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The present thesis discusses how gene regulation by transforming growth factor β (TGFβ) family
cytokines is affected by post-translational modifications of different transcription factors. The
thesis also focuses on gene regulation by transcription factors involved in TGFβ signaling.

The importance of the poly ADP-ribose polymerase (PARP) family in controlling gene
expression in response to TGFβ and bone morphogenetic protein (BMP) is analyzed first.
PARP2, along with PARP1, ADP-ribosylates Smad2 and Smad3, the signaling mediators of
TGFβ. On the other hand, poly ADP-ribose glycohydrolase (PARG) removes the ADP-ribose
from Smad2/3 and antagonizes PARP1 and PARP2. ADP-ribosylation of Smads in turn affects
their DNA binding capacity. We then illustrate how PARP1 and PARG can regulate gene
expression in response to BMP that signals via Smad1, 5. Over-expression of PARP1 suppressed
the transcriptional activity of Smad1/5. Knockdown of PARP1 or over-expression of PARG
enhanced the transcriptional activity of BMP-Smads on target genes. Hence our data suggest
that ADP-ribosylation of Smad proteins controls both TGFβ and BMP signaling.

I then focus on elucidating novel genes that are regulated by ZEB1 and Snail1, two key
transcriptional factors in TGFβ signaling, known for their ability to induce EMT and cancer
metastasis. Chromatin immunoprecipitation-sequencing (ChIP-seq) and targeted whole genome
transcriptomics in triple negative breast cancer cells were used, to find binding regions and the
functional impact of ZEB1 and Snail1 throughout the genome. ZEB1 binds to the regulatory
sequences of a wide range of genes, not only related to cell invasion, pointing to new functions
of ZEB1. On the other hand, Snail1 regulated only a few genes, especially related to signal
transduction and cellular movement. Further functional analysis revealed that ZEB1 could
regulate the anchorage-independent growth of the triple negative breast cancer cells, whereas
Snail1 could regulate the expression of BMP6 in these cells. We have therefore elucidated novel
functional roles of the two transcription factors, Snail1 and ZEB1 in triple negative breast cancer
cells.
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Introduction 

Overview 
Cells divide by following a highly controlled cyclical mechanism. Deoxyri-
bonucleic acid (DNA) and proteins take a major share in the function of cells 
(Spellman et al., 1998). DNA carries the information that dictates the structure 
and function of RNAs and proteins. Besides, proteins can regulate the tran-
scription of different genes. During these processes of controlling each other 
both DNA and proteins undergo different modifications. Histones are bound 
to DNA in the form of octamers called nucleosomes to help compact the long 
DNA into the tightly folded chromatin. Modifications in the DNA, such as 
DNA methylation, can affect the transcription of genes. This is achieved by 
proteins, which chemically alter the DNA, causing DNA methylation, or 
chemically alter histones causing epigenetic modifications which can persist 
through many generations of cell divisions without changing the actual genetic 
sequence (Greer and Shi, 2012). Post-translational modifications in histones, 
such as acetylation or methylation, can either open or wind up the nucleosome 
to allow or prohibit the gene expression machinery from accessing the region. 
Additional modifications on histones, such as phosphorylation, ADP-ribosyl-
ation and ubiquitination are also responsible for gene regulation. In the major-
ity of the cases, these modifications are reversible and this allows switching 
on or off the expression of different genes so that the fate of the cells is con-
trolled.  

Post-translational modifications play additional important roles in cell sig-
naling, which are important for cell physiological processes, such as differen-
tiation, apoptosis, migration and invasion, by regulating the differential ex-
pression of many genes. ADP-ribosylation is one such post-translational mod-
ification that is well studies in this context.  The poly (ADP-ribose) polymer-
ase (PARP) family refers to a group of 18 proteins that catalyze ADP-
ribosylation of other proteins (Amé et al., 2004).  PARP1 and PARP2 ADP-
ribosylate and PARG de-ADP-ribosylates proteins. PARP1 and PARP2 func-
tion can be activated upon DNA damage by radiation or by chemicals 
(Alvarez-Gonzalez and Althaus, 1989; Davidovic et al., 2001). 

Epithelial mesenchymal transition (EMT) is a process where epithelial cells 
undergo a change in differentiation that alters the morphological and physio-
logical properties of the cells. EMT occurs in different contexts, including 
embryonic development, wound healing and cancer metastasis.  During this 



 14 

process of transition, cells tend to lose their epithelial, sedentary features and 
attain mesenchymal, motility and solitary features (Kalluri and Weinberg, 
2009). In the context of cancer, the primary epithelial tumor cells undergo 
EMT, invade new organs and manage to establish their secondary tumors by 
expressing some stem cell features, which helps these metastatic cells to attain 
tumor-initiating-capacity. These cells are named cancer stem cells.  

Transforming growth factor β (TGFβ) isoforms and bone morphogenetic 
proteins (BMPs) are selected cytokine families that have important roles in 
EMT and embryonic development. Downstream of these cytokines, cell sur-
face receptors activate signaling by Smads and other proteins, such as protein 
kinases. Certain Smads are phosphorylated, which in turn results in their nu-
clear import and interaction with other transcription factors to either turn on 
or turn off the transcription of various genes specially those related to EMT, 
invasiveness, apoptosis and other processes. Snail1 and ZEB1 are two such 
transcription factors that cooperate with TGFβ signaling and are implicated in 
EMT. 

This thesis will focus on how activated PARP1/PARG can affect 
TGFβ/BMP signaling by effecting the post-translational modifications of 
some of the transcription factors, like Smads, along with novel sites of gene 
regulation by Snail1 and ZEB1 in triple negative breast cancer cells. 

Gene regulation 
Multicellular organisms consist of several types of cells. Each cell carries ge-
netic information that is transferred to the next generation by cell division. 
The genetic information is contained in DNA, which is a discrete and long 
polymer of deoxyribonucleotides forming functional stretches or regions 
called genes. Functionally, a gene is an assembly of regulatory DNA se-
quences linked to an RNA-coding sequence. The RNA-coding part of the gene 
may code for protein (mRNA) or not (rRNA, tRNA, lncRNA, miRNA etc). 
The RNA-coding part of the gene includes exons, which are included in the 
mature RNA copy (mRNA or lncRNA for example) and introns which are 
spliced out. The mRNA sequences can be divided into a 5’-untranslated region 
(5’ UTR) including a regulatory structure and a starting site for ribosomal 
translation during protein synthesis, a middle protein-coding sequence, and a 
3’ UTR with additional regulatory function and a poly-adenylation signal. 
Many RNAs do not contain any translatable open reading frames and do not 
code for proteins; they are called non-coding RNAs (e.g, rRNA, tRNA, 
lncRNA, miRNA and ncRNA). Ahead of the RNA-coding sequence is the 
region where transcription starts, called as transcription start site (TSS), cor-
responding to the first nucleotide of the RNA.  Upstream of the TSS a DNA 
segment known as gene promoter is located. RNA polymerase II binds to this 
region initiating the transcription of mRNA, which is processed via RNA 
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splicing and serves as a template for protein synthesis in the case of mRNA. 
The gene promoter is also where transcription factors bind controlling the 
gene expression and communicating either initiation or termination signals to 
the RNA polymerase, starting or stopping transcription. The gene promoter 
usually lies very near the TSS, on the average 30-60 bp upstream of the TSS, 
and can also extend downstream of the TSS into the first exon and/or first 
intron. At various distances from the TSS and the gene promoter lie additional 
regulatory sequences known as enhancers or silencers which positively or neg-
atively affect gene transcription. 

