013). These evidences indicate that, apart from the physiological 

significance, GRHL2 also plays critical role in pathological conditions. 

 

 

1.3.4 The role of GRHL2 in tumour development and progression 

In recent years, the significance of GRHL2 transcription factor in cancer 

development and progression has attracted considerable interest. However, the role 

of GRHL2 in cancer is still poorly defined or even contradictory in some cases 

(Frisch et al., 2017; Mlacki et al., 2015). GRHL2 was identified as a tumour 

suppressor in many cancer types, including breast, ovarian, gastric and cervical 

cancer. In these tumour entities, the reduction in GRHL2 expression is associated 

with poor prognosis, aggressive subtype and advanced clinical stage (Chung et al., 

2016; Cieply et al., 2013; Torres-Reyes et al., 2014; Werner et al., 2013; Xiang et 

al., 2013; Xiang et al., 2017). In line with this, an increased expression of GRHL2 

correlated with improved overall survival in sarcoma patients (Somarelli et al., 2016). 

However, GRHL2 also was shown to promote tumour cell proliferation and to act as 

a proto-oncogene. In hepatocellular carcinoma and clear cell renal cell carcinoma, 
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increased GRHL2 expression correlated with higher risk of cancer relapse and poor 

prognosis (Butz et al., 2014; Tanaka et al., 2008). In addition, metastasis-promoting 

effects of GRHL2 in oral squamous cell carcinomas and murine breast cancer cell 

lines were also reported (Chen et al., 2016; Xiang et al., 2012). Taken together, 

depending on the cancer type, GRHL2 may exhibit both promoting and suppressing 

activities in cancer initiation and progression. The underlying molecular mechanisms 

for opposing GRHL2 functions in cancer cells are largely unclear and still await 

in-depth analysis. (Frisch et al., 2017; Mlacki et al., 2015).  

Evidence is accumulating that GRHL2 could repress tumour progression, at least in 

context where the EMT program is a predominant oncogenic driver. A role of GRHL2 

as a suppressor of EMT has directly been demonstrated by the identification of 

GRHL2 as a positive mediator of E-cadherin, claudin3, and claudin4 (Senga et al., 

2012; Werth et al., 2010). Additionally, GRHL2 suppresses EMT through 

transcriptional downregulation of the EMT transcription factor ZEB1, and ZEB1 in 

turn is able to directly repress GRHL2 expression, indicating the existence of a 

double negative feedback loop between GRHL2 and ZEB1 (Cieply et al., 2013; 

Werner et al., 2013). Moreover, the miR200 cluster represents another important 

direct target of GRHL2, providing an alternative signalling pathway to repress 

ZEB1-mediated EMT in cancer cells (Chung et al., 2016; Cieply et al., 2013; Gregory 

et al., 2011). Numerous homeodomain transcription factors are emerging as novel 

GRHL2 targets, including OVOL2 and the p53 family member p63 (Aue et al., 2015; 

Mehrazarin et al., 2015). In breast cancer, the tumour-suppressive effects of GRHL2 

could be substantiated by a number of elegant functional experiments and clinical 

data. Ectopic expression of GRHL2 in triple-negative breast cancer cell line triggered 

the Mesenchymal-to-Epithelial Transition (MET), enhanced anoikis-sensitivity, and 

suppressed tumour initiation frequency in xenograft assays (Cieply et al., 2013; 

Cieply et al., 2012). Conversely, efficient knock-down of GRHL2 expression by 

shRNAs in human immortalized mammary epithelial cells (HMLER) resulted in 

enhanced tumour initiation frequency and the acquisition of a cancer stem cell 

phenotype (Cieply et al., 2013). Clinical data also point towards a role of GRHL2 as 

an EMT-suppressor. A striking loss of GRHL2 expression was detected in the 

leading-edge of invasive breast tumours, and a statistically significant association 

between loss of GRHL2 in primary breast cancers and advanced tumour stages was 

observed (Werner et al., 2013). Analogously, GRHL2 appeared to be specifically 
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downregulated in tumours representing the claudin-low breast cancer subtype 

(Cieply et al., 2012). This breast cancer subtype is characterized by a mesenchymal 

gene expression profile and a particular poor prognosis. These observations clearly 

justify GRHL2 to be classified as a suppressor of EMT in breast cancer and also 

many other epithelial-derived tumours (Frisch et al., 2017; Mlacki et al., 2015). 

Interestingly, GRHL2 exhibits tumour promoting activities and acts as a 

proto-oncogene in non-EMT-related contexts. This could first be demonstrated by 

the transforming activity of GRHL2 in NIH3T3 fibroblasts where ectopic GRHL2 

expression resulted in significant morphological changes, increased cell 

proliferation, anchorage-independent growth in semi-solid media, and tumour 

growth in vivo (Werner et al., 2013). The oncogenic effects could also be 

demonstrated by the ability of GRHL2 to enhance the proliferation of a wide range 

of cell types, including hepatocellular carcinoma cells, oral squamous cell carcinoma 

cells, colorectal carcinoma cells, and normal human epidermal keratinocytes (Chen 

et al., 2010; Kang et al., 2009; Quan et al., 2014; Quan et al., 2015; Tanaka et al., 

2008). In line with this, the epidermal growth factor family member ERBB3, which 

plays critical role in breast cancer cell proliferation was identified as a GRHL2 target 

gene (Werner et al., 2013). Knocking-down GRHL2 expression in breast cancer cell 

lines using GRHL2-specific shRNAs or by functional repression of GRHL2 activity 

using a dominant-negative GRHL2 mutant led to decreased ERBB3 gene 

expression and a dramatic suppression of cellular proliferation (Werner et al., 2013). 

Data from murine models published by Xiang et al indicated that overexpression of 

GRHL2 may promote breast tumour growth and metastasis (Xiang et al., 2012). 

Likewise, analysis of large public microarrary datasets indicated that increased 

expression levels of GRHL2 may correlate with shorter relapse-free survival and 

high risk of metastasis in breast cancer patients (Xiang et al., 2012). A 

tumour-promoting activity of GRHL2 is further substantiated by the finding that 

GRHL2 could be identified as a critical mediator of telomerase reverse transcriptase 

(hTERT) expression in human oral squamous carcinoma cells (Kang et al., 2009). 

Furthermore, research carried out by Dompe et al. indicated an anti-apoptotic role 

of GRHL2 in breast cancer cells via regulating the expression of death receptors 

FAS and DR5 (Dompe et al., 2011). 

In summary, published data on the putative role of GRHL2 in cancer strongly 

suggest that GRHL2, dependent on the cancer type and/or stage, plays dual 
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functions by exerting oncogenic or tumour-suppressive activities in cancer cells. For 

this reason, a better understanding of the mechanisms modulating GRHL2 activity 

in tumour cells is of uppermost interest. 
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2. Material 

 

Unless otherwise specified (Table. 4), all chemicals were obtained from Sigma. 

Frequently used laboratory equipment (Table. 2), consumables (Table. 3), and all 

oligonucleotides (Table. 6-9) and antibodies (Table. 10) used in this study are listed 

in the appendix. 

 

 

3. Methods 

 

3.1 Cell culture 

 

3.1.1 Cultivation and passaging of cells 

Cells were propagated in culture medium at 37 °C in a 10 % CO2, water-saturated 

atmosphere in a HeraCell 150 incubator (Kendro, Langenselbold). Routinely, cells 

were split at 1:3-1:10 ratios when reaching 80-90 % confluence by washing cells 

with 1 × PBS and incubation with trypsin/EDTA (0.25 % (w/v) trypsin, 1 mM EDTA 

in PBS) for 2-5 min at 37 °C. The activity of trypsin was quenched by addition of 

3 volumes of culture medium. Following transfer to a 15-ml reaction tube and 

centrifugation at 1200 × g for 2 min, the supernatant was discarded and an 

appropriate volume of cells resuspended in culture medium was transferred to new 

culture flasks. 

The following cell lines were used in this study: 

 

 

 

 

 

Cell line Description Origin Culture medium 

COS-7 
SV40 large T antigen immortalized CV-1 
African green monkey kidney cells 

Assmann lab 

DMEM (high glucose), 
with 1 mM pyruvate, 
2 mM glutamine, 10 % 
FCS 

HEK-293T 
Human embryonic kidney cells 
transfected with the  SV40 large T 
antigen 

Assmann lab 

DMEM (high glucose), 
with 1 mM pyruvate, 
2 mM glutamine, 10 % 
FCS 
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3.1.2 Freezing and thawing cells 

Cells were harvested using trypsin/EDTA and centrifuged at 1200 × g for 2 min. 

After supernatant was removed, cells were re-suspended in 3-5 ml freshly prepared 

freezing medium (culture medium containing 10 % DMSO). One ml of cell 

suspension was transferred to a labelled cryotube (Nunc, Rockford (USA)) each. 

Cells were transferred to foam boxes and placed in a -80 °C freezer for 24 h. For 

long-term storage, frozen stocks were transferred to a liquid-nitrogen container. 

Frozen cells were thawed in a 37 °C water bath for 2-3 min and were then mixed 

immediately with 5 ml of pre-warmed culture medium in a 15-ml reaction tube. After 

centrifugation at 1200 × g for 2 min, the supernatant was discarded. Cells were 

resuspended in culture medium and seeded into tissue culture flasks containing an 

appropriate volume of culture medium. 

 

 

3.1.3 Transfection of cells using polyethyleneimine (PEI) 

Transient transfection of cells was achieved using the polyethyleneimine (PEI; linear, 

~MW 25000; Polyscienes, Warrington (UK)) transfection reagent. The day before 

transfection, 1.5 × 106 cells were transferred to 5 ml culture medium in a T25 flask. 

Immediately before transfection, complete culture medium was replaced by 

serum-free medium (SFM). Three µg of plasmid DNA, 30 µl of PEI reagent (1 mg/ml 

in H2O) and 300 µl SFM were mixed in a 1.5-ml reaction tube and were incubated 

at RT for 10 min. The transfection cocktail was then added to cells. Six to eight h 

post transfection, transfection complexes were removed and fresh culture medium 

was added. Cells were analysed 24-72 h post transfection. 

 

 

3.1.4 Retroviral gene transfer 

For retroviral gene transfer, Phoenix-ampho packaging cells were transiently 

transfected using Lipofectamine 3000 (Thermo Fisher, Rockland, USA) according 

to the manufacturer’s instructions. Forty-eight hours post transfection, the cell 

culture supernatant containing infectious retroviral particles was harvested, 

centrifuged for 5 min at 500 x g, and cleared by filtration using 0.45 µm low-protein 

binding filter devices (Millex Syringe Driven Filter Unit, Millipore, Schwalbach). For 

infection of target cells, the day before infection 2 x 105 cells were seeded into T25 
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cell culture flasks. Cells were infected with an infection cocktail consisting of 1 ml 

retroviral supernatant, 1 ml culture medium and 8 μg/ml polybrene (Sigma). Six 

hours post infection, the infection cocktail was replaced by culture medium. The next 

day, a second infection of target cells was performed after which the infection 

cocktail was replaced by culture medium. Infected cells were selected using 

0.5 µg/ml puromycin and expression of the transgene was analysed by Western blot 

analysis (Section 4.7). 

 

 

3.2 Molecular biology methods 

 

3.2.1 Culturing Escherichia coli (E. coli) 

For transformation and propagation of plasmid DNA, the bacterial strain DH5α was 

grown in sterile LB medium (1 % (w/v) Bacto-Tryptone, 0.5 % (w/v) Yeast extract, 

1 % (w/v) NaCl, pH 7.5) at 37 °C and 180 rpm in a table-top shaker incubator (B. 

Braun Biotech, Melsungen) or on LB plates (LB medium containing 1.5 % (w/v) 

Bacto-Agar) at 37 °C in the Heraeus Function Line B12 incubator (Kendro). Liquid 

and solid medium contained ampicillin or kanamycin at a final concentration of 

100 µg/ml or 25 µg/ml, respectively. 

 

 

3.2.2 Transformation of E. Coli 

For transformation of E. coli, chemically-competent, in-house DH5α cells were used. 

An aliquot of 30 µl of competent DH5α cells was thawed on ice. After adding 1-2 µl 

of plasmid DNA and incubation on ice for 30 min, a heat-shock at 42 °C for 30 sec 

was performed. Cells were then incubated on ice for 2 min and 270 µl LB medium 

without antibiotics was added. Following a recovery of cells at 37 °C, 180 rpm for 

1 h, cells were spread on agar plates containing the appropriate antibiotic and were 

grown at 37 °C overnight. Starter cultures were prepared by inoculation of 5 ml LB 

medium with antibiotics with single colonies. 
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3.2.3 Small-scale DNA isolation 

A single colony was inoculated into 5 ml of antibiotic LB medium and incubated at 

37 °C and 180 rpm overnight. For small-scale DNA isolation, 1.5 ml starter culture 

was centrifuged in a 1.5 ml reaction tube at 13200 rpm (Eppendorf centrifuge 

5415R) at 4°C for 5 min. The supernatant was discarded and the bacterial pellet 

was used for DNA isolation using the NucleoSpin Plasmid DNA Purification Kit 

(Macherey-Nagel, Düren). Finally, the DNA was finally dissolved in 50 µl elution 

buffer. 

 

 

3.2.4 Large-scale DNA isolation 

100 ml antibiotic LB medium containing desired antibiotic was inoculated with 10 µl 

starter culture and incubated at 37 °C and 180 rpm overnight. The bacterial pellet 

obtained by centrifugation at 5500 × g for 15 min (Multifuge Heraeus 3S-R, Kendro) 

was used for DNA isolation using the NucleoBond Xtra Midi Kit (Macherey-Nagel). 

