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Abstract

In mammalian development, a complex system comprised of regulatory signals causes
tissue distinction with unique structures as well as functions. Gene expression controls these
functions through specific combinations of transcription factors and cofactors that influence cell

differentiation by both activation and repression of genes.

Whole genome microarray studies of fibroblasts have identified candidate genes that can
serve as master regulators of fibroblast identity. A previous study showed that Prrx1 and Snai2
play important roles in activating expression of fibroblast identity, and Snai2 overexpression in
hepatoma cells (Fg14) activated expression of fibroblast specific genes. Moreover, Snai2
overexpression resulted in repression of liver specific genes. This thesis addresses whether
Twistl has a similar effect as Snai2. More specifically, the objective of this work is to determine
how Twistl transfection of hepatoma cells (Fg14) affects fibroblast specific and hepatoma

specific genes.

gPCR analysis revealed that Twistl was successfully over-expressed in pooled Fgl4
transfectants and individual clones compared to the non-transfected cells. Following these
experiments, expression of several important genes in hepatic and fibroblast function were
monitored. Results show that, of the 7 fibroblast specific genes tested, Twistl overexpression
activated two genes, Prrx1 and Sema3a, in Fg14 hepatoma cells. However, the remaining 5
fibroblast genes were not affected. Twistl overexpression was found to not affect expression of

the 10 hepatoma-specific genes tested.



Based on these results, unlike results obtained with Snai2 and Prrx1 overexpression
studies, Twistlappears to have limited potential to reprogram hepatoma cells toward the

fibroblast phenotype.
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Chapter 1

Introduction

1.1. Gene Regulation in Multicellular Organisms

It is vital to have an in-depth comprehension of gene regulation to better understand many
processes in life organisms. The discovery of the molecular machines that transcribe human genes,
namely RNA polymerases I, 1l and I11 (Pol I, Il and 111), was a milestone in the research area of
eukaryotic transcription [1][2][3] and paved the way to understanding the evolution of
transcriptional regulation in eukaryotes. One of the main challenges in the area is to identify all

the functional elements in this very complex genome, a subset of which is functional elements[4].

The expression of eukaryotic protein-coding genes occur mostly at the transcription
initiation level. Most eukaryotic genes are transcribed by RNA polymerase Il and regulated by
two separate families of DNA sequences which are both cis-acting elements that have recognition
sites to amplify or suppress transcription. The first family belongs to a promoter that contains a
core promoter and nearby regulatory elements, whereas the second family belongs to distal
regulatory elements such as enhancers, silencers, insulators and locus control regions (LCR). An
illustration of a typical gene regulatory elements is given in Figure 1[4] and more details are

presented in the next section.

There is much variation in eukaryotes in the quantity of the genes that are transcribed into
both coding and noncoding RNA species[5]. The human genome has roughly 20,000 protein-
coding genes and even more non protein-coding genes (ncCRNA)[6]. Several ncRNAs have been

shown to take part in gene expression control via modulation of transcriptional or



posttranscriptional processes such as fine tuning the levels of target messenger RNAs (MRNAS)

or selecting chromatin regulators to modify gene expression[7].

Distal regulatory elements
| |
Locus control
region Insulator

Silencer  Enhancer

R | S

Proximal Core
promoter promoter
elements

Promoter (< 1 kb)

Figure 1. Schematic of gene regulatory elements. Taken from[4]

Three groups play a role in accurate transcription in eukaryotic cells. These are: general
transcription factors (GTF) activators which are promoter-specific proteins and coactivators. GTFs
gather around the core promoter in order to form a transcription preinitiation complex (PIC) which
leads RNA polymerase Il to the transcription initiation site. A complete RNA polymerase I
elongation complex occurs after several steps including promoter melting, clearance, and
escape[8]. PIC sitting on the core promoter is only enough for low levels of basic transcription. In
order to trigger more transcription activity, the second group (activators) come into play..
Activators are sequence-specific proteins with separable activation domain[9]. Activators are
believed to work by increasing PIC formation through the interactions with transcriptional
targets[10]. The last group that plays a role in correct transcription is coactivators. Coactivators do
not have sequence-specific DNA binding, they are used by DNA-bound activators[11]. Although
different in structure, coactivators’ functions are very similar to activators which stimulate PIC

formation and modify chromatin.



1.2. The Elements of Transcriptional Regulation

There are six different elements that have a significant role in the transcription process as
can be seen in Figure 1. The first one is the core promoter which is described as the region at the
starting point of a gene that acts as the docking site for both the PIC assembly and basic
transcriptional machinery. It dictates position and direction of the transcription[12]. The second
element is the proximal promoter which is the region that neighbors upstream from the core
promoter. One important characteristic is to house activators via their binding sites[4]. The core

promoter and the proximal promoter together make up the promoter part.

The remaining four elements are called distal regulatory elements. An interesting question
to ask can be how these distal regulatory elements function from a distance. According to studies,
DNA-looping, in which the DNA loops out so that core promoter and distal elements can be
brought together is responsible[13]. Of them, enhancers increase the transcription capacity and
perform similar to proximal promoter[14][15]. They regulate the transcription in a spatial or
temporal-specific way and work regardless of the distance or orientation of the promoter[15]. The
second distal regulatory element is silencers which have similar structure but act in the opposite
way of enhancers. They house binding sites for repressors which are negative transcription
factors[16]. Another element is insulators that block the genes from being affected by the
neighboring genes. This effectively limits the affecting boundary of the other regulatory
elements[4]. Two main characteristic of insulators are blocking enhancer-promoter
communication and averting the spread of suppressive chromatin. Insulators are also called
boundary elements. The last element in this category is locus control regions (LCRs). As the name
suggests, they regulate an entire locus or gene cluster[17] with enhancing specific activity being

the most important characteristic. They function in a similar way to enhancers and silencers.
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Figure 2. Distal transcriptional regulatory elements and their functions of each. Taken
from[4]

1.3. Transcription Factors and Gene Regulation

Transcription factors bind to DNA by occupying DNA sequences at control elements (cis-
elements) where they make use of and regulate the transcription apparatus[5]. Transcriptional
regulation occurs at two different but interconnected levels. The first level includes transcription
factors and transcription apparatus whereas the second level includes chromatin and its

regulators[5] (Figure3).

Transcription factors regulate gene expression through binding to enhancer elements and
selecting RNA polymerase Il and cofactors to target genes[18]. Transcription factors regulate
transcription by synergistically binding to individual enhancers from core promoters via physical

contact which involves looping of the DNA that contains enhancers and the core promoters[19].



As mentioned before, transcription factors bind to cofactors which are protein complexes
that leads to activation (termed coactivators) and repression (termed corepressors). By making use
of coactivators, transcription factors are believed to assist transcription initiation. After the
transcription is initiated by RNA polymerase 11, only a short distance of 20 to 50 bp is transcribed
due to pause control factors. At the next step, these paused polymerases transition to elongation
with the help of positive transcription elongation factor b (P-TEFb) which can be a component of

super elongation complex (SEC).

The second level of transcriptional regulation involves chromatin (Figure 3, right). The
main unit of chromatin is the nucleosome that is governed by protein complexes capable of
mobilizing and altering its histone components. Mobilizing nucleosomes with the help of ATP-
dependent chromatin complexes help them access to the transcription apparatus A[20]. There are
also a variety of histone-modifying enzymes that modify nucleosomes of each active gene[21].
The alteration helps create a dynamic environment for chromatin modification as RNA polymerase
is used in the process of initiation and elongation of the RNA species. There are several types of
repressed chromatin[22] which are embedded: one type contains nucleosome alterations by the
Polycomb complex which are silent but ready for activation at later stages of development[23] and

the other type is completely silenced[24].
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Figure 3. Schematic of transcriptional regulation. Taken from[5]

1.4. Liver Development and Hepatocellular Carcinoma

Being the largest gland in mammals, the liver has endocrine functions such as insulin-like

growth factors, angiotensinogen, and thrombopoietin secretion and exocrine properties like bile

secretion[25]. It is the main player in a variety of bodily functions such as glycogen storage, drug

detoxification, metabolism control, overseeing cholesterol synthesis and transport and plasma

protein secretion. Liver diseases such as hepatic fibrosis, cirrhosis and hepatitis tend to have a high

morbidity rate and are reported to be the fourth leading cause of death in the United States among

middle-aged people[25]. Comprising 2-5% of the whole body mass and being mostly made from




hepatocytes, this organ is responsible for many functions, including purification of proteins and

production of growth factors, signaling molecules and hormones.