Histone proteins comprise dimers of H2A, H2B, H3 and H4 packed as an 
octamer called nucleosome, around which the DNA is wrapped. Different nu-
cleosomes are connected by a linker DNA, and Histone H1 locks the nucleo-
some-bound DNA. Histone modifications play a vital role in gene regulation 
by altering the chromatin structure. Histone modification is a dynamic process 
carried out by several enzymes, e.g., histone acetyl-transferases, de-acety-
lases, methyl-transferases and demethylases. H3 and H4 post-translational 
modifications play a vital role in gene silencing and gene activation and splic-
ing (Andersson et al., 2009). Lysine (K)3 and (K)27 in the N-terminal of H3 
undergo post-translational modifications that recruit other proteins which dif-
ferentially regulate gene expression and the formation of heterochromatin. 
H3K27 methylation is considered as a marker for silencing of gene expression 
and H3K27 acetylation is an activating marker (Greer and Shi, 2012; Venneti 
et al., 2013). These modifications are often used as markers to define tran-
scriptionally active or inactive areas during genome-wide studies (Ernst et al., 
2011). Studies of the global levels of histone methylation have revealed an 
elevated level of methylation signature in cancer patients (Greer and Shi, 
2012).  

Transcription factors interact with genes via specific DNA sequence mo-
tifs. These motifs are sometimes diverge in sequence and shared by many dif-
ferent genes, whose expression is regulated by the same transcription factors. 
Transcription factors recruit many other proteins to the enhancer or silencer 
elements to help recruit or displace the RNA polymerase to or from the pro-
moter and TSS. Specific transcription factor binding to enhancer elements can 
activate gene expression, and binding to silencer elements can repress gene 
expression. Transcription factors are classified into various families based on 
their structure and function; for example, ZEB1 belongs to the family of 
homeo-box and zinc-finger domain proteins consisting of C2H2 type zinc fin-
gers responsible for DNA binding and a homeo-domain responsible for bind-
ing to other transcription factors which control the fate of ZEBs function as a 
repressor or as an activator of transcription. Snail1 belongs to a family of zinc-
finger transcription factors, which have a zinc-finger DNA-binding domain, a 
repressor domain known as SNAG and a serine-rich domain which is an acti-
vator domain.  In addition to transcription factors there are other proteins like 
chromatin factors that regulate gene expression, such as the PARP family of 



 16 

proteins. PARP family members were demonstrated to regulate gene expres-
sion both positively and negatively in a cell differentiation- and gene-depend-
ent context (Huang et al., 2011; Lönn et al., 2010).  

PARP Family 
The PARP family is a group of multifunctional proteins that can polymerize 
ADP-ribose into linear or branched polymers, which affect certain cellular 
processes, such as apoptosis or proliferation, by regulating gene expression 
and the response to DNA damage (Chaitanya et al., 2010; Kaufmann et al., 
1993; Tewari et al., 1995).  The family consists of 18 proteins (Figure 1) which 
have conserved functional domains, based on which, the family is divided into 
different groups (Schreiber et al., 2006). The DNA-dependent PARPs com-
prise PARP1 and PARP2 which become activated by DNA damage and reg-
ulate DNA repair (Dantzer et al., 1999). PARP1 and PARP2 auto-ADP-ribo-
sylate and each other (Ogata et al., 1981). PARP3 is a well-studied protein in 
the context of the cell cycle. It is reported to have close functional relation to 
PARP1 and can auto-ADP-ribosylate and also ADP-ribosylate PARP1 
(Augustin et al., 2003). PARP4 is the largest of all the PARP family proteins 
of about 193 kDa molecular mass. PAPR4 is reported to form complexes with 
telomere guarding proteins to maintain the telomere length (Liu et al., 2004). 
Tankyrases comprise PARP5a and PARP5b that guard the stability of telo-
meres in association with telomere repeat binding factor 1 and ankyrin-related 
proteins. The CCCH-PARPs comprise PARP7, 12 and 13 which have a C-X8-
C-X5-C-X3-H domain that regulates cell-cycle and proliferation-related genes 
(Petrucco, 2003). The macro-PARPs comprise PARP9, 14 and 15, and are 
capable of RNA binding via their arginine-methionine-arginine (RMR) do-
main. There are more PARP family members that do not fall into the above 
subgroups, i.e., PARP6, 8, 10, 11 and 16. The common biochemical property 
of PARPs, the synthesis of a poly-ADP-ribose (PAR) polymer is often referred 
to as PARylation (Schreiber et al., 2006). PARP1 and PARP 2 interacts with 
each other and have some structural similarity. PARP1 is activated by DNA 
damage and PARP2 interacts with PARP1 and is involved in different single 
and double-stranded DNA repair processes (Swindall et al., 2013).      

PARP2 lacks a DNA-binding domain and performs its functions in the nu-
cleus by interacting with PARP1. During the cell cycle, PARP1 along with 
PARP2 are activated by the DNA damage signal and alter the function of pro-
teins by attaching linear or branched PAR chains which hinder the DNA-bind-
ing of the target proteins (Petrucco, 2003).  

PARylation is the main function of DNA-dependent PARPs. The poly-
ADP-ribosyl chains are derived from the donor NAD+; PARPs attach the first 
ADP-ribose to the target protein and then polymerize multiple ADP-ribose 
units to build polymers with 200 ADP-ribose units or longer. What defines the 
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length of these polymers remains unknown (Schreiber et al., 2006). Gene reg-
ulation by PARP1 was initially reported when PARP1 was found to act as a 
repressor of DNA nick-dependent transcription (Petrucco, 2003). PARP1 can 
recruit several co-transcription factors acting as a scaffold protein (Kraus and 
Lis, 2003). Activated PARP1 is cleaved by Caspase 7 which releases PARP1 
from chromatin resulting in chromatin de-condensation, a process that initi-
ates apoptosis (Kaufmann et al., 1993). PARP1 co-localizes with histone H1 
and PARylates it. PARylation of histone H1 results in H1 dislodging, which 
allows a conformational change in the chromatin, an important step in the pro-
cess of gene regulation (Tulin, 2003). PARP1 also interacts with H2A and 
PARylation of H2A could induce conformational changes of the nucleosomes 
exposing H3 and H4 which are vital in organizing the chromatin structure and 
regulating the accessibility of other transcriptional factors on to the down-
stream genes (Kraus and Lis, 2003; Tulin, 2003).   PARylation of histone de-
methylase enzymes such as lysine (K) de-methylase 5B (KDM5B) by PARP1 
controls the de-methylation pattern on H3K4, which regulates transcription 
(Krishnakumar and Kraus, 2010; Verdone et al., 2015). PARP1 binds to some 
of the chromatin modulation factors like Amplified in Liver Cancer1 (ALC1) 
and CCCTC-binding factor (CTCF) to facilitate the insulation or exposure of 
diverse transcriptional sites along the genome (Yu et al., 2004). In our study, 
we have shown that PARP1 can regulate cells stimulated with TGFβ or BMP, 
and in cooperation with Smads target gene expression.  