Finally, the dried DNA was dissolved in sterile TE buffer. 

 

 

3.2.5 Determination of DNA concentration and purity 

The DNA concentration and purity were determined using the NanoDrop ND-1000 

Spectrophotometer (Fisher Scientific, Wilmington (USA)). The OD260 was used to 

calculate the DNA concentration with an extinction of 1 corresponding to a 

concentration of 50 μg/ml dsDNA. The OD260/OD280 ratio was determined to 

estimate DNA purity. Only DNA with an OD260/OD280 ratio >1.8 was considered pure 

and was used for downstream applications. 

 

 

3.2.6 Restriction endonuclease digestion of DNA 

For restriction enzyme digestion of plasmid DNA or cDNA-fragments, restriction 

enzymes and buffers from New England Biolabs (NEB, Frankfurt) were used. DNA 

was digested with an excess of restriction enzyme (usually 3-5 U/µg DNA) using the 

appropriate restriction enzyme buffer at 37 °C for at least 3 h. Agarose gel 

electrophoresis was used to verify complete digestion. 
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3.2.7 Dephosphorylation of DNA 

To avoid self-ligation of linearized plasmid DNA, 1 µg of restriction-digested plasmid 

DNA was dephosphorylated at the 5’ ends with 1 µl Antarctic Phosphatase 

(5000 U/ml; NEB) in 10 x reaction buffer in a final volume of 30 µl. Reactions were 

carried out at 37 °C for 15 min for 5’ extensions and heat-inactivated at 65 °C for 

5-10 min. 

 

 

3.2.8 Agarose gel electrophoresis 

For agarose gel electrophoresis, a 1 % (w/v) agarose gel solution in Tris-acetate-

EDTA buffer (TAE) (40 mM Tris-Acetate, 2 mM EDTA, pH 8.5) was dissolved by 

microwave treatment. When cooled down to about 60 °C, the agarose gel solution 

was poured in a horizontal electrophoresis apparatus (Bioplastics RV, Landgraaf 

(NL)). For visualization of DNA fragments, Ethidiumbromide (EtBr) (Sigma) was 

added to a final concentration of 0.1 µg/ml. Once solidified, the gel chamber was 

filled with 1 x TAE buffer and DNA samples containing 1/10 volume of 10 x sample 

buffer (50 % glycerol, 1 mM EDTA, 0.4 % (w/v) Bromophenol blue, 0.4 % (w/v) 

Xylencyanole, pH 8.0) and the DNA size marker HyperLadder I (BioLine, 

Hildesheim) were loaded. Electrophoresis was performed at 90-100 V for 

approximately 1 h. To visualize DNA fragments, the GeneGenius 2 (Syngene, 

Cambridge (UK)) documentation system equipped with the GeneSnap software 

were used. 

 

 

3.2.9 Isolation of DNA from agarose gels 

Gel slices containing desired DNA fragments were visualized by UV light, excised 

using a scalpel, and transferred to 1.5 ml reaction tubes. DNA was extracted using 

the NucleoSpin Gel and PCR clean-up Kit (Macherey-Nagel) following the 

manufacturer's instructions. Finally, the DNA was eluted in 15-30 µl EB buffer. 

 

 

3.2.10 Ligation of DNA fragments 

Ligations were performed with vector and DNA fragment at a molecular ratio of 1:3 

in the presence of 1 µl T4 DNA ligase (400 U/µl) (New England Biolabs) and 1 µl 10 
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x T4 DNA ligase buffer in a final volume of 10 µl. The reaction was carried out at RT 

overnight. Amplification of recombinant plasmid DNA was achieved through 

transformation of chemically-competent DH5α cells (see 3.2.2). 

 

 

3.2.11 Polymerase Chain Reaction (PCR) for DNA amplification 

PCR reaction was performed 50-µl reaction mix containing variable amounts of 

template DNA (plasmid DNA or cDNA), 10 μl Q5 buffer (5 x), 10 μl Q5 Enhancer 

(5 x), 1 μl dNTP mix (10 mM each), 2 μl of each primer (100 ng/μl) and 0.5 μl Q5 

High Fidelity DNA Polymerase (2000 U/ml) (New England Biolabs). The reaction 

was carried out in the Flexigene thermocycler (Techne, Staffordshire (UK)) using 

the following conditions: 

 

 

 

3.2.12 Purification of PCR-amplification products 

Following PCR amplification, DNA fragments were purified using the NucleoSpin 

Gel and PCR clean-up Kit (Macherey-Nagel) following the manufacturer's 

instructions. Finally, PCR products were eluted in 17 μl NE buffer and were then 

subjected to restriction endonuclease digestion (see 3.2.6). 

 

 

3.2.13 Isolation of total RNA from cultured cells 

Total RNA was extracted using the NucleoSpin RNA kit (Macherey-Nagel) using 

subconfluent cultures of breast cancer cells grown in T25 flasks according to the 

manufacturer’s instructions. Contaminating genomic DNA was removed by 

treatment of samples with rDNAse. Finally, RNA was dissolved in 40 µl of 

RNAse-free water and the RNA concentration and purity was determined using the 

NanoDrop ND-1000. 

 

Cycles PCR step Temperature Duration 
 
 
  12-30 
 
 

Initial denaturation 98 °C 30 sec 
Denaturation 98 °C 10 sec 
Primer annealing 58-63 °C 30 sec 
Extension 72 °C 30 sec/1 kb 
Final Extension 72 °C 2 min 
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3.2.14 Reverse transcription of total RNA 

The Reverse Transcription of total RNA was performed using the First Strand cDNA 

Synthesis Kit (Thermo Fisher Scientific) using 1 µg of total RNA and random 

hexamer or oligo (dT) primers. RNA was reverse transcribed using M-MuLV 

Reverse Transcriptase in a 20-µl reaction according to the manufacturer’s 

instructions. 

 

 

3.2.15 Quantitative real-time PCR analysis (qRT-PCR) 

For qRT-PCR analysis, 6.75 μl of cDNA (diluted 1:20) (see 3.2.14) were mixed with 

0.375 μl of each primer stock solution (10 µM), 7.5 μl Maxima SYBR Green/ROX 

qPCR Master Mix (2x; Thermo Fisher Scientific). PCR reactions were performed 

using a C1000 Touch Thermal Cycler (CFX96 Real-Time System) equipped with the 

CFX3.1 software (BioRad, Munich) with primers listed in Table 9 (see Appendix). 

Real-time PCR data analysis was performed using the ΔΔCT method with RPLP0 

as an endogenous reference. All samples were measured in triplicates using the 

following PCR conditions: 

 

Step Temperature Duration Cycles 
Initial denaturation 95 °C 10 min 1 
Denaturation 95 °C 15 sec  

40 
 

Annealing 60 °C 30 sec 
Extension 72 °C 30 sec 

 

 

3.2.16 DNA sequence analysis 

Samples containing 400-500 ng DNA were combined with 1 μl of primer 

(3.2 pmol/μl), 4 μl of BigDye reaction buffer (5 x) and 2 μl of BigDye mix (both from 

Applied Biosciences, Rockford (USA)) in a final volume of 20 µl. The reactions were 

cycled in the Flexigene thermal cycler (Techne) using the following parameters: 

 

 

Cycles PCR step Temperature Duration 
 
 
  25 
 

Initial denaturation 95 °C 5 min 
Denaturation 96 °C 30 sec 
Primer annealing 50 °C 15 sec 
Extension 60 °C 1 min 
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The reaction products were precipitated by addition of 16 µl H2O and 64 µl 100 % 

ethanol and incubation at RT for 15 min. The DNA was pelleted at 13200 rpm 

(Eppendorf centrifuge 5415R) for 30 min, washed in 250 µl of 70 % ethanol, 

centrifuged at 13200 rpm for 5 min and then dried at RT for 5-10 min. Reaction 

products were applied to capillary electrophoresis at the Institute of Pathology of the 

University Hospital Hamburg-Eppendorf. Sequence analysis was performed using 

FinchTV (http://www.geospiza.com/ftvdlinfo.html). 

 

 

3.2.17 Site-directed mutagenesis 

Site-directed mutagenesis was performed by amplifying a template plasmid with 

oligonucleotides containing the desired mutation using the Q5 High Fidelity DNA 

Polymerase (NEB). The PCR reaction was performed as described in Section 3.2.11 

using 12 cycles. 

PCR products were purified using the NucleoSpin Gel and PCR clean-up Kit 

(Macherey-Nagel) (Section 3.2.13) prior to the addition of 2 µl of CutSmart buffer 

(10 ×) and 1 µl of Dpn I (20 U/μl) (NEB). Following incubation at 37 °C for at least 

3 h, 1 µl of Dpn I treated DNA was transformed into 30 µl competent DH5α cells 

(Section 3.2.2) and bacteria were plated on antibiotic-containing LB agar plates. The 

next day, single colonies were isolated and expanded. The introduction of a 

site-specific mutation was verified by DNA sequencing of plasmid DNA (Section 

3.2.13) isolated from several clones. 

 

 

3.3 Biochemical methods 

 

3.3.1 Preparation of whole cell extracts (WCEs) 

Cell culture medium was aspirated and the cell monolayer was washed with PBS. 

Cells were harvested by scraping and transferred to a reaction tube. Following 

centrifugation at 4 °C and 3000 rpm for 5 min, the supernatant was discarded. 

Immediately before use, a lysis buffer containing 1 % (w/v) Nonidet-P40, 0.5 % (w/v) 

sodium-deoxycholate, 0.1 % (w/v) SDS, 150 mM NaCl, 20 mM sodium phosphate, 

25 mM N-ethylmaleimide (NEM), and protease and phosphatase inhibitor cocktails 

(both from Merck) was prepared and added to the cell pellet. Following incubation 
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on ice for 30 min, supernatants were collected by centrifugation at 4 °C and 

13200 rpm for 10 min. The lysate was mixed with 2 x SDS sample buffer (4 % (w/v) 

SDS, 20 % (w/v) glycerol, 120 mM Tris-HCl (pH 6.8), 0.01 % (w/v) Bromophenol 

Blue, 0.2 M DTT) and denatured at 95-100 °C for 5-10 min. After incubation on ice 

for 2-5 min, samples were either loaded on the gel or stored at -20 °C for further 

use.  

 

 

3.3.2 Measurement of protein concentration 

Two µl of total cell extracts, 798 µl of 0.1 N NaOH and 200 µl of Bradford reagent 

(BioRad, Munich) were mixed in a reaction tube. The colour reaction was allowed to 

proceed for 1-2 min before the absorption at a wavelength of 595 nm was 

determined by the BioPhotometer (Eppendorf). Protein concentration of samples 

were calculated using the BSA-based calibration curve. 

 

 

3.3.3 SDS-PAGE 

SDS-PAGE was performed according to the system described by Laemmli (1970) 

(Laemmli, 1970). SDS-polyacrylamide gels were prepared using 1.0-mm spacers 

and were composed as following:  

 

Component 6% Gel 8% Gel 15 % Gel 5% Stack gel 
H2O                                   [ml] 2.7 2.3 1.2 1.4 
30 % Acrylamide mix        [ml] 1.0 1.3 2.5 0.33 
1.5 M Tris (pH 8.8)           [ml] 1.3 1.3 1.3 - 
1.0 M Tris (pH 6.8)           [ml] - - - 0.25 
10 % SDS                         [µl] 50 50 50 20 
10 % APS                         [µl] 50 50 50 20 
TEMED                             [µl] 4 3 2 2 

 

 

The gel solution was allowed to polymerize for approximately 30 min before 

preparing the stack gel. The SE 250 electrophoresis vertical unit (Amersham 

Biosciences, Buckinghamshire (UK)) was assembled and 10-50 µg of whole cell 

extract freshly denatured for 5-10 min at 95 °C as well as PageRuler Prestained 

Protein Ladder (Thermo Fisher Scientific) was loaded. Electrophoresis was 
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performed using 1 × Laemmli buffer (192 mM Glycin, 0.1 % (w/v) SDS, 25 mM 

Tris-HCl, pH 8.3) at constant current (25 mA per gel) for 1 h. 

 

 

3.3.4 Semi-dry transfer 

Following electrophoresis, proteins were transferred from SDS-polyacrylamide gel 

to membranes using the Trans-Blot SD semi-dry blotting apparatus (Bio-Rad). 

Membranes and Whatman 3MM filter papers (GE Healthcare, Dassel) were cut to 

the size of the gels. Depending on the size of the proteins, two different protocols 

were used: 

 

Protocol 1: 

The Nitrocellulose (NC) membrane (GE Healthcare; 0.45 µm pore size) and four 

filter papers were pre-equilibrated in transfer buffer containing 48 mM Tris base, 

39 mM Glycine, 20 % (v/v) Methanol and 0.037 % (v/v) SDS. The transfer stack was 

prepared by placing two soaked filter papers, the NC membrane, the gel, and two 

filters onto the anode plate in the indicated order. The cathode plate was positioned 

on top of the stack and the transfer apparatus was assembled. The transfer was 

carried out at a constant current density of 0.8 mA/cm2 for 2 h. 

 

Protocol 2: 

A discontinuous buffer system containing Anode buffer I (0.3 M Tris base, 10 % 

Methanol), Anode buffer II (0.025 M Tris base,10 % Methanol) and Cathode buffer 

(0.025 Tris base, 20 % Methanol, 0.04 M ɛ-Amino caproic acid) was used for transfer 

of small proteins (< 15 kDa) (Kyhse-Andersen, 1984). Gels were equilibrated in 

Cathode buffer for 15 min. The FluoroTrans W PVDF membrane (Pall Life Sciences, 

Dreieich; 0.2 µm pore size) was activated with methanol, distilled water, and Anode 

buffer II for 5 min each. The transfer stack was prepared by placing two filter papers 

soaked in Anode buffer I, one filter paper soaked in Anode buffer II, the activated 

FluoroTrans W PVDF membrane, the equilibrated gel, and three filters papers 

soaked in Cathode buffer II onto the anode plate in the indicated order. The cathode 

plate was positioned on top of the stack and the transfer apparatus was assembled. 