Being mostly comprised of hepatocytes, the liver has a very complicated tissue
architecture. The liver lobule can be thought of the main building block of the liver. Plates of
hepatocytes are separated by sinusoidal capillaries are arranged around central veins. Hepatocytes
make up 78% of the liver and are responsible for protein and bile secretion, detoxification,
cholesterol, urea and glucose regulation, acute phase response and blood clotting[26]. There are
other types of cells in the liver. Cholangiocytes (bile duct cells) make up 3% of the liver and form
bile ducts, control bile flow and pH and secrete water and bicarbonate as necessary. Endothelial
cells line the lumen of blood vessels. Sinusoidal cells which are responsible for transferring of
molecules between serum and hepatocytes, scavenging of waste, secretion of cytokine and antigen
presentation. Pit cells are in charge of cytotoxic activity, while Kupffer cells scavenge foreign
material and secrete cytokines. Finally, hepatic stellate cells are in charge of maintaining

extracellular matrix, vitamin A synthesis, and retinoid deposition.

Developing cardiac mesoderm has an indispensable role during the hepatic cell fate phase
based on the studies done on mouse and chick embryos[27][28]. Fibroblast growth factor (FGF)
family is responsible for these inductive signals as FGF1 and FGF2 are capable of substituting
cardiac tissue at the Albumin kickoff which is known to be characteristic to hepatic cell fate[29].
FGF-induced (including Fgfl, Fgf2, Fg8, and Fgl0 which are believed to have overlapping
functionality[30]) hepatic gene expression is regulated via mitogen-activated protein kinase
(MAPK) pathway in the cardiac mesoderm during the hepatogenesis knockoff phase[31]. FGF
signaling necessity is conserved throughout t evolution, as Xenopus, chick and Zebrafish embryos

exhibit the same requirements[32].



Cells going through a hepatocyte cell fate acquire a certain gene expression and
physiological profile during the embryonic and postnatal phases[33]. There is a complex network
of transcription factors in the hepatocyte gene expression regulation. The main players in this
network are HNF1a, HNF1p, FoxA2, HNF4a, HNF6, and LRH-1 [Nr5a2] working by occupying
each other’s promoters and thus form the regulatory circuity[34]. HNF1b, FoxA2, and HNF6 are
involved in controlling the hepatic gene expression kickoff during the specification and liver bud
formation[25]. HNF1a does not seem to have a big impact during embryogenesis which is thought
to be the HNF1 occupying the HNF1 binding sites initially but in the adulthood phase HNF1f3
occupied promoter sequences were observed to be bound by HNF1a[35]. HNF4a does not seem to
affect hepatic speciation although subsequent differentiation is blocked[36]. In fetal hepatic
progenitors, the lack of HNF4a has a serious drawback[34] and preserving character in mature

ones are reported in the literature[37].

Even though there are many diseases associated with liver malignancy hepatocellular
carcinoma (HCC) is the most common one and is the ninth leading cause of cancer deaths in the
United States[38]. HCC is more prevalent in males than females by a ratio of 2.4 to 1 with a higher
strike rate for people with Eastern and Southern Asia, Middle and Western Africa, Melanesia and
Micronesia backgrounds[39]. Chronic liver disease, cirrhosis, viral hepatitis, and excessive
alcohol consumption are the leading risk factors of HCC[38]. Chronic medical conditions, namely
obesity (which is believed to increase the risk by 1.5 to 4 times) and diabetes mellitus (due to the
liver’s important role on glucose metabolism), also increase the risk of HCC. Treatment of HCC
patients is rather limited since the diagnosis are often done on patients with advanced HCC which
have gone through some liver damage already[38]. Among the treatments surgical techniques

such as resection[40], liver transplantation[41] as well as nonsurgical techniques such as



transarterial chemoembolization[42], transartetial radiation[43], percutaneous local ablation[44]

and microwave ablation[45] exist.

Many of the known processes driving liver function have been identified through the study
of hepatoma cells which makes them favorable as a model for liver function. For example, several
key liver-specific transcriptional regulators have been identified using cultured liver-derived
cells[46]. More recently, hepatoma x fibroblast cell hybrids were used to identify candidate genes
possibly involved in driving both hepatic and fibroblast cell function using whole genome
approach. Of the genes identified as highly fibroblast-specific, two genes, Snai2 and Prrx1, were
shown to be able to reprogram cells hybrids to a fibroblast phenotype. Furthermore repression of
either of these genes in a fibroblast cell line resulted in dramatic reprograming of cells into a variety
of cell lineages, including chondrocyte and adipocyte cell phenotypes. Overexpression of these
genes in a hepatoma cell line resulted in repression of hepatoma genes and activation of fibroblast

genes.
1.5. Fibroblast as a Cell Model System

Within the body’s connective tissues, fibroblasts are the most common cell type. Their
main role is to secrete the components of the extracellular matrix (ECM)[47]. Fibroblasts are a
family of very heterogeneous multifunctional cells which have an important role in development
processes[48]. They are also instrumental in repairing tissue damage from inflammation and injury
since they can produce different types of paracrine immune modulators[49]. Fibroblasts are also
thought be involved in tumor development and progression as cancer and chronic inflammation

exhibit some analogies[50].

Fibroblasts are found in most of the tissues and organs in the body and is associated with
extracellular matrix (ECM) molecules[51]. Fibroblasts derive embryonically from mesenchymal

9



origin with a variety of phenotypic characteristics[52]. More recent findings suggest that the source
of fibroblasts after injury or disease can come from epithelial-mesenchymal transition (EMT) and

mesenchymal stem cells which are derived from bone marrow and tissue[53].

One of the most important functions of fibroblasts is the generation and control of ECM of
the tissue or organ. Fibroblasts do this function by synthesizing and secreting collagens,
proteoglycans, fibronectin, tenascin, laminin and fibronectin. They are very active cells and each
cell is thought to synthesize 3.5 million procollagen molecules per day[54]. Fibroblasts also
generate matrix metalloproteinases, their inhibitors, and tissue inhibitors of metalloproteinase that
regulate extracellular degradation. Another important function of fibroblasts is regulation of tissue
interstitial fluid volume as well as pressure through interaction of 1 integrin receptors[55]. The
last important function of fibroblasts is the involvement in wound healing and repair which
includes clot formation and platelet degranulation followed by releasing mediators to attract
relevant cells to the wound area[56]. It replaces the matrix with a more mature ECM and

subsequently heals the wounded site.
1.6. Twist-related Protein 1 (Twistl)

Twistl was first identified in Drosophila as an indispensable gene for mesoderm formation
and differentiation into different distinct tissue types as well as dorsal-ventral patterning in the
early embryo development phase[57]-[60]. The name was given since the Drosophila embryos
lacking Twist] gene died at the end of embryogenesis looking “twisted”’[60]. The Twistl gene
encodes a transcription factor that is comprised of a basic helix-loop-helix (bHLH) domain as well
as an amino-acid motif[61]-[63]. The important role of Twistl in the development of mesoderm
has been established. For example, Twistl gene mutations in human cause Saethre-Chotzen

syndrome which is an autosomal dominant inheritance disease[64]. Similar effects were observed

10



in gene-ablation studies involving Twist1 null mice[65]. More recently, a crucial role Twistl plays

in cancer metastasis has emerged in the literature[66]—[68].

Belonging to the bHLH family which is characterized by the formation of a domain
consisting basic amino acids sitting next to two amphipathic a-helices that are separated by an
inter-helical loop[61]. The a-helices moderate the interaction with another bHLH factor and cause
the production of a dimer that binds to Ndel E-box which has an indispensable role for a variety
types of organogenesis[63]. There are three subfamilies within bHLH family. Class A proteins are
omnipresent among the mammalians. Class B proteins are specific to tissue expression and form
dimers with class A molecules in order to bind to E-boxes. The final class C subfamily do not form

dimers with other classes. Twistl belongs to the family of class B[69].
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Figure 4. Location of Twistl gene in human. Taken from[70]

Human Twist1 gene has two exons and one intron and is mapped to 7p21.2[71] as shown
in Figure 4. The first exon contains an ATG site which is followed by 202 amino-acid residues
that are in turn followed by an untranslated portion (45-bp) in exon 1, 536-bp intron and another
untranslated portion in exon 2[57]. Human Twist1l molecular weight is approximately 21 kDa, and
has a theoretical isoelectric point of 9.6. This protein has more polar amino-acid residues near the
NH2 ends whereas more nonpolar residues at the COOH ends. Hence, NH> terminus is more

hydrophilic.