PARG, is a glycohydrolase that detects the poly-ADP-ribose chains and 
hydrolyzes them into monomeric ADP-ribose units (Amé et al., 2004). By 
counteracting the PARP activity, PARG constitutes an important factor in 
fine-tuning the DNA repair mechanism which is vital for cell cycle regulation 
(Alvarez-Gonzalez and Althaus, 1989). Besides PARG, ADP-ribosyl hydro-
lase 3 (ARH3) is another enzyme that can perform the same function as PARG 
(Rosenthal et al., 2013). Some reports suggest that the glycohydrolase activity 
is always high which suggests that PARG is constantly active in the nucleus 
and cleaves off poly-ADP-ribose chains from various proteins (Kraus and 
Hottiger, 2013)                     
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Figure1: Classification of PARP family members. The figure shows the structural 
and functional classification of 18 PARP family members. It also illustrates various 
domains present in individual proteins(Schreiber et al., 2006). Reprints were made 
with permission from the journal. 
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Gene regulation by signaling pathways 
Cells go through several checkpoints during the cell cycle to counter errone-
ous mutations during cell division. If mutations occur, they could promote the 
development of cancer or other diseases.  Cancer is characterized by an un-
controlled division of cells. In a normal context, cells receive growth signals 
from the surrounding micro-environment via growth factors. Mutations in 
genes involved in growth control can enhance signaling pathways that could 
lead to both tumorigenesis; and such genes are known as oncogenes inactivate 
important signaling molecules that stop the cell cycle or induce apoptosis, thus 
promoting tumorigenesis. Mutations in genes known as tumor suppressors. 
There are several growth factors that promote tumorigenesis by affecting the 
regulation of certain genes. Such growth factors include TGFβ and BMP 
which affect genes controlling growth, apoptosis, metastasis, etc. 

TGFβ family 
In multi-cellular organisms cells need to communicate with each other to carry 
out certain functions, such as gene regulation by signal transduction. Such cell 
signaling could be autocrine, paracrine or endocrine. The TGFβ family signal-
ing occurs mainly in autocrine and paracrine manners. The TGFβ family is a 
group of 33 structurally related cytokines (Moustakas and Heldin, 2009). The 
prototype family member, TGFβ1, was identified as a secreted protein which 
induced anchorage-independent growth of cells (Roberts et al., 1981). Other 
family members are TGFβ 2, TGFβ 3, BMPs, inhibins, activins, nodal and 
growth differentiation factors (GDFs) (Wakefield and Hill, 2013). Members 
of the TGFβ family play major roles in embryogenesis and tissue homeostasis. 
Proteolytic cleavage of their N-terminal pro-domains results in the formation 
of mature ligands, most of which are disulfide-linked homodimers and some 
form heterodimers. TGFβ family members exert their cellular effects by bind-
ing to transmembrane serine/threonine kinase receptors which are divided into 
type I and type II receptors (Figure 1). There are seven type I receptors, also 
known as activin receptor-like kinases (ALKs), e.g. TGFβRI/ALK5, 
ACTRIA/ALK2, ACTRIB/ALK4 and ACVRLI/ALK1, and five type II re-
ceptors, e.g. TGFβRII and BMPRII. Each of the type I and type II receptors 
form homo-dimers and ligand binding induces hetero-tetrameric receptor 
complex. This thesis will focus mainly on TGFβ and BMP signaling. 
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Figure 2: Smad dependent gene regulation. The figure illustrates the binding of 
ligands i.e, BMP, TGFβ or activin /Nodal to their receptors and the activation of re-
ceptor activated Smads by the activated type I receptors, followed by oligomerisa-
tion with Smad4 and nuclear import of Smad complexes and gene regulation. 

TGFβ-dependent Smad signaling 
Each of the TGFβ isoforms is synthesized as a latent form composed of the 
homo-dimeric N-terminal latency-associated peptide (LAP), which is non-co-
valently linked to the C-terminal homo-dimeric mature polypeptide; often this 
small latent complex forms a larger complex including latent TGFβ binding 
protein (LTBP) which is disulfide-linked to LAP (ten Dijke and Arthur, 2007). 
A large latency complex (LLC) is then secreted into the matrix allowing the 
release of active TGFβ from LLC when the LTBP is pulled by mechanical 
forces like fibronectin and fibrillin fibers (Saharinen et al., 1999; Shi et al., 
2011). TGFβ signaling is initiated by the binding of mature TGFβ to TGFβRII, 
which then forms a hetero-tetrameric complex with TGFβRI. Within this com-
plex, TGFβRII activates the TGFβRI by phosphorylation at several serine res-
idues located in a glycine/serine-rich domain (GS) in TGFβRI, causing a con-
formational change in TGFRI, which exposes the protein loop known as L45, 
creating a binding site for receptor-activated (R)-Smads (receptor-activated 
Small-mothers against decapentaplegic) (ten Dijke & Hill, 2004). TGFβRI 
binds and phosphorylates the R-Smads, Smad2 and Smad3, in their C-terminal 
serine-X-serine motif. Activated R-Smads, then form complexes with co-
Smad (Smad4), which translocate into the nucleus to function as transcrip-
tional regulators. Smad4 is a common component in all TGFβ family Smad 
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pathways, including the BMP signaling pathways, where Smad4 associates 
with R-Smads, Smad1, Smad5 and Smad8. Smad4 lacks a C-terminal ser-X-
ser motif, and is not phosphorylated by TGFβRI.  Smad3 along with Smad4 
bind to DNA directly via their N-terminal Mad homology 1 (MH1) domains, 
whereas Smad2 has a stretch of unique amino acids in its MH1 domain that 
hinders direct DNA binding (ten Dijke & Hill, 2004). The complex of Smad3 
and Smad4 binds to other transcription factors to either repress or activate 
transcription of downstream genes.  The DNA region to which Smads bind is 
called Smad-binding element (SBE), which is either a stretch of repeated 5’-
AGAC-3’ sequences or a GC-rich motif (Massagué et al., 2005). Inhibitory 
Smads (I-Smads; Smad6 and Smad7) are upregulated by TGFβ stimulated 
transcription and act in a negative feedback loop by binding to the receptors 
and competing with binding of R-Smads, and by recruiting ubiquitin ligases 
and phosphatases to the receptors (Derynck and Zhang, 2003).  

Bone Morphogenetic Proteins 
The first BMP ligands were identified as cytokine that could induce the for-
mation of bone and cartilage tissue in rats (Urist, 1965). Later studies have 
shown that BMPs also have vital roles during embryonic development, as they 
are involved in the development of teeth, skin, kidney, hair, muscle, hemato-
poietic cells and neurons, iron metabolism and vascular homeostasis (Wu and 
Hill, 2009). Knockout of different components of the BMP signaling machin-
ery in mice resulted in various embryonic malfunctions, illustrating the im-
portance of BMP signaling during embryogenesis (Wu and Hill, 2009). It is 
also striking that the BMP signaling pathways, like the TGFβ signaling path-
ways, are well-conserved from invertebrates to vertebrates (Miyazono et al., 
2010). 

Similar to TGFβ, BMP signaling depends on a tetrameric complex of ser-
ine/threonine kinase receptors. The type I receptors are ALK1, 2, 3, 6 and the 
type II receptors are ActRIIA, ActRIIB and BMPRII (Figure 2). The BMP 
ligands are classified into several groups based on their structural similarly, 
such as BMP-2/4, BMP-5/6/7/8 and BMP-9/10 (Wakefield and Hill, 2013). 
BMP1 is a metalloprotease and is not a member of the BMP family, despite 
its name. Upon BMP ligand binding to the receptor complex, a constitutively 
active type II receptor phosphorylates the type I receptor. Then, activated type 
I receptors, subsequently bind to Smad1, 5 and 8 and phosphorylate them at 
their C-terminal serine-X-serine motifs. Similar to TGFβ signaling, the phos-
phorylated BMPR-Smads are translocated to the nucleus by forming a hetero-
oligomeric complexes with Smad4 (Figure1). BMP R-Smads bind to a char-
acteristic GC-rich sequence GCCGnCGC motif in DNA (Miyazono et al., 
2010). Upon BMP stimulation, R-Smads and Co-Smad along with different 
co-transcriptional factors regulate expression of different genes, including the 
I-Smads that also regulate BMP signaling. 
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Negative regulation of TGFβ and BMP pathways 
Sequestering of signaling is a biologically important process to maintain the 
balance in signaling. As signal activation and transduction occur in various 
steps, signal abrogation also occurs in various steps. Post-translational modi-
fications play important roles in negative regulation of the signaling pathways. 