The transfer was carried out at a constant current density of 0.8 mA/cm2 for 45 min. 
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3.3.5 Immunoblot analysis  

Following semi-dry transfer, membranes were blocked in 5 % (w/v) milk powder in 

1 × TBS-T (1 × TBS (137 mM NaCl, 20 mM Tris/HCl), 0.05 % (v/v) Tween-20) for 

1 h at RT and incubated with primary antibodies diluted in 5 % (w/v) bovine serum 

albumin (BSA)  in 1 × TBS-T overnight at 4 °C. Membranes were then washed 3 

× 5 min in 1 × TBS-T and incubated with secondary antibody diluted in 5 % skim 

milk powder in TBS-T for 1 h at RT. Following 3 washes for 5 min in 1 × TBS-T, the 

membrane was incubated in a freshly prepared ECL solution consisting of a 1:1 

mixture of solutions 1 (0.1 M Tris-HCl (pH 8.5), 25 mM luminol, 9 mM coumaric acid] 

and 2 (0.1 M Tris-HCl (pH 8.5), 0.018 % (v/v) H2O2). Signals were detected using 

an X-ray film (Fujifilm, Willich) and a Curix 60 film processor (AGFA HealthCare 

GmbH, Bonn). 

 

 

3.3.6 Indirect immunofluorescence analysis of cells 

Cells grown in 4-well chamber slides (Corning, New York) were washed twice with 

PBS and were then fixed for 15 min in 4 % paraformaldehyde at RT. Cells were 

washed three times with PBS and were permeabilised using 0.2 % Triton X-100 

(Sigma) for 5 min at RT. Following three washes with PBS, non-specific binding sites 

were blocked by incubation for 30 min in blocking buffer (1 % BSA in PBS). 

Subsequently, cells were incubated with polyclonal anti-GRHL2 antibody (dilution 

1:250) (Werner et al., 2013) followed by Alexa-546 goat anti-rabbit IgG (dilution 

1:250) (Thermo Fisher Scientific, Rockford, USA) in blocking solution, for 90 min at 

RT each. After each individual antibody incubation, cells were washed four times 

with PBS, counterstained with DAPI (Sigma), and were finally mounted in Mowiol 

(Calbiochem, La Jolla, CA). Microscopic analysis was performed using an Axioplan2 

microscope equipped with AxioVision SE64 (Re. 4.9.1) software (Zeiss, Jena, 

Germany). 

 

 

 

 

 

 



   30 
 

3.3.7 Pull-down assay  

The pull-down assay was performed essentially as described by Choi and coworkers 

(Choi et al., 2013). Cells co-transfected with GRHL2 and His6-tagged SUMO 

expression plasmids were harvested and re-suspended in Buffer A (6 M Guanidine–

HCl, 0.1 M Na2HPO4/NaH2PO4, 10 mM imidazole, pH 8.0). Following sonication at 

70 % amplitude and cycle 0.5 using an ultrasonic processor (UP50H Hielscher, 

Teltow), the lysate was added into 50 µl of Ni–NTA agarose (QIAGEN, Hilden) 

pre-equilibrated in Buffer A and rotated at room temperature for 4-6 h. The beads 

were then washed with Buffer A, Buffer A/TI (1 vol. of Buffer A, 3 vol. of Buffer TI 

(25 mM Tris–HCl, 20 mM imidazole, pH 6.8)) and Buffer TI. After centrifugation for 

10 sec at top seed (Eppendorf centrifuge 5415R) at RT, the supernatant was 

discarded.  Any residual buffer trapped in agarose beads was removed using a 26 G 

needle. Bound proteins were released from the matrix by adding 50 µl of 2 × SDS 

sample buffer (see section 2.3.1) and boiling at 95-100 °C for 10 min. The 

supernatant was harvested after centrifugation at top speed (Eppendorf centrifuge 

5415R) for 10 min at RT and was then subjected to western blot analysis. 

 

 

3.3.8 Luciferase Reporter Assays 

For luciferase reporter assays, 5 x 104 COS-7 cells were seeded into each well of a 

24-well plate. The next day, cells were transiently co-transfected with 0.25 µg of 

expression plasmids encoding wild-type or mutant GRHL2 proteins, 0.25 µg of a 

reporter plasmid containing five copies of the GRHL2 consensus binding site 

(AACCGGTT) upstream of a minimal promoter and the Firefly luciferase (luc2) gene 

(unpublished), and 5 ng of the pGL4.74 normalization plasmid encoding the Renilla 

luciferase (hRluc) (Promega, Wisconsin, USA) using Lipofectamine 3000 according 

to the manufacturer’s instructions. Forty-eight hours post transfection, cell extracts 

were prepared using the Passive Lysis Buffer (PLB) (Promega). Samples were 

assayed in triplicate for luciferase activities using a Dual luciferase assay kit 

(Promega) with the GloMax Discover Multimode plate reader (Promega). Before 

calculating the fold activation value, luciferase activity of each sample was 

normalized with respect to the activity of Renilla luciferase. Luciferase activity from 

COS-7 cells transfected with an empty vector was set arbitrarily at 1 for calculation 

of fold activation. 
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3.4  Bioinformatic analyses 

 

3.4.1 Computer-aided prediction of SUMOylation sites by in silico-

 analysis 

Several computational approaches for SUMOylation site prediction within proteins 

are publically available. The resources, including corresponding online webservers 

and references, used for prediction of possible SUMOylation sites within the human 

GRHL2 protein are listed below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Publically available webservers for SUMOylation site prediction 
Resource Web URL Reference 
ELM http//elm.eu.org/ (Puntervoll et al., 2003) 
SUMOplot http//www.abgent.com/sumoplot/ (Abgent, I.S.D., San Diego, CA) 
GPS-SUMO 
2.0 

http://sumosp.biocuckoo.org/online.php (Zhao et al., 2014) 

SUMOsp 
2.0.4 

http://bioinformatics.lcd-ustc.org/sumosp/ (Ren et al., 2009) 

SUMOhydro http://protein.cau.edu.cn/others/SUMOhydro/ (Chen et al., 2012) 
JASSA http://www.jassa.fr (Beauclair et al., 2015) 
pSUMO-CD http://www.jci-bioinfo.cn/pSumo-CD (Jia et al., 2016) 
PCI-SUMO http://bioinf.sce.carleton.ca/SUMO/start.php/ (Green et al., 2006) 
SUMOFI http://cbg.garvan.unsw.edu.au/sumofi/form.do (de Castro et al., 2006) 
PHOSIDA http://www.phosida.com (Gnad et al., 2007) 
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4. Results 

 

In this study, a large number of expression constructs encoding wild-type or mutant 

GRHL2 as well as many other proteins (e.g., SUMO-1/2/3, PIAS-1, 2, 3, 4 etc.) were 

created. The expression plasmids (Table 5), primers for amplification of cDNAs 

(Table 6), and oligonucleotides for mutagenesis (Table 7) are listed in the Appendix. 

The identity of all expression plasmids was confirmed by DNA sequencing using 

primers listed in Table 8 (see Appendix) and functionality was verified by transient 

transfection into COS-7 cells, followed by Western blot analysis using appropriate 

antibodies. For the sake of simplicity, the generation and characterization of the 

expression plasmids is not detailed in the Results section. 

 

 

4.1 GRHL2 is post-translationally modified by SUMOylation 

Covalent conjugation of SUMO proteins to substrate can cause shifts in the 

molecular weight by 10-40 kDa (Wilkinson and Henley, 2010) thus enabling the 

detection of SUMOylated forms of a protein by a gel shift assay. To determine 

whether GRHL2 is modified by SUMOylation, expression plasmids encoding 

GRHL2 (# 1) and activated, HA-tagged SUMO-1-GG or SUMO-2-GG (# 16, 17) 

were transiently co-transfected into easy-to-transfect COS-7 cells and cell lysates 

were harvested 48 hours post-transfection. Lysates were separated by SDS-PAGE, 

followed by Western blot analysis using GRHL2-specific antibodies or antibodies 

recognizing the HA-epitope. The results presented in Fig. 4 clearly show that in 

addition to the non-modified GRHL2 protein with an apparent molecular weight of 

about 72 kDa, an additional GRHL2-specific band migrating at about 110 kDa could 

be detected. The detection of this slower migrating GRHL2-specific band was strictly 

dependent on the co-expression of activated SUMO-1-GG or SUMO-2-GG and the 

presence of N-ethylmaleimide (NEM), a potent inhibitor of cysteine (thiol) proteases 

required for the preservation of the SUMOylated state of substrate proteins, in the 

lysis buffer. These results strongly suggest that GRHL2 represents a novel substrate 

for SUMOylation. Moreover, the results of the gel shift assay showing the 

appearance of only one higher molecular weight GRHL2 species also indicate that 

GRHL2 most likely is modified by SUMOylation at a single lysine residue. 
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Fig. 4. GRHL2 is post-translationally modified by SUMOylation. Expression plasmids 
encoding GRHL2 and activated, HA-tagged SUMO-1-GG or SUMO-2-GG were transiently 
co-transfected into COS-7 cells and cell lysates were prepared in the presence or absence of 
the cysteine protease inhibitor NEM as indicated. Lysates were separated by SDS-PAGE, 
followed by Western blot analysis using GRHL2-specific antibodies or antibodies recognizing 
the HA-epitope for detection of SUMO-1/2 proteins. Equal loading was demonstrated using an 
antibody recognizing tubulin. 
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4.2 Identification of SUMOylation sites in GRHL2 using computational 

 approaches 

The human GRHL2 protein (NP_079191) contains a total of 53 lysine residues which 

potentially could act as acceptor sites for SUMOylation. To identify high-probability 

SUMOylation sites in GRHL2, we performed a computational analysis of the GRHL2 

protein sequence using ten different web-based SUMOylation prediction tools, 

including the probably most advanced resources JASSA (Beauclair et al., 2015), 

GPS-SUMO 2.0 (Zhao et al., 2014), and SUMO Plot (http//www.abgent.com/ 

sumoplot/) (Table 1). Although nineteen randomly distributed lysine residues were 

predicted to represent possible modification sites, only seven amino acids were 

predicted to be SUMOylation sites by at least two computational approaches. For 

this reason, only these residues (K159, K205, K366, K424, K453, K531, and K556) 

were considered as candidate modification sites and were selected for experimental 

validation by mutational analysis. 

 

 
* Putative acceptor sites for SUMOylation in the human GRHL2 protein (NP_079191) identified by web-based prediction tools 
    listed on the left. Scores (SUMOplot, SUMOhydro) or confidence values (PCI-SUMO) are shown in red. Computational 
    analysiswas performed using a high (H) or medium (M) threshold as indicated in blue (GPS-SUMO 2.0 and SUMOsp 2.0.4). 
    For JASSA, best predictive scores (PS) high (H) or low (L) are shown in green. Lysine residues selected for further 
    experimental validation are indicated below. 

 

 

Table 1  Predicted SUMOylation sites in the human GRHL2 protein* 
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14
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 4

24
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 4

38
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 4

53
 

K
 4

62
 

K
 5

31
 

K
 5

56
 

K
 5

61
 

K
 5

70
 

K
 5

86
 

K
 6

19
 

ELM - X - - - - - - - - - - - X - - - - - 

SUMO Plot - X 
0.9 

X 
0.9 

X 
0.3 - - X 

0.4 
X 
0.5 - X 

0.3 - - X 
0.5 

X 
0.8 

X 
0.8 - X 

0.3 - - 

GPS-SUMO 2.0 - X 
H 

X 
H - - - - - - - - - - X 

H - - - X 
M 

X 
M 

SUMOsp 2.0.4 X 
M 

X 
H 

X 

M - - - - - - - - - - X 
H - - - - - 

SUMOhydro - X 
0.7 - - - - - - - - - - - X 

0.7 - - - - - 

JASSA - X 
H 

X 
L - - - X 

H - X 
H - - X 

L - X 
L - - - - - 

pSUMO-CD - X - - X X - - - - X - - X X X - - - 

PCI-SUMO - X 
0.9 - - - - - - - - - - - X 

0.8 - - - - - 

SUMOFI - X - - - - - - - - - - - X - - - - - 

PHOSIDA - X - - - - X - X - - X - X - - - - - 

 
Selected for 
experimental 
validation 

- X X - - - X - X - - X - X X - - - - 
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4.3 Identification of K159 as the major SUMOylation site in GRHL2 by 

 site-directed mutagenesis 

To identify the major SUMOylation-site within the GRHL2 protein, candidate lysine 

residues K159, K205, K366, K424, K453, K531, and K556 were replaced by the 

basic amino acid arginine (R) using site-directed mutagenesis. Expression 

constructs encoding wild-type or mutant GRHL2 proteins (# 1, 2, 4-9) and activated, 

HA-tagged SUMO-1-GG or SUMO-2-GG (# 16, 17) were transiently co-transfected 

into COS-7 cells and cell lysates harvested 48 hours post-transfection were then 

subjected to SDS-PAGE and Western blot analysis using antibodies for the 

detection of GRHL2 and SUMO-1/2 proteins. The results shown in Fig. 5 

demonstrate that wild-type GRHL2 proteins and all but the GRHL2 K159R mutant 

were modified by SUMOylation, as indicated by the detection of the high-molecular 

weight GRHL2 proteins by Western blot analysis. This result was independent of 

whether SUMO-1 or SUMO-2 was co-expressed in COS-7 cells, thus further 

substantiating a crucial role of residue K159 in the SUMOylation of the GRHL2 

protein. A Western blot analysis using antibodies recognizing SUMO-1/2 proteins 

and tubulin demonstrated that failure to detect SUMOylated GRHL2 (S-GRHL2) in 

cells transfected with the GRHL2 K159R mutant, was not the result of variable 

co-transfection efficiency or unequal loading of samples. 