11



Human Twist1 protein and mouse Twist1 protein are 96% identical with the bHLH domain
between residue!® to residue® has exactly the same homology[72]. Molecular structure of human
Twistl protein is shown Figure 5. Moreover, bHLH domains of Twist1 is mostly conserved among
many species such as human, mouse, frog, Drosophila, leech and Caenorhabditis elegans. 1%°Q —
T2 region of human Twist1 protein is the main region in charge of binding to DNA. Furthermore,
Loop-Helix 11 region also plays a role in the DNA binding process. Not only does Twistl form
dimer in order to bind to DNA, it also interacts with MyoD which is responsible for muscle

differentiation. Hence, this interaction leads to suppression of muscle differentiation[73].

PCAF
P300/CBP E12/E47, MyoD Runx2
37-40 73-77 109-163 180-202

|

NLS1 NLS2 bHLH \
109-121  122-138 138-152  153-163

Basic Helix 1 Loop Helix II

Figure 5. Molecular structure of human Twistl protein. Taken from[57]

Twist box (also called WR motif) which is found between 20 and 55 amino acids from
COOH-terminal to bHLH area is protected among vertebrates. This region has 100% homology
among human (corresponding to between residue’® and residue®®?), mouse and Xenopus[57]. On

the contrary, a more historic species such as C. elegans does not contain a WR dipeptide. This WR

12



domain is necessary for the transactivation of Twistl and any genetic mutation in this area results

in Saethre-Chotzen syndrome for humans[74].

Aside from Twistl, there is also Twist2 protein. The Twist2 protein in humans has 160
amino-acid residues and it has only 68% identical homology-wise. However, the amino-acid
sequences in bHLH and Twist box domains are essentially identical and it is the reason for their

mutually redundant functions[57].

Being a major player in organogenesis, Twistl is mostly expressed in tissues derived from
mesoderm. In Drosophilia, it has been shown that cellular blastoderm stage is the first phase
Twistl is detected[75]. In the early gastrulation era, Twistl expression is observed to be high in
the mesodermal layer of the embryos. Late gastrulation phase comes and Twistl can be observed
in the cells of germ band mesodermal layer as well as anterior midgut primordium. In the later
stages, Twistl expression weakens but can still be seen within the mesodermal layer of
somatopleura and splanchnopleura. After birth happens, it can be observed in adult mesenchymal
cells such as muscle stem cells[76][77]. It is worth mentioning that at all developmental stages,

Twistl is localized in the nuclei since it is a nuclear protein.

As another important model, Twistl is first observed at embryonic day 7.5 during mouse
embryogenesis in the anterior-lateral mesoderm underneath the head folds, inside the primitive
streak epiblast as well as in scattered cells in the amniotic cavity[77][78]. Afterwards, Twistl is
observed sequentially in the metameric segments, the neural crest derived head mesenchyme, the
first aortic arches, the lateral mesoderm, the second, third and fourth branchial arches, the anterior
limb buds, and finally, the posterior limb buds[79]. Twistl is likely to be expressed initially along
a dorsoventral gradient pattern until the headfold phase, followed by expression along the rostro-

caudal axis of the embryos[57].
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Unfortunately, dominant Twistl expression areas during embryo development stages for
humans are not as developed as Drosophilia and mouse, although there have been reports in the
literature. Twistl expression was strongly observed in the placenta. More specifically, in the fetal
region of the placenta which is unsurprisingly comes from the mesoderm[71]. Less strong
expression levels were observed in the adult heart and skeletal muscle. Even weaker signals were
seen in the kidney and pancreas whereas brain cells which are derived from ectoderm and lung
and liver cells which are derived from endoderm did not express any Twistl signal. Considering
cell lines derived from human, WI-38 cells (fetal fibroblasts from lung), human peritoneal
mesothelial cells and endometrial fibroblasts as well as mesenchymal stem cells derived from bone
marrow showed Twistl signals[80]. To summarize, Twistl, an indispensable gene for
organogenesis, is mostly expressed in the mesoderm-derived cells. After birth, it is mostly

expressed in adult stem cells.

Twistl is a vital regulator of many biological processes. Required for the proper
development of mesenchyme derivatives, Twistl executes a set of downstream target genes[81].
However, the exact molecular mechanism of Twistl’s role on mesenchymal tissue formation is

not developed[69].

One signaling Twistl is involved is Fibroblast Growth Factor (FGF) signaling
pathway[82]. In Drosophilia Twistl activates the expression of DFR1 and in C. elegans egl-
15[69]. As mentioned before, mutations in Twistl causes Saethre-Chotzen syndrome which is

believed to be due to the necessity of Twistl for FGF signaling during morphogenesis[83].

Apart from FGF signaling, Twistl is also involved in Bone morphogenetic protein (BMP)
and probably Transforming Growth Factor-f (TGF-) signaling[84]. As opposed to other bHLH

proteins, Twistl has the ability to build functional homodimers (T/T) as well as heterodimers with
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E12 (T/E). Homodimers and heterodimers have different actions and influence different gene sets’
expression. It is possible to pinpoint the ratio between these dimers by checking relative levels of
Twistl and helix-loop-helix Id proteins as Twist1 tends to form heterodimers when Id proteins are
absent and homodimers when present[84]. Id proteins are a different class of HLH and compete
with Twistl by forming dimers with E12 and inhibiting heterodimer formation by Twist1s[85]. In
light of this knowledge, in the areas where Twistl and Id1 are expressed together such as fronts of
cranial structures, genes regulated by T/T dimers are expressed. On the flip side, T/E regulated
genes are expressed in mid-sutures and it has been shown to suppress BMP signaling[82][86]. As
BMP signaling activates Id expression, it leads to more homodimer (T/T) formation. This makes
up a positive feedback loop that is believed to cause the early closure of the sutures[57]. Similar
effect takes place in the limb bud for the case of FGF signaling[87]. Twistl is also found to be

indispensable for Bmp4 expression in the apical ectoderm[87].

An opposite feedback loop, namely negative feedback, happens in Tumor necrosis factor
(TNFa) which activates both proapoptotic and antiapoptotic pathways. In order to prevent
apoptosis, TNFa activated NF-kB upregulates Twist1 as well as Twist2. In response to this, Twist1
and Twist2 reacts with a subunit of NF-«kB to inhibit cytokine genes expression[57]. This negative

feedback loop is thought to have a role in impeding overactivation of cytokine expression[88].

Another very important role Twistl plays besides the role in organogenesis is the
expression of in aggressive tumors in a variety of cancer types such as breast cancer[66],
hepatocellular carcinoma[89], prostate cancer[90], gastric cancer[91], esophageal squamous cell
carcinoma[92], bladder cancer[93] and pancreatic cancer[94]. Twistl has a presence in cancer
initiation, progression as well as metastasis[57]. Amino acid sequences of well characterized

species are shown in Figure 6.

15



MMSARSVSPKVLLDISYKPTLENIMELONNVIKLIQVEQQAYMOSGYQLOHQQOHLHSHY 60

--------------------------- MMQDVSSSPVSPADDSLSHNSE 21
----------------------------- MMQDVSSSPVSPADDSLSNSE 21
--------------------------------------- MMQEESSSPVSPVD-SLSNSE 20
HHQQHHOOOHAQYAPLPSEYAAYGITELEDTDYNI PSNEVLSTSSNQSAQSTSLELNNNN 120
--------------------------- MMSPSFPTTSSSHHLRRLTQQ 21
EEPDROQQPPSG-=====m--cmsccecccm s e e e e e === === K 33
EEPDRQQPASG--------mmcmcccccccccccccccsscccccccccccmmmn———— K 33
EELDKQQS-------------cmcmmmmmmmmcmm e e e e e e e m e mmmmm e m——m = K 29

TSSNTNSSGNNPSGFDGOASSGSSWNEHGKRARSSGDYDCOTGGSLVMOPEHKKLIHQQQ 180
QORQRRQPASTDSVIKNCLFNNKNDTSTHLTTHLQGVNKI Y FHNNNNCSNDSNNNSVDLK 81

RGGRKR----=-=-===-=-=- RSSRRSAGGGAGPGGA--=-===============sssa==== 55
RGARKR- - - == === ===~ RSSRRSAGGSAGPGGA- - - === === === = === mmmmmm 55
RGCRKR---========= = 2 = < 42
QQQQQHQQQIYVDYLPTTVDEVASAQSCPGVQSTCTSPQSHFDFPDEELPEHKAQVFLEL 240
PATKKRKKNIKKLTKSDSRPIRTSES TKNDLQQNNV- === ==ccccaaaaoaas VKVEL 122