 
Figure3: Effect of PARP turnover on TGFβ and BMP signaling. The figure il-
lustrating the activities of PARP and PARG in the nucleus and their effects on ca-
nonical Smad based transcriptional activity of TGFβ and BMP signaling. 

TGFβRII is a protein kinase that is not only phosphorylated on serine residues 
but, autophosphorylation on tyrosine residue is important for signaling. Mu-
tation of the autophosphorylated residues Tyr259, Tyr336 and Tyr424 in the 
receptor blocks the activity of TGFβRII and signaling (Lawler et al., 1997). 
De-phosphorylation of TGFβRI by protein phosphatases, like PP1 and PP2A, 
leads to conformational changes that block binding of R-Smads to the receptor 
complex (Bengtsson et al., 2009). Ubiquitination of the TGFβR complex is an 
active process where Smad7, a member of the I-Smads, plays a vital role. 
Smad7 recruits E3 ligases like Smurf1, Smurf2, NEDD4-2 and WWP1 to the 
receptors and allows ubiquitination of TGFβRI and TGFβRII (Ebisawa et al., 
2001; Hayashi et al., 1997; Kavsak et al., 2000; Komuro et al., 2004; Kuratomi 
et al., 2005). 

There are two I-Smads, Smad6 and Smad7. Smad6 inhibits BMP signaling, 
whereas Smad7 inhibits both TGFβ and BMP signaling (Goto et al., 2007; 
Hanyu et al., 2001).  Dephosphorylation of R-Smads is an active negative reg-
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ulatory process in termination of TGFβ signaling. PPMIA/PP2Cα de-phos-
phorylates Smad2 and 3 which leads to dissociation of the complex between 
R-Smads and Co-Smad. 

BMP signaling is controlled in similar ways as TGFβ signaling. Phospha-
tases like Dullard and PP2A dephosphorylate and degrade BMP receptors, 
which terminates the BMP signaling at the receptor level (Bengtsson et al., 
2009). 

Inhibitory Smads, i.e, Smad6 and Smad7, are responsible for negative sig-
naling by their binding to receptor complexes, blocking Smad1/5/8 phosphor-
ylation by BMP type I receptors. Smad4 is an important Co-Smad for both 
TGFβ and BMP signaling which is ubiquitinated at K507 and K519, leading 
to termination of transcription. Members of the family of deubiquitinases 
(DUB’s) also modulate the TGFβ pathway by removing mono- and poly-ubiq-
uitination chains from the target proteins, including receptors and Smads 
(Zhang et al., 2014a).  

PARPs can PARylate Smads which results in loss of DNA binding capacity 
of the Smads resulting in sequestering of Smad-mediated transcription (Dahl 
et al., 2014; Lönn et al., 2010). Our recent studies show that this is a common 
mode of post-translational modification which negatively regulates both 
TGFβ and BMP signaling (Figure 3). 

Non-Smad signaling 
Downstream of TGFβR activation, several pathways are triggered in a non-
Smad-dependent manner. Several non-Smad-dependent pathways include ac-
tivation of AKT by PI3K through a TRAF6 dependent manner. This is trig-
gered by ubiquitination of TRAF6 on Lys63 site (Hamidi et al., 2017; Yang 
et al., 2009) or by induced expression of miR 216a/217 by the TGFβRII (Kato 
et al., 2009). TRAF6 subsequently activates TAK1-p38/JNK pathways and 
promote apoptosis (Sorrentino et al., 2008). Both TGFβ and BMP are respon-
sible in activating RhoA in a Smad independent manner  which in turn acti-
vates JNK and p38 (Bhowmick et al., 2001; Voorneveld et al., 2014). How-
ever roles of JNK activation by RhoA is yet to be investigated for importance 
in TGFβ and BMP signaling. 

TGFβ in cancer 
TGFβ has dual roles in cancer. During initial stages of cancer TGFβ acts as a 
tumor suppressor by promoting cell cycle arrest, including enhanced expres-
sion of CDK inhibitors, such as p15INK4b, p21CIPI and p27Kip1, and downregula-
tion of c-Myc via C/EBPβ (Gomis et al., 2006; Seoane et al., 2001). TGFβ 
also induces apoptosis by enhanced expression of DAPK, GADD45β and 
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Smad-mediated transcription of the KP2 gene resulting in activation of Bim 
(Jang et al., 2002; Ramesh et al., 2008; Takekawa et al., 2002).  

At later stages of tumor progression TGFβ acts as a tumor promoter. TGFβ 
initiates the tumor enhancing function by suppressing the immune system. 
This is achieved by both, suppressing activation and proliferation of T-cells 
by autocrine secretion by T-cells or in a Smad2/3-ATF1 mode of transcription 
(Chen, 2005; Thomas and Massagué, 2005; Zhang et al., 2005). Investigations 
prove that change in function of TGFβ from tumor suppressor to tumor pro-
moter is because of molecules such as TEMPAI and PTEN (Singha et al., 
2014). TGFβ promotes cancer stem cell properties, stimulating dissemination 
of the primary tumor, proliferation and metastasis (Oskarsson et al., 2014). 
TGFβ’s enhances CSC properties of primary tumors by cooperating with other 
signaling pathways, like WNT (Scheel and Weinberg, 2011; Scheel et al., 
2011). Additional contribution of TGFβ to cancer progression occurs by Epi-
thelial Mesenchymal Transition (EMT), which is discussed below. 

Epithelial-Mesenchymal Transition (EMT) 
Epithelial-mesenchymal transition (EMT) is a process of trans-differentiation 
and morphological adaptation of epithelial cells to a mesenchymal phenotype 
due to induction of certain transcriptional processes (Kalluri and Weinberg, 
2009). Epithelial cells are sedentary and polar. After stimulation with certain 
cytokines, leading to epigenetic and transcriptional regulation of genes, epi-
thelial cells loose polarity and become more migratory by changing their dif-
ferentiation to become more mesenchymal-like (Figure 4). EMT occurs dur-
ing several physiological and pathological occasions, e.g. during gastrulation, 
wound healing and cancer metastasis (Scanlon et al., 2013). During gastrula-
tion, a primitive streak of cells undergo EMT and helps in forming mesoderm 
and endoderm. During wound healing, the cells that surround the wound un-
dergo EMT to heal the disrupted tissue, which also can cause tissue fibrosis if 
the process is not controlled. EMT of cancer cells occurs when oncogenic mu-
tations or epigenetic alterations promote epithelial cells to become more mes-
enchymal by activating specific transcription factors (see below). EMT, pro-
motes primary tumor cells to enter the blood-stream and establish secondary 
metastatic tumor in other organs (Scanlon et al., 2013).  

EMT has been classified in three different types. The type 1 form of EMT 
is when epithelial cells during embryonal development undergo changes to 
produce mesenchymal cells which can in-turn generate epithelial cells by 
Mesenchymal-epithelial transition (MET). The type II form of EMT involves 
production of mesenchymal cells during wound healing, and fibrosis, a sub-
sequent response to inflammation process. Type III EMT  occurs during tu-
morigenesis and promotes invasion of human cells into the blood stream  and 
promotion of metastasis (Kalluri and Weinberg, 2009). Early EMT does not 
lead to a complete morphological and physiological change of epithelial cells 
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to mesenchymal cells but demonstrates changes such as suppressed E-Cad-
herin but not enhanced N-Cadherin (Chu et al., 2006). This also causes change 
in functional aspects of epithelial-like cells exhibiting invasion and drug re-
sistance; such changes in functionality inspired researchers to investigate 
more on the molecular pathways related to the transition. 