 

 

 

Fig. 5. Identification of K159 as the major SUMOylation site in GRHL2 by site-directed 
mutagenesis. Expression constructs encoding wild-type or mutant GRHL2 proteins and 
activated, HA-tagged SUMO-1-GG or SUMO-2-GG were transiently co-transfected into COS-7 
cells and cell lysates harvested 48 hours post-transfection were then subjected to SDS-PAGE 
and Western blot analysis using antibodies for the detection of GRHL2 and SUMO-1/2 
proteins. Equal loading was demonstrated using an antibody recognizing tubulin. 
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Lysine residues that are modified by SUMOylation are often embedded within a 

consensus motif ѰKxD/E, where Ѱ is a hydrophobic amino acid, K the SUMOylated 

lysine residue, x any amino acid, and D/E (aspartic/glutamic acid) (Wilkinson and 

Henley, 2010). The major SUMOylation site identified in GRHL2 is embedded in a 

sequence (158VKAE161) which conforms to this consensus motif. Still, to obtain 

additional evidence for an involvement of K159 in SUMOylation of GRHL2, a GRHL2 

mutant (GRHL2 E161A) (# 3) was generated in which the indispensable residue 

E161 of the consensus motif ѰKxD/E was replaced by alanine (A). Using an 

identical experimental approach as described above, a critical role of E161 in 

SUMOylation of GRHL2 could be demonstrated (Fig. 6). Disruption of the target 

sequence for SUMOylation in GRHL2 (158VKAE161) at two distinct positions 

uniformly abolished SUMOylation of GRHL2, as demonstrated by gel shift analysis. 

These results further demonstrate that the acceptor lysine for SUMOylation of 

GRHL2 is the K159 residue. Also, these findings strongly suggest that high 

molecular weight GRHL2 proteins migrating at about 110 kDa represent 

SUMOylated GRHL2 (S-GRHL2) and are not the result of a modification of K159 by 

another post-translational modification requiring a lysine as an acceptor residue 

(e.g., acetylation, ubiquitination etc.). 

 

 

Fig. 6. SUMOylation of GRHL2 at K159 occurs at a ѰKxD/E consensus motif. Expression 
constructs encoding wild-type or mutant GRHL2 proteins and activated, HA-tagged SUMO-1-
GG or SUMO-2-GG were transiently co-transfected into COS-7 cells and cell lysates harvested 
48 hours post-transfection were then subjected to SDS-PAGE and Western blot analysis using 
antibodies for the detection of GRHL2 and SUMO-1/2 proteins. An antibody detecting tubulin 
served as a loading control in these experiments. 
 



   37 
 

To obtain further evidence for K159 as the site of modification by the SUMOylation 

pathway, pull-down experiments for the specific enrichment of SUMOylated proteins 

was performed. To this end, expression plasmids encoding wild-type GRHL2 or 

mutant GRHL2 (K159R) proteins (# 1, 2) and were co-transfected with expression 

plasmids coding for His6-tagged, activated SUMO-1/2 proteins (# 18, 19) into COS-7 

cells. Forty-eight hours post-transfection, cells were harvested using denaturing 

conditions, total SUMOylated proteins were recovered by nickel-affinity 

chromatography, and specific proteins probed for by Western blot analysis. The 

results shown in Fig. 7 demonstrate that the high molecular weight GRHL2 protein 

representing S-GRHL2 specifically could be enriched using this pull-down 

experiment. The specificity of this approach is demonstrated by the absence of the 

110 kDa band representing S-GRHL2 in lysates from cells expressing mutant 

GRHL2 (K159R) proteins and also by the absence of non-modified GRHL2 proteins 

migrating at about 72 kDa in all cell lysates. 

 

 

 

Fig. 7. Enrichment of SUMOylated GRHL2 proteins using a pull-down approach. Expression 
constructs encoding wild-type or mutant GRHL2 proteins and activated, His6-tagged 
SUMO-1-GG or SUMO-2-GG were transiently co-transfected into COS-7 cells. Forty-eight 
hours post-transfection, cell lysates were prepared using denaturing conditions. Total 
SUMOylated proteins were recovered by Nickel-affinity chromatography, and specific 
proteins were probed for by Western blot analysis using GRHL2-specific antibodies (top). 
Bands representing non-SUMOylated and SUMOylated GRHL2 (S-GRHL2) are marked with 
arrows. To demonstrate equal transfection efficiency, lysates used for pull-down assay (input) 
were also subjected to Western blot analysis using antibodies specific for GRHL2 or 
SUMO-1/SUMO-2 (bottom). 
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In summary, these results strongly suggest that the GRHL2 protein is modified by 

SUMOylation. GRHL2 appears to be SUMOylated at residue K159 which is located 

in the hinge region linking the N-terminal transactivation domain (TAD; residues 

1-135) with the DNA-binding region (DBD; residues 245-494) (Fig. 8). 

 

 

 

 

 

Fig. 8. Localisation of the major SUMOylation-site of GRHL2. The major SUMOylation site in 
GRHL2 (K159) is located in the hinge region linking the N-terminal transactivation domain 
(TAD; residues 1-135) with the DNA-binding region (DBD; residues 245-494). For a detailed 
description of the GRHL2 domain structure see Section 1.3.2. 
 

 

4.4 SUMOylation of GRHL2 is enhanced by PIAS proteins 

SUMOylation of substrate proteins can be enhanced in the presence of SUMO E3 

ligases. This relatively small family of structurally unrelated proteins also includes 

the PIAS proteins encoded by four genes, namely PIAS1, PIAS2, PIAS3, and PIAS4 

(Rytinki et al., 2009). Interestingly, PIAS3 was identified as candidate interaction 

partner of GRHL2 in a Yeast-Two-Hybrid based screen using human full-length 

GRHL2 as a bait (unpublished observation). Furthermore, an entry in the INTact 

database containing experimentally validated protein-protein interactions suggested 

a possible interaction between GRHL2 and PIAS2 (https://www.ebi.ac.uk/intact/), 

implying that GRHL2 might be able to interact with several members of the PIAS 

family of proteins. 

To investigate whether PIAS proteins are able to promote SUMO conjugation to 

GRHL2, expression constructs encoding wild-type GRHL2 (# 10) or mutant GRHL2 

(K159R) (#11) proteins, PIAS1-4 proteins (# 20-23), and SUMO1 or SUMO2 

proteins (#16, 17) were co-transfected into COS-7 cells. Ectopic expression of all 

four PIAS protein markedly enhanced SUMO modification of GRHL2 by both 

SUMO1 and SUMO2, suggesting that all four PIASs exhibit SUMO E3 activity in the 

GRHL2 SUMOylation pathway (Fig. 9). Gradual differences in SUMOylation induced 

by individual PIAS proteins fail to reach significance and possibly just reflect 
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variability in co-transfection experiments as well as differences in PIAS 1-4 

expression levels (Fig. 9). 

Taken together, these results suggest that SUMOylation of GRHL2 is modulated by 

all four members of the PIAS family of proteins. At least under experimental 

conditions in which both GRHL2 and PIAS proteins are transiently overexpressed in 

COS-7 cells, there seems to be no preference in the interaction between GRHL2 

and the SUMO E3 ligases PIAS1-4. 

 

 

 

 

Fig. 9. SUMOylation of GRHL2 is enhanced by PIAS proteins. Expression constructs encoding 
wild-type GRHL2 or mutant GRHL2 (K159R) proteins, HA-tagged PIAS1-4 proteins, and 
SUMO-1 or SUMO-2 proteins were transiently co-transfected into COS-7 cells as indicated. 
Forty-eight hours post-transfection, cell lysates were prepared and were then subjected to 
SDS-PAGE and Western blot analysis using antibodies for the detection of GRHL2, HA-tagged 
PIAS 1-4 proteins, and HA-tagged SUMO-1 (top) and SUMO-2 proteins (bottom). An antibody 
detecting tubulin served as a loading control in these experiments. 
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4.5 The subnuclear localisation of GRHL2 is not influenced by 

 SUMOylation 

SUMO proteins covalently attached to substrate proteins can act a molecular glue 

enabling protein-protein interactions and the formation of higher-order structures. 

Not surprisingly, SUMOylation of target proteins therefore often influences the 

distribution of proteins and their association with subcellular structures. To test 

whether SUMOylation affects the subnuclear localisation of GRHL2, expression 

plasmids encoding wild-type GRHL2 (# 10) as well as mutant GRHL2 (K159R) and 

GRHL2 (E161A) proteins (# 11, 12) were transiently transfected into COS-7 cells 

and the distribution of GRHL2 proteins was determined by indirect 

immunofluorescence analysis using GRHL2-specific antibodies. 

 

 

 

Fig. 10. The subnuclear localisation of GRHL2 is not influenced by SUMOylation. Expression 
plasmids encoding wild-type GRHL2 as well as mutant GRHL2 (K159R) and GRHL2 (E161A) 
proteins were transiently transfected into COS-7 cells and the distribution of GRHL2 proteins 
was determined by indirect immunofluorescence analysis using GRHL2-specific antibodies. 
Depending on the subnuclear distribution of GRHL2 proteins, distinct patterns classified as 
speckled, mixed, or diffuse could be observed. Microscopic analysis was performed using an 
Axioplan2 microscope equipped with AxioVision SE64 software. Original magnification 400x. 
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Interestingly, distinct patterns of staining could be detected in COS-7 cells 

transfected with wild-type or SUMOylation-deficient GRHL2 proteins. In general, 

transfected cells showed either a diffuse-type, a mixed-type, or a granular-type of 

distribution of GRHL2 proteins (Fig. 10). Irrespective of the expressed GRHL2 

protein (wild-type vs. mutant) about 80-90 % of cells showed a mixed/diffuse staining 

pattern and only relatively rarely a speckled staining. A high variability in size and 

number of granules ranging from about 5-30 could be observed. 

In conclusion, these results did not reveal striking differences between wild-type and 

mutant GRHL2 proteins, implying that SUMOylation does not influence the 

subnuclear distribution of GRHL2 proteins in COS-7 cells. As co-expression of 

EGFP-tagged, activated SUMO-1-GG also did not influence the localisation of 

GRHL2 in the nucleus (data not shown), it can be concluded that distinct GRHL2 

staining patterns are not due to a differential modification of GRHL2 by 

SUMOylation. 

 

 

4.6 Regulation of the GRHL2 subnuclear localisation through 

 association with PIAS proteins 

To investigate whether the interaction of GRHL2 with members of the PIAS family 

of proteins could influence the subnuclear localisation of GRHL2 in COS-7 cells 

another set of immunofluorescence analyses were performed. Wild-type GRHL2 

proteins (# 10) together with EGFP-tagged PIAS1-4 proteins (# 24-27) were 

introduced into COS-7 cells by transient transfection of plasmid DNA and the 

distribution of GRHL2 and PIAS1-4 proteins was determined by indirect 

immunofluorescence analysis using a GRHL2-specific antibody. Remarkably, all 

four PIAS proteins drastically changed the subnuclear distribution of GRHL2 in that 

about 70-80 % of co-transfected cells showed a striking speckled staining pattern 

(Fig. 11). The percentage of cells showing a speckled GRHL2 staining thus is 

significantly higher than in COS-7 cells expressing only GRHL2 (see 4.5). 

Significant differences between distinct PIAS proteins in dragging GRHL2 into 

granular structures could not be observed. Most importantly, all PIAS proteins 

clearly co-localised with GRHL2 in these granules, thus further confirming a physical 

and functional association between GRHL2 and this class of E3 SUMO ligases. 
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These results clearly establish PIAS1-4 proteins as novel modulators of GRHL2 

localisation and function in cells. 

 

 

 

Fig. 11. Co-localisation of GRHL2 with PIAS proteins in COS-7 cells. Wild-type GRHL2 proteins 
and EGFP-tagged PIAS1-4 proteins were introduced into COS-7 cells by transient transfection 
of plasmid DNA. The distribution of GRHL2 and PIAS1-4 proteins was determined by indirect 
immunofluorescence analysis using a GRHL2-specific antibody. Nuclei were visualized using 
DAPI. Microscopic analysis was performed using an Axioplan2 microscope equipped with 
AxioVision SE64 software. Original magnification 400x. 
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4.7 SUMOylation positively regulates GRHL2 transcriptional activity 

SUMOylation can lead to activation or suppression of the activity of transcriptional 

regulators. To analyse how SUMOylation affects GRHL2 activity, two distinct but 

complementary approaches were employed. 

For luciferase reporter assays, COS-7 cells were transiently co-transfected with 

expression plasmids encoding wild-type GRHL2 (# 10) or mutant GRHL2 (K159R) 

and GRHL2 (E161A) proteins (# 11, 12), a reporter plasmid containing five copies 

of the GRHL2 consensus binding site (AACCGGTT) upstream of a minimal promoter 

and the Firefly luciferase (luc2) gene, and a normalisation plasmid encoding the 

Renilla luciferase (hRluc) using Lipofectamine 3000. Forty-eight hours post 

transfection, cell extracts were assayed in triplicate for luciferase activities using a 

Dual luciferase assay kit. Before calculating the fold activation value, luciferase 

activity of each sample was normalised with respect to the activity of Renilla 

luciferase. Luciferase activity from COS-7 cells transfected with an empty vector 

was set arbitrarily at 1 for calculation of fold activation. 