AGGGVGGGDEPGSPAQGKRGKKSAGCGGGGGAGGGGG - - - - SSSGGGSPQSYEEL - - - - - 106

TGGGIGGGDEPGSPAQGKRGKKSAGGGGGEGGAGGEGEEEGGSSSGGGSPQSYEEL - - - - - 110

-------- EDPDSPISVKRNKK- === === === -ASSTGSSPQSFEEL----~ 70

YNNQOOQSQOLQOOQPHOOSHAQMHPONAYRQSFEGYEPANSLNGSAYSSSDRDDMEYAR 300

DQSDNNTAENEDSKSSVKDSKNNNHCNNTAPTTTITTTPS INFNTQTTTSTYRKLENATT 182

uuuuu MVARRKGERVVRENEVEN-======n=nmeecasmesscensnmes=meme===== 1§
§ #

NUPOXNEIE APOXIET NPOXIED NPOKEIXD aUroxKam

HNALSSVSDLNGGVMS PACLADDGSAGSLLDGSDAGGKAFRKPRRRLKRKPSKTEETDEF 360
NNIAYNHNGSGKNYYSNYNSHNNSPP- - == === === === mmm o e e LSL 211

QTQRVMANVRERQRTO SLNEAFAALRKIIPTLPSDELSKIQTLELAARYIDFLYQVLQOSD 166

OTQRVMANVRERQRTOSLNEAFAALRKIIPTLPSDELSKIQTLELAARYIDFLYQVLOSD 170

QSQRVMANVRERQRTO SLNEAFSSLEKIIPTLPSDELSKIQTLELASRYIDFLCQVLOSD 130

SNQRVMANVRERQRTOSLNDAFKSLOOIIPTLPSDELSKIQTLEKLATRYIDFLCRMLSSS 420

QTQRVLANVRERQRTQSLNDAFSQLRKIVPTLPSDELSKIQTLELATRYIDFLYDQLENN 271

VOQRACANRRERQRTKELNDAFTLLREKLIPSMPSDEMSKIHTLRIATDYISFLDEMQKNG 78
*RG wdk mrkrrafokrfer  SHEAH R R afearfrrfiag wrgun 553

aroxKEE nroxIm

ELDS-====m===mmmmmmmmmnnmmne KMASCSYVA- = ======= HERLSYAFSVWR 191
ELDS------==-=-===c---eoooooon KMASCSYVA--------- HERLSYAFSVWR 195
ELDS----=-=================--~- KMASCSYVA= === === -~ HERLSYAFSVWR 155
DISLLEALEAQGSPSAYGSASSLLSAAANGAEADLECLREANGAPIIFPPEELSYLFGVHR 480
KOOOQOHOOOOQ00HOS - - - == == = = - - MDEFANGGYVSGLNGSPVISSDKLGYAFSVWR 320
CHLYGHSIFDEKRGYNLOSAFNMWRGHNNGY TPIAGPSQLPPLOSAHIPPPAPSSIPPHCL 138
]
MEGAWSHMERSH = csnsnnmnsssanasanbsansans 202
MEGAWSMSASH-=========s=ceemsnacocesanaaanx 206

MEGAWOMNEK SELNNNGCYLRMGSSAGGESSNNVEDGSVIG- 359
MPOPWYQTC PPPKQEFHELCPISTENPNSNENQLTPIHWG 178
* $

argHIE arogxEm

Figure 6. Amino acid sequences among human (H), mouse (M), xenopus (X), Drosophilia
(D), leech (L) and C. Elegans (C). Taken from[57]
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Most well-known effects of Twistl in cancer is the promotion of cancer cell (epithelial-
mesenchymal transition) EMT and metastasis. Metastasis has many steps including EMT, local
invasion, intravasation, transportation, extravasation, proliferation at another site and production
of overt metastatic lesions[95]. Just as it does for development, Twist1 exhibits a similar behavior

by supporting the cells to undergo EMT and move to form secondary tumor sites[96].

Although Twistl plays an important role in many types of cancers, the way it expresses,
functions and the molecular mechanisms affected in this process vary for each type of cancer. Due
to the topic of the thesis, 1 will cover only the hepatocellular carcinoma (HCC). HCC is a metastatic
tumor characterized by rapid growth[57]. It has been shown that Twistl overexpression has a
positive correlation with HCC metastasis and a negative correlation with E-cadherin
expression[89]. The demonstration of higher levels of Twistl and lower levels of E-cadherin
corresponding to higher metastatic capability implies that Twistl inhibits E-cadherin expression
and activates EMT alterations[89]. Upregulation of vascular endothelial growth factor (VEGF)
and N-cadherin by Twistl in HCC points to Twist1’s role in HCC angiogenesis[97]. Another study
demonstrated the increased mobility effect of overexpression of Twistl on HCC cells[98]. In a
study[99] involving Twistl with two other major EMT regulators (Snail and Slug) the synergistic
effect of Twistl and Snail in enhancing HCC metastasis was demonstrated. Co-expression of Snail
and Twistl decreased E-cadherin and deteriorated prognosis significantly compared to Twistl
expression alone whereas Slug expression was not significant. Further verification comes from a
study demonstrating Twist1’s effect on increased motility, invasiveness via inhibiting E-cadherin

expression and upregulation of N-cadherin[100].
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1.7. Epithelial-Mesenchymal Transition (EMT) and Regulation of EMT

Epithelial tissue is comprised of tightly-packed epithelial cells and is useful to protect the
body from outside hazards as this tight packing of cells provide the required structural robustness
due to strong cell-cell and cell-matrix interactions[101]. As opposed to epithelial tissue
mesenchymal tissue is a loose connective tissue that exists in early embryo. Composed of
fibroblast-like shaped cells, mesenchymal cells are highly mobile thanks to their loose

interactions[102]. Being undifferentiated, mesenchymal cells have stem cell properties.

In the beginning phase of an organism’s development, there is only a single cell which is
the fertilized egg. As time passes, the multiplied cells from the egg have to differentiate into three
separate tissue types which are endoderm, ectoderm and mesoderm. The differentiation process
was once believed to end after a certain time passes[101] but more recent evidence showed
differentiation continues in response to physical damage and stress[103][104]. Epithelial-
mesenchymal transition (EMT) is a biological process of epithelial cells gaining mesenchymal
properties via physical and biochemical changes, and is the mechanism for cellular diversity. As a
result of this process, epithelial cells lose their rigid architecture and become mobile, apoptosis
resistant cells just like mesenchymal cells. Figure 7 shows the process of EMT[105]. After the
transition, these cells move around the body to perform tasks such as tissue reconstruction and
repair[106]. After migrating to the necessary part of the body, these cells undergo a reverse
transition called mesenchymal-epithelial transition (MET) to become rigid, immobile cells once

again[107].
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Figure 7. Functional transition from epithelial to mesenchymal phenotype. Taken
from[105]

Besides being a key player in for embryonic development, EMT also plays an important
role in tumorigenesis since it promotes invasive and metastatic properties of epithelial cancer cells
according to animal studies conducted[108]. Some signaling pathways involved in EMT during
embryonic development are present in EMT during carcinogenesis[101]. It was suggested that
these epithelial cells from the primary tumors become motile through the process of EMT and
move away from the primary tumor area and cause secondary tumors at distant places where they
have metastasized. They again become rigid and immotile once again through the process of
MET[106]. This behavior has been observed for breast, ovarian, colon, and esophageal

cancer[109].

It is important to state there is not only one type of EMT and each one occurs for a specific
type of requirement. Type | EMT is linked to implantation, embryo formation, and organ
development and thus pivotal in cell type differentiation. It is possible to go back to form epithelial
cells through the process of MET. Type Il EMT, on the other hand, occurs in reaction to an
inflammation and stops once the inflammation is reduced. Hence, type Il EMT occurs during tissue

repair and damage healing. Type Il EMT is found in solid tumors and makes the epithelial cells
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invasive, leading to metastasis. A schematic showing all three types of EMT is illustrated in Figure

8[105].
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Figure 8. Three different types of EMT. Taken from[105]

During EMT, gene expression levels are altered as down-regulation of epithelial markers

such as E-cadherin and up-regulation of mesenchymal markers such as vimentin and N-cadherin

occurs[104]. The most important marker for EMT is the E-cadherin which plays a significant role

in cell-cell adhesion[107]. Since E-cadherin is important for epithelial cells to be immoatile,

reduction of E-cadherin levels leads to increase in invasiveness and change of adenoma to

carcinoma. Hence, expression of E-cadherin is inversely correlated with tumor grade and

stage[110][111]. E-cadherin levels are regulated both at the genomic and transcriptional level. It

is possible to reduce activation of E-cadherin gene CDH1 by mutations as well as loss of CDH1

heterozygosity and hyper-methylation of CDH1 promoter[107]. Activation of EMT-inducing
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pathways is possible through the use of growth factors such as fibroblast growth factor, epidermal
growth factor, hepatocyte growth factor and transforming growth factor (TGF-B). The last factor
is instrumental in many processes in the body including regulating growth, as well as

differentiation and migration of cells during cancer progression, and metastasis[112].