 
Figure 4: Epithelial Mesenchymal Transition. The figure illustrates the sequential 
process of epithelial cells gaining mesenchymal features by losing apical-basal po-
larity (Micalizzi, Farabaugh, & Ford, 2010). Reprints were made with permission 
form the journal. 

Factors that promote EMT include TGFβ, WNT, and FGF and other tyrosine 
kinase receptor ligands (Zarzynska, 2014). These cytokines trigger the down-
stream transcriptional regulation of various genes, the most important being a 
group of transcriptional factors, e.g. Snail1, Slug, ZEB1, ZEB2, Twist, Prrx1, 
and HMGA2 which mediate EMT, hence called as EMT-TFs (Heldin et al., 
2012; Ocaña et al., 2012). Apart from regulating downstream genes, EMT-
TF’s also regulate other EMT-TFs, such as co-regulation of Snail1 and Twist 
(Dave et al., 2011). In order of the EMT-TFs to trigger the mesenchymal phe-
notype in epithelial cells, they bind to epithelial and mesenchymal genes to 
repress and enhance their expression of the respective genes. Upon activation 
by different stimuli EMT-TFs along with other co-transcriptional factors bind 
to target genes which are either suppressed or activated. Transcriptional regu-
lation of EMT related genes results in production of cytokines and chemo-
kines; dissolution of tight junction proteins, such as ZO-1 and occludin 
(Polette et al., 2007); loss of adherent junction proteins such as E-cadherin 
(Tan et al., 2015) and EpCam; and induction of mesenchymal components to 
facilitate motility of cells such as reorganization of actin filaments and release 
of fibronectin (Zeisberg and Neilson, 2009).  

Zinc finger E-box binding homeobox1 (ZEB1) 
ZEB1 is a zinc finger E-box-binding homeobox 1 protein first identified in 
repressing the inter-leukin2 (IL2) gene in T-lymphocytes (Williams et al., 
1991). ZEB1 consists of various domains, including an N-terminal co-activa-
tor binding domain (CBD), an N-terminal zinc finger domain (ZFD), a Smad 
binding domain (SBD), a homeo domain (HD), a CtBP interaction domain 
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(CID) and a C-terminal zinc-finger domain. ZEB1 is known to bind to the 
sequence 5'-CANNTG-3’ in the E-box region of various genes (Figure 5) 
(Wellner et al., 2010). Upon TGFβ stimulation, ZEB1 along with Smads bind 
to the promoter region of various EMT-related genes and either suppresses or 
induces these genes.  

 
Figure 5: ZEB1 gene and protein organization. The figure illustrates the location 
of domains in ZEB1 protein along with respective location of exons and amino acid 
number. 

Given the importance of the E-Cadherin (CDH1) gene in the field of EMT, it 
is worth noting that ZEB1 is a major factor that represses CDH1 during the 
onset of EMT (Aigner et al., 2007). ZEB1 represses polarity genes such as 
Crumbs2 and Lgl2, and represses laminin-332 (LAMC2) and integrin-β4 
(ITGB4) genes, contributing to the invasiveness in prostate cancer cells (Drake 
et al., 2010). ZEB1 also plays a key role in activating the mesenchymal phe-
notype by cooperating with the YAP transcription factor of the Hippo path-
way. By inducing antagonists of BMP ligands such as noggin, follistatin and 
chordin-like 1, ZEB1 contributes to bone-specific metastasis in breast carci-
noma (Mock et al., 2015). Studies also show that knock-out of ZEB1 in mice 
results in a lethal phenotype with defects in embryogenesis resulting in skele-
tal and thymic defects (Takagi et al., 1998). Despite the importance of ZEB1, 
genome-wide binding of ZEB1 has not yet been investigated in highly meta-
static breast carcinoma.     

Snail1 
The Snail family of transcription factors comprises three vertebrate members, 
namely Snail (Snail1), SLUG (Snail2) and SMUC (Snail3) (Nieto, 2002). The 
structure of the proteins comprises a well conserved N-terminal motif, PRS-
FLV, which is found in repressive transcription factors, followed by a nuclear 
localization signal and 3 typical and one atypical zinc-finger domains which 
bind E-box DNA sequences e.g.  5’-CACCTG-3’, or its complementary 
forms, 5’-CAGGTG-3’ (Figure 6).  
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Figure 6: Snail1 gene and protein organization. The figure shows different do-
mains of Snail protein with their corresponding exons and respective amino acids. 

In the context of EMT, upon TGFβ stimulation, Snail expression is first in-
duced, Snail1 then binds to Smads and represses epithelial genes, including 
E-cadherin (CDH1), coxsackie virus and adenovirus receptor (CAR) and oc-
cludin (OCD)(Vincent et al., 2009). In addition to CDH1, Snail1 is involved 
in modulating ECM by regulating MUC1, tight junction protein claudin1 and 
epithelial polarity gene crumbs3 (Guaita et al., 2002; Mar Inez-estrada et al., 
2006; Whiteman et al., 2008).  Snail1 represses various other genes, including 
PTEN, p53, HDAC and PRC2 (Escrivà et al., 2008). Snail1 expression in can-
cer-associated fibroblast is observed to drive the plasticity of adjacent carci-
noma cells (Baulida and García de Herreros, 2015), suggesting that Snail1 
regulates cytokines. Snail1 is one of the hallmark of transcriptional regulators 
of EMT (De Herreros et al., 2010), which is activated in early EMT driven by 
TGFβ. Early activation on Snail1 in breast cancer cells also effects other 
EMT-TF’s like ZEB1, positively by forming a complex with Twist1. High 
expression of Snail1 in breast cancer is also correlated with high-grade malig-
nancy, invasion and metastatic potential in breast cancers (Dave et al., 2011; 
Delhalle et al., 2002; Guaita et al., 2002). 
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Methods 

In this section for better understanding of the methods, I discuss only the meth-
ods whose background was not sufficiently explained in individual papers. 

Proximity ligation assay 
Proximity ligation assay is an in situ detection technique used to detect ex-
tremely low amount (40*10-21 mol) of proteins expressed intracellular 
(Fredriksson et al., 2002). PLA was later adapted to measure the interactions 
between intracellular or secreted proteins (Söderberg et al., 2006) and has 
been used to  detect interactions in TGFβ signaling (Zieba et al., 2012). This 
is considered to be a sensitive assay considering the detection compared to 
other techniques (Gustafsdottir et al., 2005). Proximity ligation assays are de-
signed to detect proteins by specific antibodies (either for same protein or for 
different proteins) with an attached aptamer DNA sequence. At least, two an-
tibodies attached to DNA strands and a complementary circular DNA mole-
cule with a methyl mismatch were introduced to facilitate the loop formation 
for rolling circle amplification (RCA) reaction using the antibody-attached ol-
igonucleotides as primers (Schweitzer et al., 2000). Antibodies deployed on 
fixed cells recognize the proteins and once the proteins are in close proximity 
(30 nm), the oligonucleotides form a double stranded hybrid with the circular 
DNA template. Using a ligase and DNA polymerase allows the DNA primers 
to form a circular loop that is further amplified by RCA. Visualisation of the 
RCA product is carried by hybridizes complementary oligonucleotide with a 
fluorescent tag to the amplified DNA blob (Figure 7). Sensitivity and quanti-
fication serves as a strength of the procedure, while antibody specificity re-
mains the threshold of the quality of the assay. 