 

 

 

Fig. 12. SUMOylation positively regulates GRHL2 transcriptional activity. Cells were 
transiently co-transfected with expression plasmids encoding wild-type or mutant GRHL2 
proteins, a reporter plasmid containing five copies of the GRHL2 consensus binding site 
(AACCGGTT) upstream of a minimal promoter and the Firefly luciferase (luc2) gene, and the 
pGL4.74 normalization plasmid encoding the Renilla luciferase (hRluc). Forty-eight hours 
post transfection, cell extracts were prepared and were assayed in triplicate for luciferase 
activities using a Dual luciferase assay kit with the GloMax Discover Multimode plate reader. 
Before calculating the fold activation value, luciferase activity of each sample was normalised 
with respect to the activity of Renilla luciferase. Luciferase activity from COS-7 cells 
transfected with an empty vector was set arbitrarily at 1 for calculation of fold activation. Error 
bars, S.D. 
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The results included in Fig. 12 show that wild-type GRHL2 induced an about 38-fold 

induction of the Firefly luciferase reporter gene as compared to empty-vector control. 

Interestingly, GRHL2 mutant proteins with disrupted SUMOylation sites (GRHL2 

K159R and GRHL2 E161A) showed a significantly reduced ability to transactivate 

reporter gene expression. Differences in the ability to induce reporter gene 

expression between the two SUMOylation-deficient GRHL2 mutants most likely are 

attributable to structural changes introduced by mutational analysis. Still, these 

results indicate that SUMOylation enhances GRHL2 transcriptional activity in 

luciferase reporter assays. 

To further substantiate this finding, retroviral expression constructs encoding 

wild-type GRHL2 (# 13) or mutant GRHL2 (K159R) and GRHL2 (E161A) proteins 

(# 14, 15) were generated and introduced into GRHL2-deficient MDA-MB-231 

breast cancer cells by means of retroviral gene transfer. Infected cells were selected 

with puromycin and pooled clones were analysed for GRHL2 expression by Western 

blot analysis (Fig. 13). The results presented in Fig. 13 demonstrate GRHL2 protein 

expression in MDA-MB-231 cells infected with GRHL2-expressing retroviruses, but 

not in parental cells or cells infected with an empty vector. Thus, the expression 

analysis demonstrates the successful establishment of a model system for studying 

SUMOylation-dependent GRHL2 target gene expression. 
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Fig. 13. Establishment of a model system for the analysis of the SUMOylation-dependent 
regulation of GRHL2 target gene expression. Retroviral expression constructs encoding 
wild-type GRHL2 or mutant GRHL2 (K159R) and GRHL2 (E161A) proteins were generated and 
introduced into GRHL2-deficient MDA-MB-231 breast cancer cells by means of retroviral gene 
transfer. Infected cells were selected with puromycin and pooled clones were analysed for 
GRHL2 expression by Western blot analysis using GRHL2-specific antibodies. Expression of 
selected GRHL2 target genes was analysed using antibodies for CD24 and E-Cadherin, 
respectively. An antibody detecting tubulin served as a loading control in these experiments. 
 

 

Next, expression of selected GRHL2 target genes CD24 and E-Cadherin (CDH1) 

was analysed by Western blot analysis. Consistent with results published by Werner 

(2013) (Werner et al., 2013), GRHL2 induced expression of CD24 and E-Cadherin 

in MDA-MB-231 cells (Fig. 13). Interestingly, expression levels in cells expressing 

GRHL2 mutants GRHL2 K159R and GRHL2 E161A was significantly lower as in 

cells expressing wild-type GRHL2 proteins, suggesting that SUMOylation enhances 

transcriptional activity of GRHL2. 

A qRT-PCR analysis of GRHL2, CD24, and E-Cadherin gene expression in the 

different MDA-MB-231 cell clones using primers listed in Table 9 (see Appendix) 

was also performed. The results shown in Fig. 14 confirm the data obtained by 

Western blot analysis. Although GRHL2 K159R and GRHL2 E161A mutant proteins 

are expressed at a slightly higher level (about 1.1- or 1.2-fold, respectively) 

compared to wild-type GRHL2, CD24 and E-Cadherin/CDH1 target gene expression 

still was reduced as compared to wild-type GRHL2 expressing cells. 
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Fig. 14. qRT-PCR analysis of GRHL2 target genes in MDA-MB-231 breast cancer cells. 
Retroviral expression constructs encoding wild-type GRHL2 or mutant GRHL2 (K159R) and 
GRHL2 (E161A) proteins were generated and introduced into GRHL2-deficient MDA-MB-231 
breast cancer cells by means of retroviral gene transfer. Infected cells were analysed for 
GRHL2, CD24, and E-Cadherin mRNA expression by qRT-PCR analysis. Expression of 
GRHL2, CD24, and E-Cadherin mRNAs in cells expressing wild-type GRHL2 was set arbitrarily 
at 1, respectively. 
 

 

These results together with those obtained by luciferase reporter assays therefore 

strongly suggest that SUMOylation enhances transcriptional activity of the GRHL2 

transcription factor. 
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5. Discussion 

 

Breast cancer metastasis is an extremely complex process and remains to be a 

major medical challenge until now. Limited clinical strategy raises urgent demands 

for a better understanding of the molecular mechanism driving metastatic process. 

The epithelial-to-mesenchymal transition (EMT) is a morphogenetic program that 

has been shown to play a crucial role in cancer progression and metastasis (Kalluri 

and Weinberg, 2009). Several independent groups identified the largely 

uncharacterized developmental transcription factor Grainyhead-like 2 (GRHL2) as 

a potent suppressor of EMT and breast cancer metastasis (Cieply et al., 2013; 

Cieply et al., 2012; Werner et al., 2013). Although transcription factors in general 

can be regulated by various posttranslational modifications (PTMs), nothing is 

known about possible PTMs regulating GRHL2 activity in breast cancer cells. 

Preliminary results obtained by Yeast-Two-Hybrid (Y2H) protein-protein interaction 

screen suggest an interaction of GRHL2 with various components of SUMOylation 

machinery, implying that SUMOylation potentially could represent a novel regulatory 

mechanism of GRHL2 in breast cancer cells. Major aim of this project therefore is 

to investigate whether GRHL2 activity can be modulated by SUMOylation in breast 

cancer cells. 

 

 

GRHL2 is post-translationally modified by SUMOylation 

The post-translational modification SUMOylation is defined as the covalent and 

reversible conjugation of a member of the SUMO (Small Ubiquitin-like Modifier) 

family of proteins to a lysine residue in the substrate proteins (Wilkinson and Henley, 

2010). SUMOylation is indispensable for the normal function of all eukaryotic cells 

and contributes to a wide variety of cellular processes, such as maintenance of 

protein stability, regulation of protein activity, and protein subcellular localisation 

(Hay, 2005; Heun, 2007; Johnson, 2004). Four SUMO paralogues have been 

identified in mammals, designated SUMO1 to SUMO4, whereas SUMO2 and 

SUMO3, due to a 95 % sequence similarity, are often collectively referred to as 

SUMO2/3 (Wilkinson and Henley, 2010). Immature SUMO proteins are processed 

by SUMO-specific proteases (SENP) and undergo C-terminal cleavage. The mature 

form of SUMOs are then engaged in the SUMOylation cycle and covalently bind to 
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target proteins via an enzymatic cascade, including activation by E1 enzyme, 

conjugation by E2 enzyme, and ligation by E3 enzyme. Subsequently, 

de-SUMOylation process is again mediated by SENP enzymes to release 

unmodified substrate protein and mature SUMO moiety (Fig.15) (Wilkinson and 

Henley, 2010).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 15. The SUMOylation cycle. (1) The C-terminal tail of SUMO precursor is cleaved off by 
members of SENP family to expose a di-glycine motif. (2) Processed SUMO is then activated 
by activating E1 enzyme, a heterodimer of SAE1 and SAE2, in an ATP-dependent manner 
resulting in the formation of a thioester bond with the active site of E1. (3) Activated SUMO is 
then shifted to the catalytic cysteine residue of conjugating E2 enzyme, UBC9. (4, 5) E2 
enzyme catalyses the transfer of SUMO to substrate protein, often in connection with an E3 
enzyme. During this step SUMO covalently binds to the substrate protein via an isopeptide 
bond between C-terminal glycine residue of SUMO and a lysine residue in the substrate 
protein. (6) The SENPs subsequently de-conjugate the SUMO modified substrate and release 
mature SUMO moiety for further rounds of SUMOylation (Wilkinson and Henley, 2010). 
 

 

In this study, it is demonstrated for the first time that GRHL2 represents a novel 

substrate protein for SUMOylation. GRHL2 therefore represents the first known 

SUMOylated protein of the GRHL2 family of transcription factors. Using COS-7 cells 

as a model system, it could be shown that in addition to the 70 kDa protein 

representing the GRHL2 protein, a GRHL2 protein species migrating at about 

110 kDa could be detected by Western blot analysis. A detailed molecular analysis 

demonstrated that this high molecular weight GRHL2 protein represents 
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SUMOylated GRHL2. Although the molecular weight of a SUMO moiety is 

approximately 11 kDa, the conjugation of one SUMO moiety to substrate proteins 

often causes band shifts of about 10-40 kDa (Wilkinson and Henley, 2010). This is 

thought to be due to the branched nature of modification of proteins by SUMOylation 

(Girach et al., 2013; Martin et al., 2007). 

The detection of SUMOylated GRHL2 proteins by Western blot analysis was 

experimentally challenging in that SENP family proteases mediating 

de-SUMOylation and therefore rapid turnover of this modification within cells, but 

also during cell lysis need to be inhibited. This is a well-known problem in any 

SUMOylation study and therefore many strategies have been developed to inhibit 

the activities of SENP proteases to maintain SUMO conjugation (Drag and 

Salvesen, 2008). NEM is able to block the catalytic activity of all cysteine proteases 

and thus is commonly used as SENP protease inhibitor (Albrow et al., 2011). In this 

study, 25 mM N-ethylmaleimide (NEM) was used during cell lysis to preserve the 

SUMOylation state of GRHL2 (Meulmeester et al., 2008). However, to exert full 

inhibitory capacity, lysis buffers containing NEM should have a pH 6.5-7.5 and also 

should be free of reducing reagents, such as DTT, DTE, and β-mercaptoethanol. 

Besides, an amine-free buffer system also is highly recommended. Apart from 

requirements raised by NEM, the addition of ionic and non-ionic detergents to 

efficiently extract SUMOylated proteins from nuclear substructures is equally 

important (Heun, 2007; Johnson, 2004). Thus, many different cell lysis buffers were 

tested for their ability to preserve the SUMOylated state of GRHL2. The lysis buffer 

described in this study gave best results and allowed the robust detection of 

SUMOylated GRHL2 proteins by Western blot analysis. The specificity of the results 

could be demonstrated by experiments in which NEM was omitted from the lysis 

buffer. Under these experimental conditions SUMOylated GRHL2 proteins could not 

be detected by Western blot analysis anymore. The findings described in this study 

showed that GRHL2 contains one major SUMOylation-site, resulting the detection 

of an additional GRHL2 proteins with an apparent molecular weight of approximately 

110 kDa. 
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GRHL2 is SUMOylated at position K159 

To identify the acceptor lysine residue for SUMOylation within the GRHL2 protein, 

a computational analysis of the GRHL2 protein sequence was performed. This 

analysis yielded a large number of predicted acceptor sites within the GRHL2 

protein. Residues predicted to be modified by SUMOylation by at least three distinct 

algorithms (n=7) were selected for further analysis. Lysine residues (K159, K205, 

K366, K424, K453, K531, and K556) were replaced by arginine and expression 

constructs encoding wild-type and mutant GRHL2 proteins were co-transfected with 

SUMO-1 or SUMO-2 into COS-7 cells. Site-directed mutagenesis of candidate 

lysine residues followed by gel shift assay represents a common strategy to identify 

SUMO conjugation sites within proteins (Tatham et al., 2009). Since mutation that 

changes a target lysine to arginine abolishes SUMO conjugation at that site, the 

absence of a SUMO-conjugation band for a certain lysine-arginine mutant is a 

powerful indication as to the site of SUMO modification. This experiments clearly 

revealed that only K159 served as an acceptor site for SUMOylation of the GRHL2 

protein in that mutation of this residue completely abolished SUMOylation, as 

revealed by Western blot analysis of COS-7 cell lysates. 

Lysine residues that are modified by SUMOylation are often embedded within a 

consensus motif comprises ѰKxD/E, where Ѱ is a hydrophobic amino acid, K 

SUMOylated lysine residue, x any amino acid, and D/E (aspartic/glutamic acid). It is 

estimated that 75 % of known SUMO targets are modified within a consensus motif 

(Wilkinson and Henley, 2010). In addition, extended variants of consensus motif are 

also reported, including inverted consensus motif (ICM), phosphorylation-dependent 

SUMO motif (PDSM), negatively-charged amino acid-depend SUMO motif (NDSM), 

and hydrophobic cluster SUMO motif (HCSM) (Beauclair et al., 2015). SUMOylation 

can also occur at non-consensus sites which do not conform to any of these 

SUMOylation motifs (Beauclair et al., 2015). It is important to note that the K159 

residue embedded in the VKAE sequence of GRHL2 (residues 158-161) perfectly 

matches the ѰKxD/E consensus motif for SUMOylation of proteins (Beauclair et al., 

2015). 