The crucial players of EMT pathways are also E-cadherin repressors. One of them is Snail
which is a zinc finger DNA binding protein present in normal growth as well as tumorigenesis and
has been shown to be an important mediator of EMT in human and mouse invasive carcinoma
cells[112]. Another important EMT inducer is Twist, a helix-loop-helix transcription factor. Twist
inhibits E-cadherin via binding to E box motifs which are also directed by Snail and overexpression
of both inducers has been shown to be linked to loss of E-cadherin as well as increase in N-cadherin
in human gastric cancer[113]. Many EMT-inducing transcription factors act synergistically. For
example, in human cells Twistl activates Snail2 by directly binding to its promoter area and these
two transcription factors are believed to be conserved through evolution and play an important role

during embryogenesis and tumor metastasis[114].

Other studies on EMT focused on the effect of epigenetic alterations on up-regulation of
epithelial genes and down-regulation of mesenchymal genes during EMT[112]. TGF-§ supports
the epigenetic control of EMT by inducing a DNA methyltransferase, namely DNMT1. It also
reduces the heterochromatic marker, di-methylation of Lys9, and increases euchromatin
marker[108]. Snail expression, in various types of carcinoma, is related to the E-cadherin promoter
hyper-methylation by binding to the promoter region. Afterwards, Snail uses a complex including
histone deacetyltransferases 1 and 2. Using this complex results in histone H3/H4 acetylation and
an increase in histone H3 methylation that in turn induces heterochromatic structure and restrains

E-cadherin expression[112].
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As an environmental factor hypoxia, defined as pressure of O levels being less than 10
mm Hg, is correlated with normal development and tumor progression[101]. Low oxygen
environment up-regulates hypoxia inducible factor (HIF-1) which interferes with the hypoxic
response by producing a transcription factor that activates transcription of target genes[104].
Hypoxia conditions up-regulate Snail and Twist, possibly through TGF-p stimulation[108] by

inducing Snail and Twist expression which reduces the expression of E-cadherin.
1.8. Project Overview and Goals of the Study

The most important roles Twistl plays are involvement in organogenesis and the
expression of aggressive tumors in a variety of cancer types including hepatocellular carcinoma.
Besides Twistl, Snai2 is another EMT regulator according to previous studies[99]. Previous
studies showed that Snai2 overexpression in hepatoma cells (Fgl4) activated expression of
fibroblast specific genes[115]. Moreover, Snai2 overexpression resulted in repression of liver
specific genes. This thesis addresses whether Twistl has a similar effect as Snai2. More
specifically, the objective of this work is to determine how Twistl transfection of hepatoma cells

(Fgl4) affects fibroblast specific and hepatoma specific genes.
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Chapter 2

Materials and Methods

2.1. Cell Culture

All cells were stored in a medium that contains 1:1 Ham’s F12/Dulbecco’s modified
Eagle’s medium (FDV) which consists of 10% fetal bovine serum (FBS) (GIBCO BRL) and 5
pg/100 ml penicillin-streptomycin (GIBCO) at a temperature of 37° C with 5% humidity CO>
water-jacketed incubator. FG14 cells were derived from the parental cell line H4IIEC3 cells,
isolated from a rat tumor by Weiss and colleagues. RAT2 cells are a thymidine kinase negative
variant of the rat fibroblast cell line RAT1 and were obtained from American Tissue Type

Collection (ATCC).

Commercially available Lipofectame kit from Invitrogen was used to transfect the cells
with candidate genes. Briefly, DNA was mixed with a liposome reagent, trapping the DNA inside
the liposomes and allowing liposomes to fuse with cell membranes to release the DNA into the
cells. Expression vectors containing candidate gene TWIST1 was purchased from Origene, Inc.
Six-well cell culture plates were used for the transfection process of candidate genes. Specifically,
0.5 ml of FDV media without penicillin and streptomycin (Pen/Strep) was added to a micro-
centrifuge tube., DNA (1 pg/ul) was added, mixed then and 5 pl Lipofectamine Plus reagent was
added to the mixtures and mixed gently for five minutes at room temperature. Finally, 5 pl of
Lipofectamine LTX reagent was added to the mixture and was mixed gently by pipetting and

incubated for half an hour at room temperature.

Cells to be transfected were introduced in a 6-well format the day before transfection. The

transfection mixture that was prepared in the microfuge tubes before was added in the wells of the
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plates and incubated at 37°C with 5% CO> for 6 to 8 hours while rocked. Afterwards, medium was
substituted with FDV containing 10% fetal bovine serum, penicillin and streptomycin and
incubated for 2 days at 37°C in 5% CO2 environment. Cells were split into various dilutions (1:20,
1:10 and 1:5 dilutions) in complete medium plus 500 pg /ml G418 and was incubated for 2 to 3
weeks. After this process, G418 resistant clones were either pooled (10 to 50 clones per pool) or
picked individually then expanded into larger plates until the cells could be lysed and ready for

RNA extraction.

To determine the transfection efficiency, cells were also transfected with a Green
Fluorescent Protein (GFP) expression plasmid. Based on GFP positive cells after 48 hours, we
estimated between 4 and 6% transfection was achieved Furthermore, a DNA free control plate
was used a negative control to make sure no G418-resistant cells were present in the cell line being

transfected.
2.2. RNA Isolation

RNA extraction from confluent cell lines was performed using an RNeasy Mini Kit from
Qiagen, with a DNase-I step modification. Briefly, the medium was removed, and the denaturing
reagent guanidine isothiocyanate (GITC) and - mercaptoethanol (RLT buffer) were used to lyse
the cells. Following this procedure, lysed cells were placed in a collection tube for homogenization
by centrifugation through a QiaShreddr (Qiagen) mini-column. One volume of ethanol was added
followed by application of an RNeasy column in a collection tube. RW1 buffer was used to wash
the resin filter and digested with DNase | for 15 min at room temperature. The filter was washed
with RW1 again first and RPE buffer second followed by quick centrifugation after each treatment.
RNA was then eluted from resin filter by addition of 40 pl to the column followed by centrifugation

at 10,000 x g for 1 minute. Extracted RNA samples were transferred to microfuge tubes and stored
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at -70° C. Nano-drop spectroscopy at 260 and 280 nm was used to determine concentration and

purity of the purified RNA.
2.3. cDNA Synthesis

A mature, fully spliced, messenger RNA was used to acquire complementary DNA with
the help of reverse transcriptase enzyme. In this procedure, Poly-T oligonucleotides anneal to poly-
A tails of the RNA and addition of it creates the required complimentary DNA strand which was
generated by first digesting the RNA strand using Ribonuclease H. Afterwards, complementary

strand synthesis yields the double stranded DNA.

To produce cDNA from previously purified RNA, MasterAmp High Fidelity RT-PCR kit from
Applied Biosystems was used. Reaction mixtures contained 10X RT Buffer, 25uM dNTP Mix,
10uM RT Random Primers, MultiScribe, sterile nuclease free water and 1 pg RNA in a final 20
pl volume. The RNA mixture was incubated at 37° C for 30 minutes. The settings in the Bio-rad
Thermal Cycler used to synthesize cDNA are: 25°C for 10 min, followed by 37°C for 2 hours,
85°C for 5 min, then 4°C until final products are transferred to a microfuge tube and stored at -
20°C. Afterwards, the stored cDNA tubes were diluted to the previously determined concentrations

to be used for quantitative PCR.
2.4. Primer Design

Primer design was done using software provided by NCBI which is programmed to
optimize and identify primer pairs that hybridize to single gene targets at appropriate temperatures
(between 55 and 65°C in our case) and produce short amplicons when using gPCR. The suitable
primers were purchased from Integrated DNA Technologies Inc. Three primers sets were designed

for each gene to be tested. The best performing primer set (producing optimal amplification with
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lowest background signal for both cells of interest) namely the parental hepatoma cells and
fibroblasts cells were used for subsequent experiments. Genes whose expression was known to be
significant in hepatic and fibroblast function based on the literature was monitored using gPCR.
Primer pairs in this study and their predicted melting and annealing temperatures are given in the

Tables 1 and 2.