I established and optimized this technique in my lab and used it in Paper I 
and Paper II to visualize the interactions between PARP family members and 
also to measure the post-translational modification of Smad3. This also al-
lowed us to analyse the localization of the PARylated Smads and PARPs in 
the cell. 
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Figure 7: Proximity ligation assay. The figure illustrates the detection of interact-
ing proteins by primary antibodies, probing with secondary antibodies covalently 
bound to oligonucleotides and detection of complexes by rolling circle amplification 
after hybridization of oligonucletoides with a fluorescent tag (red stars) to a unique 
DNA sequence incorporated into the circle (shown in red) (Zieba et al., 2012). Re-
prints were made with permission form the respective journal. 

Chromatin immunoprecipitation-sequencing 
Chromatin immunoprecipitation (ChIP) is an assay developed to analyse pro-
teins that bind to chromatin, which are precipitated using antibodies. It was 
first designed to study the association of RNA-polymerase II with poised 
genes (Gilmour and Lis, 1984, 1985, 1986). Application of this protocol was 
later combined with several techniques including Southern blotting, Western 
blotting (Wells and Farnham, 2002), microarray (Kim and Ren, 2006; Ren, 
2000) or high-throughput sequencing (Elnitski et al., 2006).  

The ChIP-Seq protocol itself includes several chemical and mechanical 
steps that lead to the final step containing a population of DNA fragments of 
short length. Such DNA fragments were then processed to library preparation 
and sequencing. Sequencing after ChIP made it possible to explore the targets 
DNA binding proteins and genomic sites where specific nucleosomes exhibit 
various histone modifications. ChIP-seq today stand as one of the most pow-
erful techniques to understand the regulation of gene expression.  

The yield of the ChIP assay remains the main hurdle for the application. 
The strength of ChIP-seq is that the method affords a possibility to precisely 
locate of the DNA binding regions of proteins.  For our studies in PAPER III 
and PAPER IV, we performed Chip-Seq in Hs578T cells using the SOLiD 
sequencing platform. 
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Ampliseq transcriptomic array 
Transcriptomic analysis has made it easy to understand the differential gene 
expression and also various gene-network interactions. The evolution of gene 
expression studies on large scale incorporated microarray and RT-qPCR tech-
niques that measure expression of specific groups of genes (Wang et al., 
2009). Today tools like RNA-sequencing have emerged with the advantage to 
profile transcript expression at the whole genome level quantitatively. RNA-
Seq works on the principle of sequencing every transcript by single ended or 
double ended PCRs with high sensitivity (Love et al., 2014; Wang et al., 2009; 
Yaari et al., 2013). 

Applying the same principles of RNA-sequencing after target RNA ampli-
fication (RT-qPCR), Ampliseq transcriptomic array was developed with a tar-
geted pool of oligonucleotides that measure expression of 20,000 human pro-
tein-coding genes (Blomquist et al., 2013; Zhang et al., 2014). This assay has 
proved to be more reliable quantitatively and quantitatively (Li et al., 2015). 
In PAPER III and PAPER IV we used Ampliseq transcriptomic array for our 
studies. 

CRISPR-Cas9 
Clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR 
associated endonuclease CAS9, is a rapidly growing genome editing technol-
ogy (Hsu et al., 2014). CRISPR was identified as a defensive mechanism 
against viral infection in bacteria (Bhaya et al., 2011; Horvath and Barrangou, 
2010). Bacteria memorise the viral DNA and synthesize a cascade of repeats 
targeting it, which are accompanied by an associate endonuclease that makes 
a double-stranded break (Hsu et al., 2014). The CRISPR endonuclease is 
guided to the target DNA sequence by RNA molecule, known as guide (g) 
RNAs. Due to the increased complexity and required precision in previously 
used DNA editing techniques, CRISPR-CAS9 was applied to human cells 
(293T and K562) to achieve mutations  using unique gRNA against specific 
regions in the genome (Cong et al., 2013; Mali et al., 2013).  
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Figure 8: CRISPR-Cas9 applications. The figure illustrates different applications 
of CRISPR-Cas9 genome editing such as insertion and deletion (Doetschman & 
Georgieva, 2017). Abbreviations: Proto-spacer adjacent motif (PAM), sub-genomic 
RNA (sgRNA), Double stranded break (DSB), Non-homologouos end joining 
(NHEJ), Homologous DNA recombination (HDR). Reprints were made with per-
mission form the respective journal. 

CRISPR-Cas9 has rapidly gained acceptance in the scientific community 
compared to other gene editing technologies (Barrangou and Doudna, 2016). 
Apart from deleting a DNA sequence to quench the expression of a target 
gene, CRISPR is now applied as CRISPRi (combined with siRNA technol-
ogy) to silence the gene (Barrangou and Doudna, 2016), CRISPRa combined 
with activation of genes (like plasmid transfections) for activation of genes 
(Barrangou and Doudna, 2016) (Figure 8), CRISPR-x (combined with site-
directed mutagenesis) to achieve point mutations on targeted sites (Barrangou 
and Doudna, 2016). Today, overcoming inherent difficulties a technological 
innovation in CRISPR research was made to edit RNA using CRISPR-Cas13 
(Barrangou and Doudna, 2016). In my studies, we have used the CRISPR-
Cas9-based knockout of ZEB1 and Snail1 in Hs578T cells in PAPER III and 
PAPER IV. 
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Present Investigation 

Paper I 
Aim  
The aim of the study was to investigate the activity of PARP2 and PARG in 
Smad-mediated TGFβ signaling.   

Background  
Previous investigations from our lab showed that attenuation of Smad-medi-
ated transcription by PARP1 (Lönn et al., 2010). PARP1 and PARP2 comprise 
the DNA-dependent members of the PARP family (Amé et al., 2004; 
Schreiber et al., 2006; Swindall et al., 2013). PARG is a well-studied glyco-
hydrolase protein from the PARP family (Le May et al., 2012), which has an 
opposite function of PARP1 and PARP2. This idea of dynamic turn-over by 
PARylation and dePARylation by PARP1/2 along with PARG inspired us to 
pursue the investigation of fine-tuning of Smad mediated signaling by PARP2 
and PARG.  

Methods  
To investigate the TGFβ signaling effects, a robust cell model, human HaCaT 
keratinocytes were chosen. To validate the interaction between Smads, PARPs 
and Poly (ADP-ribose) chains, the sensitive protein interaction detection tech-
nique, the PLA was used (Fredriksson et al., 2002). For additional interaction 
studies, immuno-precipitation assays followed by western blotting were per-
formed, after transient plasmid and siRNA transfections. To determine the ef-
fect of PARP on Smad3/4 transcriptional regulation, a CAGA-luciferase re-
porter assay was performed. The post-translational modification of poly-
(ADP-ribosylation) was visualized on Smads and PARPs using an in vitro 
PARylation after GST-pulldown of various proteins.    

Results 
Our work confirmed that Smad3 is ADP-ribosylated and this post-transla-
tional modification could be visualized by PLA using antibodies against PAR 
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chains and Smad3. It is also observed that PARylation on Smad3 is very dy-
namic and is induced rapidly after TGFβ stimulation. Using the PLA, we also 
showed that PARP1 and PARP2 form complexes with Smad3 and the com-
plexes are promoted by TGFβ stimulation. Using PLA, we were able to also 
demonstrate the already established results, namely PARylation of PARP1 
and PARP2 themselves. Furthermore CAGA-luciferase reporter assay showed 
that the transcriptional activity of Smad3 was enhanced with knockdown of 
either PARP1 or PARP2 or both PARP1 and PARP2. Knockdown of PARP1 
and knockdown of PARG showed an opposite effect on mRNA levels of 
Smad3-regulated genes like PAI1 and FN1and on CAGA-luciferase assay, 
confirming the findings at the transcriptional level. 