Although mutation at K159 caused disappearance of SUMO conjugation to GRHL2, 

this is not sufficient to actually prove an involvement of K159 in SUMOylation of the 

GRHL2 protein. It is now well accepted that mutation of both the hydrophobic or 

aspartic/glutamic amino acid, but not the ‘x’ residue, within a SUMO consensus motif 
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also affects SUMO conjugation of the target lysine (Rodriguez et al., 2001; Sampson 

et al., 2001). Mutation to these residues served as an additional strategy for SUMO 

conjugation site analysis. Even though to a lesser degree, it provides more rigorous 

and solid proof that a suspected lysine is subjected to SUMO modification. To 

provide further evidence for an involvement of K159 in SUMOylation of GRHL2, 

residue E161 was replaced by A (alanine) to disrupt the putative VKAE consensus 

motif in GRHL2. Replacing E161 by A completely abolished conjugation of SUMO-1 

or -2 to GRHL2, thus confirming that K159 indeed represents the residue used for 

covalent attachment of SUMO-1/2 proteins to GRHL2. 

Target residue K159 is located between the transactivation domain and DNA binding 

domain of GRHL2 in a structurally disordered region of the protein, consistent with 

the typical localisation of SUMO conjugation sites within poorly-structured stretches 

of polypeptides (Diella et al., 2008). Of interest, K159 may be part of a 

phosphorylation-dependent SUMO motif (PDSM), a variation of the SUMOylation 

consensus motif which comprises a SUMOylation consensus site and a 

proline-directed phosphorylation site, separated by two any amino acids 

(ѰKxD/EXXS/TP) (Hietakangas et al., 2006). PDSMs were identified in a large 

number of target proteins and induce phosphorylation-mediated enhancement of 

SUMOylation of target proteins (Hietakangas et al., 2006). The sequence 

VKAEDFTP (residues 158-165) in GRHL2 perfectly matches a PSDM, raising the 

possibility that phosphorylation T164 may influence SUMOylation of GRHL2 at 

K159. However, this possibility needs to be investigated in future experiments. 

To provide further evidence for an involvement of K159 in SUMOylation of GRHL2, 

pull-down experiments using His6-tagged SUMO-1/2 proteins and nickel affinity 

chromatography was employed. The protocol uses 6 M guanidine-HCl to completely 

denature proteins during cell lysis (Choi et al., 2013). Under these experimental 

conditions, non-covalent SUMO-binding via SIMs is effectively abolished, thus 

removing most unspecific contaminants. Denaturing conditions also result in the 

rapid inactivation of SENP family of proteases preventing de-conjugation of SUMO 

from substrate proteins (Da Silva-Ferrada et al., 2012). In this assay, GRHL2 

proteins modified by covalent attachment of His6-tagged SUMO-1/2, but not the 

non-modified GRHL2 proteins could be specifically enriched and detected by 

Western blot analysis. Again, the detection of SUMOylated GRHL2 was strictly 

dependent on the presence of K159 or E161 residues, as mutation of any of these 
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two residues completely abolished enrichment of SUMOylated GRHL2 proteins from 

cell lysates. 

Taken together, these results demonstrate that GRHL2 represents a novel 

SUMOylation substrate. Evidence is provided that SUMO-1/2 proteins covalently 

become attached to K159 residue within a SUMO consensus motif. Whether this 

sequence also represents a phosphorylation-dependent SUMO consensus motif 

(PSDM) remains to be experimentally confirmed. 

 

 

PIAS proteins modulate SUMOylation and localisation of GRHL2 proteins 

SUMOylation of substrate proteins can be enhanced in the presence of SUMO E3 

ligases. In contrast to ubiquitin system, where hundreds of proteins were reported 

to possess ubiquitin E3 activity, only a few SUMO E3 ligases were identified in the 

SUMOylation pathway. The SUMO E3 ligases identified thus far include, for 

example, PIASs, RanBP2, Pc2, Mms21, HDAC4, HDAC7, MUL1, Rhes, TLS, 

TRAF7, and TOPORS (Wilkinson and Henley, 2010). Among them, the PIAS 

(protein inhibitor of activated STAT) family of proteins are capable of stimulating 

SUMO conjugation of a wide variety of mammalian SUMOylation targets and 

therefore represent strong candidates for E3 ligases in many SUMOylation studies 

(Rytinki et al., 2009). The PIAS proteins are encoded by four genes, namely PIAS1, 

PIAS2, PIAS3, and PIAS4. Splice variants have been functionally described for 

PIAS2, PIAS3, and PIAS4, but not yet for PIAS1 (Rytinki et al., 2009). The four 

members of PIAS family share high sequence similarity and conserved domain 

structure. In the central area of PIASs, there is a cysteine-rich region forming a RING 

finger type of motif termed SP-RING, which shares structural similarities with the 

RING domain found in ubiquitin E3 ligases (Rytinki et al., 2009). Analogous to the 

function of RING-type ubiquitin E3s, PIASs do not directly bind to SUMO through a 

thioester linkage. Instead, they act as adaptors bringing SUMO-loaded UBC9 into 

attachment with the substrate targets or maintaining the SUMO-UBC9 thioester in a 

conformation conducive to SUMO conjugation (Wilkinson and Henley, 2010).  

Interestingly, PIAS3 was identified as candidate interaction partner of GRHL2 in a 

Yeast-Two-Hybrid based screen using human full-length GRHL2 as a bait 

(unpublished observation). Furthermore, an entry in the INTact database containing 

experimentally validated protein-protein interactions suggested a possible 
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interaction between GRHL2 and PIAS2 (https://www.ebi.ac.uk/intact/), implying that 

GRHL2 might be able to interact with several members of the PIAS family of 

proteins. To investigate whether PIAS proteins are able to promote SUMO 

conjugation to GRHL2, expression constructs encoding individual PIAS proteins, 

wild-type GRHL2, and SUMO1 or SUMO2 proteins were co-transfected into COS-7 

cells. Ectopic expression of all four PIAS protein markedly enhanced SUMO 

modification of GRHL2 by both SUMO1 and SUMO2, suggesting that all four PIASs 

exhibit SUMO E3 activity in the GRHL2 SUMOylation pathway. 

It is well known that many substrates are able to interact with more than one member 

of the PIAS family of protein which, in turn, enhance their SUMOylation. For 

example, Estruch et al. also reported an interaction of the FOXP2 transcription factor 

with all four members of the PIAS family of proteins (Estruch et al., 2016). In 

contrast, Rytinki et al. rather describe a differential interaction of the RIP140 

transcriptional regulator with PIAS proteins in that an interaction of RIP140 with 

PIAS2 and 4 but not PIAS 1 and 3 was observed (Rytinki and Palvimo, 2008). It 

seems that PIAS proteins exhibit slightly different substrate preferences which, 

dependent on the experimental conditions, may become obvious or remain 

obscured, especially if substrate proteins and PIASs were co-expressed in cells at 

very high levels. Further studies will be necessary to identify PIAS proteins present 

in breast cancer cells and to illuminate those which interact with GRHL2 under 

physiological conditions. 

SUMOylation of substrate proteins is a molecular glue which enables modified 

proteins to interact with other SIM-containing proteins which in turn may result in the 

formation of higher-order structures (Rytinki et al., 2009). To investigate whether 

SUMOylation of GRHL2 influences the subnuclear distribution of GRHL2 in COS-7 

cells, extensive immunofluorescence studies were performed. GRHL2 wild-type as 

well SUMOylation-deficient proteins (GRHL2 K159R and E161A) predominantly 

showed a diffuse staining pattern with little granular staining when transiently 

expressed in COS-7 cells, suggesting that SUMOylation does not influence the 

localisation of the GRHL2 transcription factor. Notably, co-expression of GRHL2 

with individual members of the PIAS family of proteins uniformly caused a striking 

change in the distribution of GRHL2. Under these experimental conditions, GRHL2 

was mostly localised in a highly variable number of nuclear speckles. Moreover, a 

co-localisation of GRHL2 with all PIAS proteins in nuclear foci clearly was observed, 
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thus confirming a physical and functional interplay between GRHL2 and PIAS 

proteins in cells. It is unclear, however, whether re-localisation of GRHL2 to nuclear 

speckles is dependent on SUMOylation or on the interaction with PIAS proteins or 

even both. In fact, SP-RING mediated interaction between PIAS4 and FIP200 

caused translocation of FIP200 from cytoplasm to nucleus, even though FIP200 is 

not a bona fide SUMO substrate (Martin et al., 2008). Also, the proper localisation 

of Msx1 requires interaction between PIAS1 and Msx1, in this case, neither the 

SUMO ligase activity of PIAS1 nor SUMOylation of Msx1 is needed (Lee et al., 

2006a). Due to rapid turnover of SUMOylation of substrate proteins and therefore 

the extremely low percentage of SUMOylated GRHL2 in cells, it is very difficult to 

establish whether SUMOylation of GRHL2 is necessary for re-localisation of the 

transcription factor. Using PIAS mutants may help to dissect the molecular 

mechanisms determining the subnuclear localisation and possibly also activity of the 

GRHL2 transcription factor in cancer cells.  

Taken together, in this study clearly PIAS proteins were identified as novel modifiers 

of GRHL2 activity and localisation in cancer cells. 

 

 

SUMOylation increases transcriptional activity of GRHL2 

Evidence is accumulating that SUMOylation plays an important role in 

transcriptional regulation of gene expression by influencing protein stability, 

protein-protein interaction, and sub-nuclear localisation of transcription factors 

and/or transcriptional co-regulators (Hay, 2005; Heun, 2007; Johnson, 2004) (Lyst 

and Stancheva, 2007; Verger et al., 2003). In fact, a growing number of transcription 

factors and nuclear receptors have been shown to be modified by SUMOylation, 

resulting in either enhanced or suppressed gene transcription activities (Lyst and 

Stancheva, 2007; Verger et al., 2003). 

In this study, results are presented showing that SUMOylation rather increases the 

activity of GRHL2 to initiate transcription of target genes. This finding is mainly 

based on luciferase-reporter assays in conjunction with results obtained using 

MDA-MB-231 breast cancer cells as a model system. The activation of GRHL2 

activity through SUMOylation is rather unusual in that in most cases SUMO-modified 

transcription factors are inactivated (Gill, 2005; Verger et al., 2003). For example, 

SUMO conjugation to transcription factors ZEB2, C-JUN, C-MYB, and ELK1 were 
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reported to negatively influence their transcriptional activity (Bies et al., 2002; Long 

et al., 2005; Muller et al., 2000; Yang et al., 2003). However, consistent with our 

observation, an increasing body of evidence indicates that SUMOylation of 

transcription factors can also lead to an upregulation transcriptional activity. For 

example, SUMO attachment to heat shock transcription factor HSF1 promotes its 

DNA-binding ability, thereby presumably promoting its activity to regulate target 

gene expression in response to stress (Hong et al., 2001).  

Given the molecular and biological consequences of SUMO modification, different 

mechanisms by which SUMOylation promotes GRHL2 transcriptional activity can be 

considered. Firstly, in this study unpublished data indicated that SUMOylation 

increases GRHL2 protein stability and expression. This raises the possibility that 

SUMOylation of K159 might block ubiquitination of the same residue and 

subsequent proteasomal degradation of GRHL2 proteins. A similar mechanism was 

found in transcriptional regulation by p53, where SUMOylation of p53 promotes its 

capacity to activate reporter genes by antagonizing Mdm2-mediated ubiquitination 

required for p53 for degradation (Gostissa et al., 1999; Rodriguez et al., 1999). 

Alternatively, SUMOylation may target GRHL2 proteins to specific subnuclear 

compartments, such as the nuclear speckles induced by PIAS proteins, and thus 

prevents degradation of GRHL2 by the proteasome. Both mechanisms potentially 

could lead to increased levels GRHL2 expression and activity. 

Another possibility is that the covalent attachment of the SUMO moiety leads to 

general conformational changes or specific changes at crucial interfaces, thereby 

influencing the interaction of GRHL2 with other proteins participating in 

GRHL2-driven gene expression. In line with this, SUMOylation of the transcription 

factor Ikaros restrained its interaction with the Sin3 and NuRD co-repressor 

complex, thereby inhibiting Ikaros-mediated repression of transcription (Gomez-del 

Arco et al., 2005). 

Additionally, it could also be possible that SUMO conjugation activates GRHL2 

transcriptional activity by altering GRHL2 sub-nuclear localisation and creation of 

proximity to target genes. Consistent with this hypothesis, SUMO modification of 

promyelocytic leukemia protein (PML) plays a critical role in the formation of PML 

oncogenic nuclear bodies and in the recruitment of additional nuclear 

body-associated factors, such as Sp100 and Daxx. The PML body is associated 
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with the nuclear matrix and governs transcriptional activity, cellular cycle, and viral 

infection (Seeler and Dejean, 2001). 

Although SUMOylation clearly enhances the activity of the GRHL2 transcription 

factor, the underlying molecular mechanisms still remain to be elucidated. 