Table 1. Primers used in the quantitative Polymerase Chain Reaction (qQPCR), primer sequences,

melting temperature and annealing temperature of primers for the parental hepatoma cells.

Primer Primer Sequence Melting Annealing
Temperature | Temperature
Hnfl F-5 CCATTCTGAAAGAGCTGGAGAAC3 57.1 60
R-5' AGGTACGACTTGACCATCTTTGC3' 55.6
Hnf4 F-5 TGGCAGAACTCCATCCGTCATTC3 56.6 60
R-5' AACTGGATCTGCTCGATCATCTGS3' 56.5
Hnf6 F-5" CAGTGGCTCTAAGCACAGTAA 3’ 54.5 60
R-5° CAGTGTGGTGGAACAGATAAGA 3’ 54.3
Serpinal F-5° CCTATACCGGGAGCTGGTCCAT 3’ 60.3 64
R-5> TTGCGAGTGTCACCCTTGCT 3’ 59.5
Alb F- 5" CATCCTGAACCGTCTGTGTG 3’ 55.7 60
R-5> TTTCCACCAAAGACCCACTA 3 55.8
rkngl(l) F- 5" AACACAATTGCCGCCTTCTCACAG 60.2 64
3’ 60.2
R-5> GTGCAATGGAATGACCAAGTGCCT
3’
rFgbl (4) | F-5° AAGGAGACAAGGTGAAGGCACACT 60.3 64
3’ 59.9
R-5> AAGAACATGCCGTTGTGGATGCTC
3
rPckl (2) F- 5" CGCTATGCGGCCCTTCTTT 3’ 58.3 60
R-5° CGTGAAAGATCTTGGGCAACT 3’ 57.5
Gapdh F-5" TGATTCTACCCACGGCAAGTT 3’ 56.5 60
R-5° TGATGGGTTTCCCATTGATGA 3’ 54.2
rCregl (3) | F-5° CATCAGACACCCTGAGATGAAA 3’ 54.4 60
R-5 GGTCCACCAAAGTAGTCCAAA 3’ 54.8
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Table 2. Primers used in the quantitative Polymerase Chain Reaction (qQPCR), primer sequences,

melting temperature and annealing temperature of primers for the parental fibroblast cells.

Primer Primer Sequence Melting Annealing
Temperature | Temperature

Prrx1 F-5 GAACCGAAGCTGGGAGAAA 3 54.9 60
R-5' AGGAGAGAGAGAGAGAGAGAGA 3' 54.9

Snai2 F-5 CTGGATACTCCTCATCTTTGGG 3 54.5 60
R-5' CTCTTCGTCACTAATGGGACTT 3' 54.1

C-Fos F-5' GCTGGTGCATTACAGAGAGAA 3 54.8 60
R-5 GTGTGTTTCACGCACAGATAAG 3' 54.3

Twist F-5' TCGCTGAACGAGGCATTT 3 54.8 60
R-5' GCCAGTTTGAGGGTCTGAAT 3' 55.1

Shox2 F-5' CTGAAGGATCGCAAAGAGGATG 3 55.6 60
R-5 CGTTGAGTTGTTCCAGGGTAAA 3 55.2

Sppl F-5' CAGCCAAGGACCAACTACAA 3 55.0 60
R-5' TGCCAACTCAGCCACTT 3' 54.8

Bmp3 F-5' CTAGAGGCTAGAGGGAGAACTT 3 54.9 60
R-5' GACAGAGAGACAGAGACAGAGA 3 54.8

Collal F-5' ACTGGTACATCAGCCCAAAC 3' 55.0 60
R-5' GGAACCTTCGCTTCCATACTC 3 55.3

Sema3a F-5' GGGACGAGACTTTGCTATCTTC 3 55.1 60
R-5' GATGGGCACTGATGAATCTAGG 3' 55.1

2.5. Quantitative-Polymerase Chain Reaction (QPCR)

All the cDNA samples were diluted to a concentration of 5 ng/ul for all the samples. A
final volume of 20 ul of reaction mixture contained 2 pul of cDNA template at a concentration of 5
ng/ul, 6.75 ul of sterile nuclease free water, 10 pul of Fast SYBR® Green Master Mix purchased
from Applied Biosystem and 1.25 ul of gene specific primer at a 0.5 UM concentration (IDTDNA).
To quantify the expression of MRNA level, Applied Biosystem thermocycler was used. The first
step was done at 95° C for 3 sec which is followed by an annealing step happening at 5°C above
the primer melting temperature for 30 sec for 40 cycles. A final melt curve step was performed at
95°C for 15 sec, followed by going down to 60°C for 1 minute and a final step at 95°C for 15 sec.

The control used for gPCR is comprised of 8.75 pl of sterile nuclease free water, 10 ul of Fast
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SYBR® Green Master Mix and 1.25 pl of gene specific primer at a concentration of 0.5 uM
(IDTDNA). The reference gene used to test the cDNA quality was Gapdh. Duplicate assay was

performed for each cell line and reactions were repeated three times for reproducibility purposes.

Raw threshold (Ct) values were calculated by taking the average after the amplification for
each of the cell lines. The amplified target genes in each hepatoma and fibroblast cells were
normalized to Gapdh for the respective Ct-value, generating a delta-Ct value (ACt). Fold
differences in gene expression were determined with a delta delta-Ct (AACt) calculation. The ACt
of the control cell line (Fgl4) was subtracted from the hepatoma variant ACt value, generating a
AACt value. Using a log base 2 scale, the calculated difference was placed into the AACt equation:

2(ACt (sample — experimental) — (ACt Control).
2.6. Statistical Analysis

Statistical significance was determined using student t-test assuming unequal variance.

Significance value was accepted at p < 0.05 level.
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Chapter 3

Results

We used hepatoma cell line Fgl14 as a model to study the role of candidate gene Twistl in
the regulation of fibroblasts-specific gene expression. The results can be regarded as an extension
of past studies from our laboratory which originally identified candidate master regulatory genes
in a genome-wide screening of gene expression in hepatoma x fibroblast cell hybrids that could
remodel cell hybrids to become more fibroblastic in nature[46]. Previous studies showed that Snai2
overexpression in hepatoma cells (Fg14) activated expression of fibroblast specific genes[115].
Moreover, Snai2 overexpression resulted in repression of liver specific genes. This thesis
addresses whether Twistl has a similar effect as Snai2. More specifically, the objective of this
work is to determine whether Twist1 overexpression in hepatoma cells (Fg14) can reprogram these
hepatoma cells to become more fibroblast-like. To that end, we monitored fibroblast specific and

hepatoma specific gene expression in response to Twistl overexpression.

Expression cassettes containing the mouse Twistlgene in a neo plasmid vector was
transfected into the Fgl4 cells and G418 selection applied. There was only one pool and three
total clones. A parallel non-transfected negative control was included which, as expected, resulted
in no G418 resistant clones. G418 resistant clones were picked individually or pooled and
expanded into 100mm cell culture dishes. Following this procedure, RNA was extracted and used
to generate complimentary DNA (cDNA) that was later used in the gPCR reactions to monitor

expression of target genes.
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3.1. Expression Comparison of Fibroblast and Hepatoma-specific Genes

We first compared gene expression profiles of key liver-specific and fibroblast -specific
genes between the RAT1 fibroblasts cells and the Fgl4 cells using rat-specific primers. For
hepatoma cells, we measured expression of genes encoding transcription factors known to be
important in driving the liver phenotype. These included transactivator genes Hnf4, Hnfl, Hnf6 as
well as Cregl, a gene recently identified in our laboratory as being important for liver function.
Results show that of these genes are highly liver-specific, with levels 100-1000 fold higher in the
hepatoma cells compared to those in the RAT2 fibroblast cell line (Fig. 9). We next measured
expression of a panel of fibroblast specific genes known to be important in driving the fibroblast
phenotype. These included Prrx1, Snai2, C-fos, Shox2, Sppl, Colla, and Sema3a and the gene of
interest, Twistl. As expected, result show that Fg14 cell expression of these genes is 2 to 3 orders

of magnitude lower than in the RAT1 fibroblasts (Fig 10).
3.2. Twistl Overexpression in Fgl4-transfected Cells

As shown above, Twistl is expressed at levels >100 fold lower than those in the RAT2
fibroblasts. We next asked whether the transfected mouse Twistl gene was expressed in
transfected Fg14 cells. To do this, mouse-specific primers were used, as the rat primers failed to
cross-hybridize to the mouse cDNA sequences (results not shown). Results from RT-gPCR
analysis show that mouse Twistl was successfully over-expressed in pooled Fgl14 transfectants as
well as two (clones 4 and 8) of the three individual clones compared to the non-transfected Fgl4
cells (Fig. 11). A third clone (clone 6) showed no detectable expression of the Twists1 transgene,

and therefore serves as a negative control for non-specific effects.