Conclusions 
Our study illustrates that different proteins of the PARP family PARP1/2 and 
PARG have opposite functions, i.e, PARylation and de-PARylation which de-
cide the transcriptional activity of Smad3 in response to TGFβ stimulation 
(Dahl et al., 2014). In, human keratinocytes Smad3 transcription is negatively 
regulated by PARP1/2 and PARG acts a positive regulatory factor for Smad3 
transcription. 

Paper II 
Aim  
The aim of the study was to investigate the effect of PARP1 and PARG on the 
BMP signaling pathway.  

Background  
Previous publications from our group show that PARP activity is important in 
deciding the transcriptional activity of Smad3 in response to TGFβ stimula-
tion. Both BMP and TGFβ signaling share similarities in receptor activation, 
structure of R-Smads, Smad4 being a redundant Co-Smad and similar I-
Smads. Such similarities made us investigate the activity of PARP1 on BMP 
signaling.  

Methods  
Human keratinocytes HaCaT and mouse myoblasts C2C12 were used to in-
vestigate the effect of BMP signaling. Expression of BMP-responsive genes 
were measured at the RNA level by RT-qPCR and at the protein level by west-
ern-blotting. The effect of BMP on transcriptional activity was measured by 
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BRE-reporter luciferase assay. Immunoprecipitation followed by western-
blotting was used to measure protein expression after transient transfections. 
Proximity ligation assay was performed to study the interaction between Smad 
and PARP1. In vitro PARylation studies were performed to measure the 
PARylation levels on target proteins after GST-pulldown assay.   

Results 
Over-expressing of PARG in HaCaT cells led to an increased expression of 
BMP target genes like ID1 and Smad7 and conversely by knockdown of 
PARG by two independent siRNAs decreased expression of these genes. Our 
results also suggest that PARP1 opposes the activity of PARG at the Smad 
transcriptional level and the level of responsive gene expression, such as ID1, 
Smad6 and Smad7. Reporter activity assay by BRE-Luc assay in PARP1 
knockout mouse embryonic fibroblasts suggest that there is reduced transcrip-
tion by Smad1/5, suggesting an attenuating function of PARP1 on BMP sig-
naling. To mimic the activity of PARylation in cells, in vitro radioactive 
PARylation assay was performed with recombinant PARP1, PARG and GST-
Smad1/5 with a radioactive NAD+ donor, which proves the hypothesis of 
PARP1 auto-PARylation, ADP-ribosylation of Smad1 and Smad5 by PARP1 
and de-PARylation of PARP1, Smad1 and Smad5 by PARG, suggesting op-
posite functions of PARG and PARP1. By domain mapping, the Smad1 N-
terminal MH1 domain was identified as an interacting partner of PARP1 and 
mutations in the conserved MH1 PARylation site of Smad1 suggests differen-
tial binding to PARP1 when incubated with recombinant and endogenous cell 
lysates. Inhibition of PARP activity by inhibitors like PJ34 and 3AB also 
showed a similar effect as PARP1 depletion. 

Conclusions 
Our study on effects of PARP family members on BMP signaling helped un-
derstand that PARP1 and PARG act simultaneously in opposite direction de-
ciding the fate of target gene-expression. We were also able to map the site of 
PARylation on Smad1 which interacts with PARP1, modulating the transcrip-
tional activity of Smad1 on BMP responsive genes. 

Paper III 
Aim 
Identify novel sites of gene regulation by the ZEB1 transcription factor in tri-
ple negative breast cancer cells. 
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Background  
ZEB1 is an EMT transcriptional factor responsible in triggering and maintain-
ing mesenchymal phenotype in cancerous cells. ZEB1 is well studied as a 
transcriptional repressor repressing the epithelial genes like CDH1. It is also 
studied in indirect regulation of EMT by mir-200 genes. Despite the extensive 
availability of the literature on ZEB1 regulation in different cancer cells, there 
is no study that describes the, genes regulated by ZEB1 in triple negative 
breast cancer, an aggressive type of breast cancer with loss of estrogen recep-
tor (ER), progesterone receptor (PR) and human epidermal growth factor Re-
ceptor (HER) expression and a mesenchymal differentiation. This study has 
now made an attempt to focus novel binding sites of ZEB1 in the triple nega-
tive breast cancer cells. 

Methods & Results  
In silico analysis of breast cancer cells shows a varied expression of ZEB1. 
Basal-B breast cancer cells show high levels of EMT TF’s including ZEB1 
compared to Basal-A and Luminal subtypes, which is consistent with the the-
ory of EMT transcription factors being highly expressed and helping to main-
tain mesenchymal features. Further analysis of expression of EMT TFs at pro-
tein level in cell lines from different subgroups show that Hs578T, a Basal-B 
cell line expresses high levels of EMT TFs. TGFβ is a driving factor for EMT 
and stimulation of Hs578T cells with TGFβ further enhanced the expression 
of mesenchymal markers like N-Cadherin and Fibronectin, while a TGFβ in-
hibitor blocked the enhanced expression. By this we confirmed the Hs578T 
cells as a robust model for our study. Chromatin Immunoprecipitation fol-
lowed by sequencing was performed for ZEB1 in Hs578T, cells and bio-in-
formatics analysis resulted in 3,900 peaks or 1,939 genes of ZEB1 peaks at a 
distance of -10kbp to +2.5kbp from the TSS were analysed and known and 
novel sequence motifs were discovered. Gene ontology data shows that ZEB1 
not only has a functional role in EMT but also in heart development, nervous 
development, signal transduction, cell cycle and cell communication. 

 
Since ZEB1 knockout mice are lethal, in order to exclude the insufficient 

transient knockdown, we established completely knockout cells of ZEB1 us-
ing the CRISPR-CAS9 gene editing technique. ZEB1 knockout Hs578T 
shows differences in cell morphology, reduced cell proliferation, reduced cell 
migration and reduced anchorage-independent growth when compared to wild 
type Hs578T cells.  This further motivated our study to focus on genes regu-
lated directly by ZEB1. A gene-specific amplification array of the cDNA of 
WT and ZEB1 knockout cells showed about 1,142 genes were upregulated 
and 230 genes were downregulated by ZEB1 knockout, suggesting the dual 
transcriptional role of ZEB1. Comparison of ChIP-seq and Ampliseq results 
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showed that ZEB1 acts as a transcriptional enhancer in the case of 21 genes 
and as a repressor for 133 genes. This list of ZEB1 target genes includes genes 
responsible for ECM remodeling (TIMP3) and adhesion-related molecules 
(TENM2) which are worth examining further.  

Conclusion 
Our study verifies previous findings on ZEB1 function being both enhancer 
and a repressor of transcription. Knockout of the single EMT-TF ZEB1, is not 
sufficient to revert the mesenchymal phenotype to an epithelial phenotype. 
This investigation reveals new functions of ZEB1’s contribution towards an-
chorage-independence. Further, this work provides a useful resource for future 
research on ZEB1 and EMT.  

Paper IV 
Aim 
The aim of the study is to investigate the function of the Snail1 transcription 
in mesenchymal breast cancer cells.  

Background 
Following the activation of TGFβRs the signaling is carried out by activate 
Smads which transcriptionally regulate Snail1. This makes Snail1 one of the 
early responsive genes of TGFβ signaling which further regulates other genes 
related to TGFβ biology. Snail1 is a transcription factor whose function is 
regulated by post-translational modifications like PARylation by PARP1, 
phosphorylation by GSK3β and sumoylation. Snail1 depletion in some carci-
nomas can trigger MET, but the knowledge on gene targets of Snail1 genome-
wide is very limited. Based on the available literature, we postulate that Snai1 
either regulates a wide variety of genes or it could regulate a small group of 
master regulators which in turn carry various functions.  