 

 

Regulation of Epithelial-Mesenchymal transition through SUMOylation 

The epithelial-to-mesenchymal transition (EMT) and its reverse program 

mesenchymal-to-epithelial transition (MET) are orchestrated by a large variety of 

transcription factors. Interestingly, SUMO modification can have broad effects on 

the functional activities of many of these transcriptional regulators, mediating 

transition between epithelial and mesenchymal states (Fig. 16) (Bogachek et al., 

2015).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 16. Schematic representation EMT/MET transcription factors regulated by SUMO 
modification (Bogachek et al., 2015).  
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For example, the zinc finger E-box transcription factor ZEB2 is one of the pioneer 

EMT inducers. ZEB2 was identified as direct suppressor of E-cadherin (CDH1) 

expression as it binds to the CDH1 promoter in the presence of the corepressor 

CtBP (Park et al., 2008). Notably, SUMO modification of ZEB2 decreases its 

transcriptional repression of E-cadherin expression by disrupting recruitment of 

CtBP proteins (Long et al., 2005). Another EMT-inducing transcription factor 

represents the forkhead box transcription factor FOXM1 which has been shown to 

promote the mesenchymal phenotype through its ability to suppress miR200b and 

to promote Slug expression (Bao et al., 2011; Yang et al., 2013). Results published 

by Myatt indicate that SUMOylation of FOXM1 suppressed its transcriptional activity 

via enhanced translocation to cytoplasm and subsequent ubiquitination-dependent 

proteasomal degradation (Myatt et al., 2014). In contrast, Wang demonstrated that 

SUMOylation of FOXM1b, the transcriptionally active isoform of FOXM1, was 

essential for transcriptional activation of target genes, such as JNK1, and 

transcriptional repression of miR200 (Wang et al., 2014). Hence, SUMO 

modification exhibits complicated or even contradictory effects on transcription 

factors promoting EMT program. 

However, SUMOylation of transcription factors not only influences EMT but also the 

reverse process, the mesenchymal-to-epithelial transition (MET). A good example 

represents the GATA3 transcription factor, the expression of which is related with 

increased E-cadherin levels, ER expression and induction of epithelial phenotype in 

breast cancer cells (Yan et al., 2010). Here, SUMO modification leads to 

suppression of GATA3 transcriptional activity and GATA3-induced epithelial 

phenotype (Chun et al., 2003). 

In this study, the MET-inducing transcription factor GRHL2 was identified as a novel 

target for SUMOylation. GRHL2, however, stands out among the EMT/MET 

transcription factors in that SUMOylation of GRHL2 rather seems to promote its 

transcriptional activity. Although the precise molecular mechanisms of the 

SUMOylation-dependent regulation of GRHL2 transcriptional activity still are largely 

unclear, a critical role of this novel regulatory mechanism in EMT/MET induction is 

obvious. A detailed functional analysis of SUMOylation-dependent regulation of 

GRHL2 transcriptional activity is of uppermost interest for a better understanding of 

the GRHL2-mediated stabilization of the hybrid E/M phenotype and the metastatic 

spread of breast cancer cells. 
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Conclusion 

In this study, it was demonstrated for the first time that the GRHL2 transcription 

factor is posttranslationally modified and positively regulated by SUMOylation. Also, 

many details of this novel regulatory mechanism could already be discovered. For 

example, it could be shown that there is a functional interaction between GRHL2 

and PIAS proteins leading to increased SUMOylation at lysine 159 which in turn 

enhances GRHL2 transcriptional activity in cancer cells. Still, several aspects of this 

novel regulatory pathway still deserve an in-depth molecular analysis. GRHL2 has 

been shown to interact with SUMO-1 in protein-protein interaction studies, 

suggesting that GRHL2 in addition to the SUMOylation site at K159 also contains 

SUMO-interaction motifs (SIMs) known to mediate a non-covalent interactions of a 

protein with SUMOs (Wilkinson and Henley, 2010). The identification of SIM-sites in 

the GRHL2 protein, albeit experimentally challenging, would be very interesting as 

this would add another layer of regulation for GRHL2 activity. Furthermore, the role 

of PIAS proteins in regulating GRHL2 activity and subnuclear localisation needs to 

be analysed in more detail. Although this study has shown that PIAS proteins drag 

GRHL2 into nuclear speckles, it is unknown, however, whether this process is 

mediated by PIAS-induced SUMOylation of GRHL2 or by the direct physical 

interaction of GRHL2 with PIAS proteins serving as scaffold proteins for the 

formation of nuclear speckles. To demonstrate a pathophysiological relevance of 

the findings described in this study, it certainly would be of great interest to 

determine the distribution of GRHL2 proteins in cultured breast cancer cells or in 

primary tumours and to investigate whether differences could be related to clinical 

outcome. Still, the results included in this study already paved the way for a better 

understanding of the molecular mechanisms regulating GRHL2 activity and the 

hybrid E/M phenotype which currently is regarded as the driving force in breast 

cancer metastasis.  
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6. Summary/Zusammenfassung 

 

In recent years, SUMOylation of proteins has emerged as an important regulatory 

mechanism of transcription factors in cancer. Aim of this project therefore was to 

investigate a possible SUMOylation-dependent regulation of the EMT suppressor 

GRHL2 in breast cancer. 

 

Major results of this study can be summarized as follows: 

 

1. GRHL2 for the first time could be identified as a novel substrate for SUMO 

modification. 

2. By combining mutational analyses, biochemical assays, and computational 

approaches lysine K159 could be identified as the major acceptor residue for 

SUMOylation in the GRHL2 protein. 

3. It could be demonstrated that members of PIAS family of proteins (PIAS1-4) 

enhance SUMOylation of the GRHL2 transcription factor. 

4. Indirect immunofluorescence studies revealed that GRHL2 protein exhibits 

distinct staining patterns (granular, mixed, diffuse) when transiently 

overexpressed in COS-7 cells. 

5. The interaction with PIAS proteins but not SUMOylation alone causes GRHL2 to 

accumulate in granular structures within the nucleus. 

6. Using luciferase-reporter assays it could be demonstrated that SUMOylation 

enhance the transcriptional activity of GRHL2 in COS-7 cells.  

7. A model system for the analysis of SUMOylation-dependent regulation of 

GRHL2 target genes was generated using MDA-MB-231 breast cancer cells. 

Analysis of the expression of selected GRHL2 target genes (CD24, E-Cadherin) 

showed that SUMOylation stimulates GRHL2-driven gene expression also in 

breast cancer cells. 

 

The results presented in this study for the first time demonstrate that the GRHL2 

transcription factor is posttranslationally regulated by SUMOylation. Hopefully, the 

discovery of this novel regulatory mechanism contributes to a better understanding 

of the role of the EMT suppressor GRHL2 in breast cancer invasion and metastasis. 
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6. Zusammenfassung 

 

In den letzten Jahren hat sich die SUMOylierung von Proteinen als wichtiger 

Regulationsmechanismus für Transkriptionsfaktoren in Tumorzellen etabliert. Ziel 

dieses Projektes war es daher, eine mögliche SUMOylierungs-abhängige 

Regulation des EMT-Suppressors GRHL2 in Mammakarzinomzellen zu 

untersuchen. 

 

Die wichtigsten Ergebnisse dieser Studie lassen sich wie folgt zusammenfassen: 

 

1. GRHL2 konnte erstmals als neuartiges Substrat für die SUMO-Modifikation 

identifiziert werden. 

2. Durch Kombination von Mutationsanalysen, biochemischen Assays und 

bioinformatischen Ansätzen konnte Lysin K159 als die hauptsächlich durch 

SUMOylierung modifizierte Aminosäure im GRHL2-Protein identifiziert werden. 

3. Es konnte gezeigt werden, dass Mitglieder der PIAS-Proteinfamilie (PIAS1-4) 

die SUMOylierung des GRHL2-Transkriptionsfaktors verstärken. 

4. Indirekte Immunfluoreszenzstudien zeigten, dass das GRHL2-Protein bei 

transienter Überexpression in COS-7-Zellen unterschiedliche Färbungsmuster 

(granulär, gemischt, diffus) ergibt. 

5. Die Wechselwirkung mit PIAS-Proteinen, nicht jedoch SUMOylation alleine, 

bewirkt, dass sich GRHL2 deutlich vermehrt in granulären Strukturen im Kern 

ansammelt. 

6. Mit Hilfe von Luciferase-Reporter-Assays konnte gezeigt werden, dass die 

SUMOylierung die transkriptionelle Aktivität von GRHL2 in COS-7-Zellen erhöht. 

7. Ein Modellsystem zur Analyse der SUMOylierungs-abhängigen Regulation von 

GRHL2-Zielgenen wurde unter Verwendung von MDA-MB-231 Mamma-

karzinomzellen erzeugt. Die Analyse der Expression ausgewählter GRHL2-

Zielgene (CD24, E-Cadherin) ergab, dass eine GRHL2-vermittelte 

Genexpression auch in Mammakarzinomzellen durch SUMOylierung stimuliert 

wird. 

 

Die in dieser Studie vorgestellten Ergebnisse zeigen erstmals, dass der GRHL2-

Transkriptionsfaktor durch SUMOylierung posttranslational reguliert wird. Es ist 
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zu hoffen, dass die Entschlüsselung dieses neuartigen Regulations-

mechanismus‘ zu einem besseren Verständnis der Rolle des EMT-Suppressors 

GRHL2 bei der Invasion und Metastasierung des Mammakarzinoms beiträgt. 
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8. Appendix 

 

Table 2 Frequently used equipment 

Equipment Manufacturer 

Analytical Balance Sartorius BP610 MS Laborgeräte, Heidelberg 

Analytical Balance Sartorius CP2245 MS Laborgeräte, Heidelberg 

Biofuge pico Heraeus Kendro, Langenselbold 

BioPhotometer  Eppendorf AG, Hamburg 

Biosafety Cabinet HeraSafe 150 Kendro, Langenselbold 

Cast Stand Hoefer Amersham Biosciences, Buckinghamshire (UK) 

Centrifuge Rotofix 32 Hettich, Villingen-Schwenningen 

CFX96 Touch Real-Time System Bio-Rad, Munich 

CO2-Incubator Heracell 150 Kendro, Langenselbold 

Curix 60 Film Processor AGFA HealthCare GmbH, Bonn 

Dri-Block Heater DB-2A Techne, Staffordshire (UK) 

Eppendorf Centrifuge 5415R Eppendorf AG, Hamburg 

Flexigene Thermocycler Techne, Staffordshire (UK) 

Gel Apparatus ComPhor L Mini/Midi Biolastics RV, Landgraaf (NL) 

GeneGenius 2 Documentation System  Syngene, Cambridge (UK) 

Heraeus Function Line B12 Incubator Kendro, Langenselbold 

Horizontal Electrophoresis Apparatus Bioplastics RV, Landgraaf (NL) 

Inverted Microscope DM IL LED Leica Mikrosysteme Vertrieb GmbH, Wetzlar  

Multifuge Heraeus 3S-R Kendro, Langenselbold 

NanoDrop ND-1000 Fisher Scientific, Wilmington (USA) 

Pipetus Hirschmann Laborgeräte, Eberstadt 

Powersupply E143 Consort, Turnhout (BE) 

Powersupply E835 Consort, Turnhout (BE)  

Refrigerated Centrifuge 5415R Eppendorf AG, Hamburg 

Roller Mixer Stuart bSRT1 Bibby Scientific, Staffordshire (UK) 

SE250 Electrophoresis Vertical Unit Amersham Biosciences, Buckinghamshire (UK) 

Semi-dry Blotting Apparatus Bio-Rad, Müchen 

Shaker GmbH für Labortechnik, Burgwedel 

Single Channel Pipette 

2,5 µl, 10 µl, 100 µl, 200 µl, 1000 µl 

Eppendorf AG, Hamburg 

Table-top Shaker Incubator Certomat R B. Braun Biotech, Melsungen 
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Ultrasonic Processor UP50H Hielscher, Teltow 

Vortex-Genie 2 Scientific Industries, New York (USA) 

Water Bath GFL-1003  GmbH für Labortechnik, Burgwedel 

 

 

Table 3 Selected consumables 

Name Manufacturer 

Centrifuge Tube 15 ml, 50 ml Greiner Bio-One, Frickenhausen 

Cryotube Nunc, Rockford (USA) 

FluoroTrans W PVDF membrane (0.2 µm pore size) Pall Life Sciences, Dreieich 

Hard-Shell PCR Plate (96-well, thin-wall) BioRad, Munich 

Nitrocellulose membrane (0.45 µm pore size) GE Healthcare, Dassel 

PCR Plate Sealing Film Microseal Bio-Rad, Munich 

Pipette Tips (10 µl, 200 µl, 1000 µl) Sarstedt, Nümbrecht 

Serological Pipette (2ml, 5ml, 10ml) Sarstedt, Nümbrecht 

Syringe 5 ml Becton Dickinson, Heidelberg 

Syringe Needle 26G Becton Dickinson, Heidelberg 

TC-Flask T25, T7 Sarstedt, Nümbrecht 

UV Transparent Disposable Cuvette Sarstedt, Nümbrecht 

Whatman 3MM filter papers  GE Healthcare, Dassel 

X-ray Film Super RX  Fujifilm, Willich 
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Table 4  Chemicals and Reagents 

Name Manufacturer 

Ampicillin Roth, Karlsruhe 

Bacto-Agar Becton Dickinson, Heidelberg 

Bacto-Trypton Becton Dickinson, Heidelberg 

Big Dye (Applied Biosystems) Thermo Fisher Scientific, Rockford (USA) 

Bovine Serum Albumin (BSA) Biomol, Hamburg 

Bradford Reagent BioRad, Munich 

Bromophenol Blue Sigma-Aldrich, Deisenhof 

Dimethylsulfoxide (DMSO) SERVA, Heidelberg 

Ethanol Merck, Darmstadt 

Ethidiumbromide (EtBr) Sigma-Aldrich, Deisenhof 

Ethylenediaminetetraacetic acid (EDTA) Sigma-Aldrich, Deisenhof 

Fetal Calf Serum (FCS) Gibco, Eggenstein 

Hydrogen Peroxide 30% Merck, Darmstadt 

Isopropanol Merck, Darmstadt 

LE Agarose Genaxxon Bioscience, Ulm 

Luminol Sigma-Aldrich, Deisenhof 

Methanol J. T. Baker, Deventer (NE) 