As mentioned above, both the pooled clones well as the two out of the three individual
clones tested expressed the introduced Twistl gene at levels >2500 fold higher than the signal in
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the Fg14 cells (Fig. 11) . It is important to mention that since the used primers are mouse-specific,
background signals in the rat-derived Fgl14 cells could either be due to cross-hybridization to rat

sequences or spurious hybridizations to other sequences.
3.3. Twistl Overexpression — Activation of downstream hepatoma-specific genes

The next set of experiments were done to address the question of whether Twistl
overexpression in hepatoma cells (Fg14) could affect expression of downstream hepatoma-specific
genes. Regulation of downstream genes in distinct cell types depends largely upon transcriptional
control. It is known that regulation and/or activation of liver specific downstream genes
necessitates binding of hepatocyte nuclear factors and co-activators to promoter regions. Due to
the established features of Twistl and its fibroblast specificity, we asked if it could alter liver-
specific downstream genes (which would suggest reprogramming of these cells). Expression of 10
different key liver markers was monitored. In each case, expression profiles were compared

between the non-transfected Fg14 cells and the Twist1-transfected cells (pools and three clones).

All values obtained from the thermal cycle were controlled for Gapdh expression for each
cell line tested. All cells lines showed Gapdh levels with 3 cycles and expression results obtained
for each gene was normalized to these differences in Gapdh levels. This assumes that Gapdh levels
are unaffected by introduction of the transgene and instead reflects technical variation in RNA

isolation, cDNA production, or assay preparation.

For some of the hepatoma-specific genes including Hnfl, Cregl, Hnf3, and Serpinal (see
Figs 12, 17, 18 and 19, respectively), levels were within 3-fold of the non-transfected Fg14 cells.
For other genes including Hnf4, Alb, Pckl, Kngl and Fgb (see Figs. 13, 15, 16, 20 and 21,
respectively) an unexpected increase in expression was observed in clones compared to the Fgl4
parental line. For example, both Alb and HNF4 showed 5-15 fold activation in the transfected
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clones compared to the pooled transfectants. Clone 6 produced the highest levels, despite the fact
that we were unable to detect expression of the introduced transgene in this clone (see Fig. 11),
leading us to conclude that the levels detected for these genes were independent of Twistl

expression.

Of the 10 genes tested, only Hnf6 showed a possible effect on gene expression due to the
in introduction of the mouse Twistsl. The pooled transfectants showed a 6-fold increase, with
clones 4 and 8 having a more modest 2-fold increase compared to either non-transfected on non-
expressing Fgl4 cells, Therefore, little if any effect on liver-specific genes expression was

observed by overexpression of the mouse Twist1 gene.
3.4. Effect of Twistl overexpression on fibroblast-specific gene expression

In the next section, we tried to answer the question of whether Twistl overexpression in
hepatoma cells (Fg14) could affect expression of downstream fibroblast genes. As described above
fibroblast-specific genes expressed at levels more than 100-fold below those in the Fg14 hepatoma
cell line (Figl0). Therefore, Pooled Fgl4-Twistl cells were tested for fibroblast-specific gene
expression using gPCR. Expression of 7 different key fibroblast markers was monitored, in each
case, expression profiles were compared between the non-transfected Fgl14 cells and the Twist1-

transfected cells (pools and three clones).

All values obtained from the thermal cycle were controlled for Gapdh expression for each
cell line tested. All cells lines showed Gapdh levels with 3 cycles of each other, results obtained
for expression of each gene was normalized to these differences in Gapdh levels. This assumes
that Gapdh levels are unaffected by introduction of the transgene and instead reflects technical

variation in RNA isolation, cDNA production, or assay preparation.
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For some of the fibroblast-specific genes including Snai2, C-fos, Collal, and Sema3a (see
Figs. 23, 24, 27, and 28) expression levels were 20 to 90% lower than that of the non-transfected
Fgl4 cells with an unexpected increase in expression for Sema3a clone 4. Additionally, Snai2
expression levels in Fg pool is comparable to non-transfected Fgl14 cells expression levels. For the
genes Prrx1, Shox2, and Sppl (see Figs. 22, 25, and 26) expression levels were 20 to 95% lower
than non-transfected Fg14 cells with no expression for some cases, specifically, Prrx pool, Shox2

clone 8, Sppl pool and clone 6.

Of the 7 genes tested, only Prrx1 showed significant expression levels for clone which is
20 to 90 fold compared to non-transfected Fgl4 cells while the pool has expressed levels of half