Methods & Results 
Our parallel studies on expression of EMT-TF’s and in silico data mining sug-
gests that Snail1 is highly expressed in triple negative breast cancer cells. 
From our studies we establish that Basal-B, Hs578T and MAD-MB-231 cell 
types are robust models for Snail1 studies. Availability of good antibodies and 
expression level of Snail1 led us to use Hs578T as our cell-system for our 
analysis. ChIP-Seq for Snail1 in Hs578T resulted 405 peaks in 185 genes. 
Motifs of Snail1 binding regions suggest a possible binding of GATA1, 
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RREB1, RUNX2 and PAX4 along with Snail1 to the same region. Target 
genes of Snail1 provides information about their functional relevance to heart 
development, other developmental processes, guanyl-nucleotide exchange 
factors and various enzyme regulatory activates. Snail1 can bind to genes such 
as CRB1, PPFIA1, PTK2, Sox6 and FAT1 which were validated using ChIP-
qPCR analysis.  

The available literature on the Snail1 knockdown leading to MET in some 
cells models, further motivated us to ask questions behind the genes that lead 
to MET genome-wide and that are regulated by Snail1. To avoid the incon-
sistencies due to transient knockdown, we established a stable knockout of 
Snail1 in Hs578T cells using CRISPR-Cas9 gene editing technique targeting 
the 1st exon and 2nd exon-intron junction of the Snail1 gene. This resulted in 
several clones with a deletions of 10 bp length. For further analysis, we used 
two clones, one with double deletion and one with single deletion of the target 
regions.   By deleting the Snail1 transcription factor we observed that cells 
tend to show a small but observable trend towards the epithelial phenotype. 
Snail KO cells also had shown significant reduction in their migration capa-
bilities compared to WT Hs578T cells in a wound healing T-Scratch assay. 
To identify genes regulated by Snail1, which contribute to this phenotype, we 
analysed changes in gene transcription by Ampliseq in WT and Snail1 KO 
Hs578T cells.  

Our results showed that effect of Snail1 KO can effect both transcriptional 
activation and repression of genes, postulating the dual role of Snail1 in tran-
scription. Rigorous analysis shows that 363 genes were upregulated in Snail1 
KO and 276 were downregulated when compared to WT cells. Correlation 
studies showed that downregulated genes show high significance of genes re-
lated to chromatin organization, cellular process and protein biding, whereas 
upregulated genes show high co-relation to developmental processes. Further 
intersection of ChIP-seq and Ampliseq results confirmed 5 genes, were di-
rectly regulated by Snail1 in both high-throughput studies. Genes that were 
conversely regulated by Snail1 in triple negative breast cancer were BMP6 
and CPED1. These genes were validated by ChIP-qPCR and RT-PCR analy-
sis. 

Conclusion 
Our study brings out interesting facts about Snail1 function in breast cancer 
cells. We also show that KO of Snail1 in triple negative breast cancer cells 
cannot completely reverse the phenotype of mesenchymal to epithelial as re-
ported in literature by transient knockdown of Snail1 in different cell models. 
Our Ampliseq analysis shows that Snail1 can act as a positive regulator on 
BMP6, whereas it acts as a negative regulator on CPED1 suggesting the dual 
role of Snail1 in transcriptional regulation.     
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Future Perspectives 

Both gene regulation and cancer are very complex processes where several 
factors play important roles to affect the phenotypic outcome. Considering the 
scope for depth in this study, a strict path of investigation was followed to 
answer questions such as post-translational modifications and transcriptional 
regulation related to TGFβ signaling, and which were studied in the chosen 
context of cancer.   

The PARP family consists of 18 members with different functions. Previ-
ous studies have shown that PARP inhibitors play an important role in cancers 
with BRCA1 and BRCA2 mutation, where inhibition of PARP blocks DNA 
repair pushing cancer cells to apoptosis (Frizzell et al., 2009). Based on our 
investigation, PARG blocks the activity of PARP1 and PARP2 by removing 
ADP-ribose chains, PARG inhibitors can also be used for therapeutic purposes 
(Dahl et al., 2014; Gravells, Grant, Smith, James, & Bryant, 2017; Lönn et al., 
2010; Watanabe et al., 2016). A complementary study of different PARP and 
PARG inhibitors could help us identify various targets for cancer therapy. At 
the same time different PARP family members with similar structural and 
functional similarities must be investigated for their involvement in TGFβ and 
BMP signaling. 

Different post-translational modifications affect the functionality of pro-
teins that lead to activation, inactivation or degradation of the protein. They 
play an important role in orchestrating the signaling pathways. Our investiga-
tion suggests early activation of PARP upon TGFβ stimulation. There is a 
possibility of cooperation between different post-translational modifications, 
which can be further investigated for better understanding of the functional 
importance of PARP.  

Switching gears to gene regulation by PARP1, genome-wide association of 
PARP1 in MDA-MB-231 and MCF 7 cells were investigated revealing 
PARP1 binding to hypo-methylated regions, which also correlate with the 
binding pattern of CTCF. The role of CTCF as a general regulator of chroma-
tin organization is well-studied. This study opens percepts for further investi-
gation on the role of CTCF in PARP1-DNMT1 competition in binding to the 
genome and regulating its methylation pattern, as hyper-methylation of the 
genome is reported in various cancers  (Nalabothula et al., 2015).   

We studied ZEB1 and Snail, two important transcription factors driving the 
EMT. Despite many investigations previously performed, very little is known 
on genome-wide binding regions of Snail and ZEB1 in breast cancer cells. An 
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attempt to answer this question at the complete genomic scale for Snail1 and 
ZEB1 was made in this study. A subset of genes regulated by Snail and ZEB1 
was investigated using Ampliseq transcriptomic array of a CRISPR-Cas9 -
based knockout model of triple negative breast cancer cells. Our study reveals 
no-redundancy in genes regulated by ZEB1 and Snail1 in Hs578T cells. A 
similar study for different transcription factors related to EMT could show 
redundancy, which could be an interesting subset of genes to study further in 
understanding better the EMT. We also demonstrate that single knockout out 
these transcription factors could not revert the mesenchymal cells to epithelial 
cells. An interesting study would be to perform either combinatorial knock-
outs in cancer cells to look for a reversal to epithelial phenotype. Adding an 
in-depth layer to it, studying genes regulated by such transcription factors re-
sponsible for the epithelial reversal could be a key finding for EMT studies. 

EMT is an important phenomenon in both gastrulation and cancer metasta-
sis. In our investigation, we observed that mesenchymal cells were character-
ized with features like high proliferation and high invasion. Investigation of 
the target genes reported by us to study mesenchymal features and EMT will 
be an interesting step to know about novel effectors of EMT. Investigation of 
these targets, when performed in different cell lines and different cancer types 
will further our understanding of the common principles that govern the EMT. 
By performing individual tumor sequencing, large datasets of personalized 
cancer conditions can be investigated, by which treatments to cancer patients 
can be designed in a more personalized manner. By using transcriptomic array 
methodologies, investigating novel molecules has become possible in cancer 
research, with which one aims at making a substantial contribution to cancer 
research. 

Opening possibilities for new investigations a proposal can be made as 
PARP can ADP-ribosylate Smads and Snail1. Bioinformatic modelling sug-
gests that PARP1 and ZEB1 could exhibit protein-protein interactions 
(Szklarczyk et al., 2017). If PARP regulates Snail1 and ZEB1 function in the 
same way as Smads, it will be an interesting study to check the transcriptional 
activity of these transcription factors for the target genes proposed here in the 
presence of PARP inhibitors. Since Snail1 and ZEB1 attain clinical im-
portance by showing high activity in malignant neoplasias, PARP family 
members can be used to modulate their activity in cancers. Such studies can 
be performed for other cancer-related transcription factors. 
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