Ni–NTA agarose QIAGEN, Hilden 

Nonident-P-40 Roche Diagnostics, Basel 

Phosphate Buffered Saline (PBS) Gibco, Eggenstein 

Polyethyleneimine (PEI, linear, ~MW 25000) Polyscienes, Warrington (UK) 

Powdered Milk Roth, Karlsruhe 

ProtoGel National Diagnostics, Hessisch Oldendorf 

P-Coumaric acid Sigma-Aldrich, Deisenhof 

Sodiumdodecylsulfate (SDS) Roth, Karlsruhe 

SYBRGreen Thermo Fisher Scientific, Rockford (USA) 

Tetramethylendiamin (TEMED) Fluka, Buchs 

Tween-20 Merck, Darmstadt 

Yeast Extract Becton Dickinson, Heidelberg 
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Table 5 Expression plasmids 

Nr. Code Name Primer 
up  

Primer 
do  

Section 

1 VA-129 pCMX3b-FLAG-GRHL2-WT 1 2 4.1, 4.3 

2 VA-130 pCMX3b-FLAG-GRHL2-K159R 1 2 4.3 

3 VA-111 pCMX3b-FLAG-GRHL2-E161A 1 2 4.3 

4 VA-110 pCMX3b-FLAG-GRHL2-K205R 1 2 4.3 

5 VA-147 pCMX3b-FLAG-GRHL2-K366R 1 2 4.3 

6 VA-148 pCMX3b-FLAG-GRHL2-K424R 1 2 4.3 

7 VA-157 pCMX3b-FLAG-GRHL2-K453R 1 2 4.3 

8 VA-131 pCMX3b-FLAG-GRHL2-K531R 1 2 4.3 

9 VA-149 pCMX3b-FLAG-GRHL2-K556R 1 2 4.3 

10 32 pSF-1-GRHL2-WT/SG-HAtag 3 4 4.4, 4.5, 4.6, 4.7 

11 VA-210 pSF-1-GRHL2-K159R/SG-HAtag 3 4 4.4, 4.5, 4.7 

12 VA-211 pSF-1-GRHL2-E161A/SG-HAtag  3 4 4.5, 4.7 

13 36 pMXs-IP-GRHL2-WT/SG-HAtag 5 4 4.7 

14 VA-190 pMXs-IP-GRHL2-K159R/SG-HAtag 5 4 4.7 

15 VA-205 pMXs-IP-GRHL2-E161A/SG-HAtag 5 4 4.7 

16 45 phCMV2-SUMO-1 6 7 4.1, 4.3, 4.4 

17 46 phCMV2-SUMO-2 8 9 4.1, 4.3, 4.4 

18 48 phCMV4-SUMO-1 6 7 4.3 

19 49 phCMV4-SUMO-2 8 9 4.3 

20 73 phCMV3-PIAS-1 10 11 4.4 

21 70 phCMV3-PIAS-2 12 13 4.4 

22 84 phCMV3-PIAS-3 14 15 4.4 

23 72 phCMV3-PIAS-4 16 17 4.4 

24 85 phCMV2-EGFP-PIAS-1 18 19 4.6 

25 86 phCMV2-EGFP-PIAS-2 20 21 4.6 

26 87 phCMV2-EGFP-PIAS-3 22 23 4.6 

27 88 phCMV2-EGFP-PIAS-4 24 25 4.6 
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Table 6 Primers used for cDNA amplification 

Nr. Code 
up/
do 

Sequence Enzyme Plasmid 

1 VA-GRHL2-77 up GCGCATCGGATCCATTGGATCAAACAT

GTCACAAGAGTCGG 

BamH I 1-9                                      

2 VA-GRHL2-78 do GCGCATCAGATCTCTAGATTTCCATGAG

CGTGACCTTGAAGC 

Bgl II 1-9 

 

3 GRHL2-11 up GCGCATCGTAACGCGTGGATCAAACAT

GTCACAAGAGTCG 

Mlu I 10-12 

4 GRHL2-12 do GCGCTACAGCGGCCGCTTAAGCGTAAT

CCGGAACATCGTATGGGTAGGATCCGA

TTTCCATGAGCGTGACCTTGAAGC 

Not I 10-12, 

13-15 

5 GRHL2-13 up GCGCATCGTAAGATCTGGATCAAACATG

TCACAAGAGTCG 

Bgl II 13-15 

6 SUMO1 up up GCGCATCAGATCTGTCTGACCAGGAGG

CAAAACCTTC 

Bgl II 16,18 

7 SUMO1 do do GCGCATCGCGGCCGCTAACCCCCCGTT

TGTTCCTGATAAAC 

Not I 16,18 

8 SUMO2 up up GCGCATCAGATCTGGCCGACGAAAAGC

CCAAGGAAGG 

Bgl II 17,19 

9 SUMO2 do do GCGCATCGCGGCCGCTAACCTCCCGTC

TGCTGTTGGAACAC 

Not I 17,19 

10 PIAS1 up3 up GCGCATCAGATCTCGAAGTTCACTGCG

CTTGCGCTG 

Bgl II 20 

11 PIAS1 do2 do GCGCATCGAATTCGATCCGTCCAATGAA

ATAATGTCTGG 

EcoR I 20 

12 PIAS2 up2 up GCGCATCAGATCTGGTGGTATAAAATG

GCGGATTTCGAAGAGTTGAGG 

Bgl II 21 

13 PIAS2 do2 do GCGCATCGAATTCGATCCCTGTTGCACA

GTATCAGAAGATGTTCC 

EcoR I 21 

14 PIAS3 up4 up GCGCATCAGATCTTCGAGGCCACCATG

GCGGAGCTGGGCGAATTAAAGC 

Bgl II 22 

15 PIAS3 do2 do GCGCATCGAATTCGATCCGTCCAGGGA

AATGATGTCTGACC 

EcoR I 22 

16 PIAS4 up2 up GCGCATCAGATCTGCTGGTGACCAAGA

TGGCGGCGGAGCTGGTGGAGG 

Bgl II 23 

17 PIAS4 do2 do GCGCATCGAATTCGATCCGCAGGCCGG

CACCAGGCCCTTCTGG 

EcoR I 23 

18 PIAS1 up4 up GCGCATCGAATTCGCGGACAGTGCGGA

ACTAAAGC 

EcoR I 24 
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19 PIAS1 do do GCGCATCGCGGCCGCTCAGTCCAATGA

AATAATGTCTGG 

Not I 24 

20 PIAS2 up3 up GCGCATCGAATTCGCGGATTTCGAAGA

GTTGAGG 

EcoR I 25 

21 PIAS2 do do GCGCATCGCGGCCGCTCACTGTTGCAC

AGTATCAGAAGATG 

Not I 25 

22 PIAS3 up3 up GCGCATCGAATTCGCGGAGCTGGGCGA

ATTAAAGC 

EcoR I 26 

23 PIAS3 do do GCGCATCGCGGCCGCTCAGTCCAGGG

AAATGATGTCTGACC 

Not I 26 

24 PIAS4 up3 up GCGCATCGAATTCGCGGCGGAGCTGGT

GGAGGCC 

EcoR I 27 

25 PIAS4 do do GCGCATCGCGGCCGCGCACCAGGAAA

GTCGAGTGTGC 

Not I 27 
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Table 7 Primers used for site-directed mutagenesis 

Mutation Code up/do Sequence 

GRHL2 K159R 95 B (Lea) up GGAATCACGGTGGTGAGAGCTGAAGATTTCA

CACC 

96    (Lea) do GGTGTGAAATCTTCAGCTCTCACCACCGTGAT

TCC 

GRHL2 E161A VA-GRHL2-81 up GAAAGCTGCAGATTTCACACCAGTTTTCATGG

CCCCACCTG 

VA-GRHL2-82 do TGAAATCTGCAGCTTTCACCACCGTGATTCCC

GACACCGG 

GRHL2 K205R VA-GRHL2-79 up CTATCTCAGAGACGACCAGCGCAGCACTCCG

GACAGCAC 

VA-GRHL2-80 do GGTCGTCTCTGAGATAGGCGCTGTGGGTGGC

CAGCGAGG 

GRHL2 K366R VA-GRHL2-95 up AAGAGGCGAGGATTTTCATCACCGTGAATTGC

TTGAGCACAG 

VA-GRHL2-96 do TGAAAATCCTCGCCTCTTCATTCACGTCCCAG

GTAAAGGAAACAGC 

GRHL2 K424R VA-GRHL2-97 up CAGAAAGAAGAATCCGAGATGAAGAGCGGAA

GCAGAACAGG 

VA-GRHL2-98 do TCGGATTCTTCTTTCTGCTCCTTTGTCACAGAA

GACCTTG 

GRHL2 K453R VA-GRHL2-111 up TGATGGGAGATTGGCTGCCATACCTTTACAGA

AGAAGAGTGAC 

VA-GRHL2-112 do CAGCCAATCTCCCATCAGAGGAGCTGTTGCAT

TGAGTTTGGGAG 

GRHL2 K531R 97 (Lea) up CCTTCAAAGCAGATGAGAGAAGAAGGGACAA

AGC 

98 (Lea) do GCTTTGTCCCTTCTTCTCTCATCTGCTTTGAAG

G 

GRHL2 K556R VA-GRHL2-99 up GATGTTGAGGTCTCCCACAGTGAAGGGCCTG

ATGGAAGCG 

VA-GRHL2-100 do TGGGAGACCTCAACATCAATGCATCGAACACA

TCGTCAGTCTCC 
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Table 8 Primers used for DNA sequencing 

Nr. Code up/do Position Sequence 

1 GRHL2-Seq0 up 345-367 GGACAATAATAAAAGACTAGTGG 

2 GRHL2-Seq1 up 837-855 CCCACCTGTGCACTATCCC 

3 GRHL2-Seq2 do 1685-1702 GGTATGGCAGCCAACTTCC 

4 GRHL2-Seq3 up 1685-1702 GGAAGTTGGCTGCCATACC 

 

 

Table 9 Primers used for quantitative real-time PCR 

Nr. Code up/do Sequence 

1 RPLP0-f up ACCCAGCTCTGGAGAAACTGC 

2 RPLP0-r do TGAGGTCCTCCTTGGTGAACA 

3 GRHL2-f-exo up CATGCCTGATCTCCACTCACAG 

4 GRHL2-r-exo do CTGCCACCTTCTCGTTCATCA 

5 CD24-f up CACTGCTCCTACCCACGCAGAT 

6 CD24-r do CTTGGTGGTGGCATTAGTTGG 

7 E-CADHERIN-f up CAGGAACCTCTGTGATGGAG 

8 E-CADHERIN-r do CACTGATGACTCCTGTGTTCCTG 

 

 

Table 10 Primary antibodies 

Antibody M* / P* Species Dilution  Manufacturer 

GRHL2 P Rabbit 1:1000 Werner et.al. (Werner et al., 2013) 

Hemagglutinin (HA) P Rabbit 1:2000 Sigma-Aldrich, Munich 

Tublin P Rabbit 1:4000 Cell Signaling, Frankfort 

SUMO1/2 P Rabbit 1:1000 Cell Signaling, Frankfort 

M* Monoclonal, P* Polyclonal 

 

 

 

 

 

 

 



   84 
 

Table 11 Abbreviations 

A   Alanine 

Abb.   Abbreviation 

APS  Ammonium persulfate 

BSA  Bovine serum albumin 

cDNA  Complementary DNA 

D  Aspartic acid 

DBD  DNA binding domain 

DD  Dimerization domain 

DMEM  Dulbecco’s modified Eagle’s Medium 

DMSO  Dimethyl sulfoxide 

DNA  Deoxyribonucleic acid 

DNase  Deoxyribonuclease 

dNTP Deoxyribonucleotide triphosphate 

E  Glutamic acid 

E-cadherin Epithelial cadherin 

E.coli  Escherichia coli 

ECL  Enhanced chemiluminescence 

ECM Extracellular matrix 

EGF  Epidermal growth factor 

EMT Epithelial-Mesenchymal transition 

EMT-TFs  EMT-inducing transcriptional factors 

F  Phenylalanine 

FCS Fetal Calf Serum 

GRHL Grainyhead-like 

h  hour 

HMLER Human immortalized mammary epithelial cells 

HRP  Horseradish peroxidase 

hTERT  Telomerase reverse transcriptase 

K Lysine 

kDa Kilo-Dalton 

LB-Medium  Lysogeny Broth Medium 

MBC  Metastatic breast cancer 

MET  Mesenchymal-Epithelial transition 

min  Minute 
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MRD  Minimal residual disease 

mRNA Messenger ribonucleic acid 

NEM  N-Ethylmaleimide 

OD  Optical density 

P  Proline 

PAGE Polyacrylamide gel electrophoresis 

PAR  Partitioning-defective 

PBS  Phosphate Buffered Saline 

PCR  Polymerase chain reaction 

PIAS  Protein inhibitor of STAT 

PTMs  Post-translational modifications 

PVDF  Polyvinylidene fluoride 

R  Arginine 

RNA  Ribonucleic acid 

RNase  Ribonuclease 

rpm  Rounds per Minute 

RT  Room temperature 

RT-PCR  Real-time polymerase chain reaction 

S Serine 

SDS Sodiumdodecylsulfate 

sec  Second 

SENP  SUMO-specific proteases 

SIMs  SUMO interacting motif 

SUMO  Small Ubiquitin-like Modifier 

T Threonine 

TAD Transactivation domain 

TBS  Tris-buffered saline 

TEMED Tetramethylethylenediamine 

TGF-β  Transforming Growth Factor-β 

V Volt 

V Valine 

v/v Volume per Volume 

w/v Mass per Volume 
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