the intensity.
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Figure 9. Comparative expression of key liver-specific genes in hepatoma cells vs fibroblast
cells. Rat-specific primers were used to monitor expression of known liver-specific genes in the
Fgl14 rat hepatoma cell lines and RAT1 fibroblasts cells. cDNA derived from isolated mMRNA
was monitored by gPCR analysis. The cycle numbers shown are compared to those obtained
from the RAT1 cells and normalized to Gapdh levels using the AACT method for each cell line.
The experiments were repeated at least 3 times, with triplicate reactions sets for each.
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Figure 10. Comparative expression of key fibroblast genes in hepatoma cells vs fibroblast
cells. Rat-specific primers were used to monitor expression of known liver-specific genes in the
Fgl14 rat hepatoma cell lines and RAT2 fibroblasts cells. cDNA derived from isolated mMRNA
was monitored by gPCR analysis. The cycle numbers shown are compared to those obtained
from the Fg14 cells and normalized to Gapdh levels using the AACT method for each cell line.
The experiments were repeated at least 3 times, with triplicate reactions sets for each.
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Introduced mouse Twist gene is overexpressed on
12000 pooled Fg14 transfectans and some clones
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Figure 11. Twistl overexpression in transfected Fgl4 rat hepatoma cells. Mouse-specific
primers were used to monitor over-expression of the introduced mouse Twistl gene in the Fgl4
rat hepatoma cell line. Fg14 cells were stably transfected with a mouse Twist1 expression
plasmid, and G418-resistant clones pooled or selected individually. Cellular mMRNA was isolated,
converted to cDNA, and monitored by gPCR analysis. The cycle numbers shown are compared
to those obtained from the Fg14 cells and normalized to Gapdh levels using the AACT method
for each cell line. The experiments were repeated at least 3 times, with triplicate reactions set for
each trial.
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40 - Twist1 Effects on HNF1 Expression
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Figure 12. mTwistl does not affect Hnfla expression in Fgl4 cells. Rat-specific Hnfla
primers were used to monitor Hnfla expression in transfected cell using gPCR analysis. The
cycle numbers shown are compared to those obtained from the Fg14 cells and normalized to
Gapdh levels using the AACT method for each cell line. The experiments were repeated at least 3
times, with triplicate reactions set for each trial.
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Figure 13. mTwistl activates expression of Hnf4 in Fgl14 cells. Rat-specific Hnf4 primers
were used to monitor Hnf4 expression in transfected cell using gPCR analysis. The cycle
numbers shown are compared to those obtained from the Fg14 cells and normalized to Gapdh
levels using the AACT method for each cell line. The experiments were performed in triplicate.
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Figure 14. mTwistl activates expression of Hnf6 in Fgl4 cells. Rat-specific Hnf6 primers
were used to monitor Hnfn6 expression in transfected cell using gPCR analysis. The cycle
numbers shown are compared to those obtained from the Fg14 cells and normalized to Gapdh
levels using the AACT method for each cell line. The experiments were performed in triplicate.
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Figure 15. mTwistl effects on Alb expression in Fgl4 cells. Rat-specific Alb primers were
used to monitor Alb expression in transfected cell using gPCR analysis. The cycle numbers
shown are compared to those obtained from the Fg14 cells and normalized to Gapdh levels using
the AACT method for each cell line. The experiments were repeated at least 3 times, with
triplicate reactions set for each trial.
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Figure 16. mTwistl effects on Pckl expression in Fgl4 cells. Rat-specific Pck1 primers were
used to monitor Pckl expression in transfected cell using gPCR analysis. The cycle numbers
shown are compared to those obtained from the Fg14 cells and normalized to Gapdh levels using
the AACT method for each cell line. The experiments were repeated at least 3 times, with
triplicate reactions set for each trial.
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Figure 17. mTwistl effects on Cregl expression in Fgl14 cells. Rat-specific Cregl primers
were used to monitor Cregl expression in transfected cell using qPCR analysis. The cycle
numbers shown are compared to those obtained from the Fg14 cells and normalized to Gapdh
levels using the AACT method for each cell line. The experiments were repeated at least 3 times,
with triplicate reactions set for each trial.
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Figure 18. mTwistl effects on Hnf3 expression in Fgl4 cells. Rat-specific Hnf3 primers were
used to monitor Hnf3 expression in transfected cell using gPCR analysis. The cycle numbers
shown are compared to those obtained from the Fg14 cells and normalized to Gapdh levels using
the AACT method for each cell line. The experiments were repeated at least 3 times, with
triplicate reactions set for each trial.
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Figure 19. mTwistl effects on Serpinal expression in Fgl4 cells. Rat-specific Serpinal
primers were used to monitor Serpinal expression in transfected cell using qPCR analysis. The
cycle numbers shown are compared to those obtained from the Fg14 cells and normalized to
Gapdh levels using the AACT method for each cell line. The experiments were repeated at least 3
times, with triplicate reactions set for each trial.
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Figure 20. mTwistl effects on Kngl expression in Fgl14 cells. Rat-specific Kngl primers were
used to monitor Kngl expression in transfected cell using qPCR analysis. The cycle numbers
shown are compared to those obtained from the Fg14 cells and normalized to Gapdh levels using
the AACT method for each cell line. The experiments were repeated at least 3 times, with
triplicate reactions set for each trial.
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Figure 21. mTwistl effects on Fgbl expression in Fgl4 cells. Rat-specific Fgbl primers were
used to monitor Fgbl expression in transfected cell using gPCR analysis. The cycle numbers
shown are compared to those obtained from the Fg14 cells and normalized to Gapdh levels using
the AACT method for each cell line. The experiments were repeated at least 3 times, with
triplicate reactions set for each trial.
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Figure 22. mTwistl effects on Prrx1 expression in Fgl4 cells. Rat-specific Prrx1 primers
were used to monitor Prrx11 expression in transfected cell using gPCR analysis. The cycle
numbers shown are compared to those obtained from the Fg14 cells and normalized to Gapdh
levels using the AACT method for each cell line. The experiments were repeated at least 3 times,
with triplicate reactions set for each trial.
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Figure 23. mTwistl effects on Snai2 expression in Fgl4 cells. Rat-specific Snai2 primers
were used to monitor Snai2 expression in transfected cell using gPCR analysis. The cycle
numbers shown are compared to those obtained from the Fg14 cells and normalized to Gapdh
levels using the AACT method for each cell line. The experiments were repeated at least 3 times,
with triplicate reactions set for each trial.
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Figure 24. mTwistl effects on C-fos expression in Fgl4 cells. Rat-specific C-fos primers were
used to monitor C-fos expression in transfected cell using qPCR analysis. The cycle numbers
shown are compared to those obtained from the Fg14 cells and normalized to Gapdh levels using
the AACT method for each cell line. The experiments were repeated at least 3 times, with
triplicate reactions set for each trial.
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Figure 25. mTwistl effects on Shox2 expression in Fgl14 cells. Rat-specific Shox2 primers
were used to monitor Shox2 expression in transfected cell using gPCR analysis. The cycle
numbers shown are compared to those obtained from the Fg14 cells and normalized to Gapdh
levels using the AACT method for each cell line. The experiments were repeated at least 3 times,
with triplicate reactions set for each trial.
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Figure 26. mTwistl effects on Sppl expression in Fgl4 cells. Rat-specific Sppl primers were
used to monitor Sppl expression in transfected cell using gPCR analysis. The cycle numbers
shown are compared to those obtained from the Fg14 cells and normalized to Gapdh levels using
the AACT method for each cell line. The experiments were repeated at least 3 times, with
triplicate reactions set for each trial.
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Figure 27. mTwistl effects on Colala expression in Fgl4 cells. Rat-specific Colala primers
were used to monitor Colala expression in transfected cell using gPCR analysis. The cycle
numbers shown are compared to those obtained from the Fg14 cells and normalized to Gapdh
levels using the AACT method for each cell line. The experiments were repeated at least 3 times,
with triplicate reactions set for each trial.
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Figure 28. mTwistl effects on Sema3a expression in Fgl4 cells. Rat-specific Sema3a primers
were used to monitor Sema3a expression in transfected cell using qPCR analysis. The cycle
numbers shown are compared to those obtained from the Fg14 cells and normalized to Gapdh
levels using the AACT method for each cell line. The experiments were repeated at least 3 times,
with triplicate reactions set for each trial.

53



Chapter 4

Discussion and Future Directions

Transcription factors (TFs) have a very important role in activation of genes within a
genome to regulate development in mammalian cells. As described in the literature many control
mechanisms, namely histone modification, chromatin regulation, transcriptional control, post-
transcriptional regulation and cell-cell contact, regulate gene expression in fibroblast cells[116].
Promoter-proximal elements and enhancers initiate transcriptional activity where transcription
factors bind[117]. Fibroblast-lineage TFs bind to regulatory regions of certain genes in a
synergistic fashion that leads to activation of these genes to form fibroblast identity in all distinct

tissues in complex organisms.

Fibroblast-specific gene expression was studied in our laboratory using cell hybrids as
model system combined with whole genome microarrays. The genes were identified by comparing
whole genome transcriptome microarray data of hepatoma cells and hepatoma x fibroblast hybrid
cells along with parental fibroblast cells by observing the fold differences in expression. The
experiments identified potential master regulators of fibroblast cell fate (fibroblast-specific TFs),
and their putative regulatory role in fibroblast differentiation. Among the identified genes are
transcription factors (e.g. Prrx1/Pmx, Slug, Snai2, Shox2, CFOS, Twistl, Hox-d10, and Msxl) as
well as fibroblast-specific downstream such as Sema3a, (cell signaling) Sppl, Bmp3 (cell

differentiation), and Collal (structural organization).

Among the fibroblast-specific candidate genes identified that have putative roles in the
maintenance of the fibroblast phenotype were transcription factors Snai2 and Twistl. A previous

study from our laboratory found out Snai2 was highly expressed in fibroblasts, silent in hepatoma

54



cells, and repressed in hepatoma x fibroblasts cell hybrids. Moreover, forced over-expression of
these genes in the hybrid cells leads to activation of fibroblast gene expression and resulting
fibroblast-like morphology. We asked the question of whether a similar effect could be observed
for Twistl. The goal of this study was to determine the ability of a fibroblast-lineage specific TF

to remodel hepatoma cells.
4.1. Reprogramming the gene expression profile of hepatoma cells by Twist1 overexpression

In this study, we extended the results of a previous study from our lab which suggested that
overexpression of Prrx1 and Snai2 genes via introduction of an expression plasmids into the Fg14
hepatoma cells results in activation of fibroblast-specific TFs as well as downstream fibroblasts-
specific genes. We wanted to determine whether a similar effect can be observed for Twistl gene.
We were not able to observe significant activation of key fibroblast-specific TFs. Although not
studied in here, we speculate that overexpression of Twistl in the hepatoma cell line might activate
other fibroblast-specific TFs that work in collaboration with other TFs to define the drive lineage-

specific transcriptional regulatory circuitry.

We started with showing that the Twistl gene is expressed at levels which are 1000-fold
higher than those in the hepatoma cells (Figure 9). We were able achieve high level expression in
mouse Twistl in the rat hepatoma cells using expression vectors from Origene. The results showed
strong expression of mouse Twistl gene in the cells compared to non-transfected cells, both in the

pooled transfectants and some of the individual clones analyzed (Figure 11).

Over-expression of the mouse Twistl gene in the hepatoma cell line resulted in activation
of only one fibroblast-specific TFs and two fibroblast-specific downstream genes- Prrx1 and

Sema3a, respectively (Figures 22 and 28) while the other genes, including C-Fos, Shox2, Snai2,
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Sppl and Collal (Figures 23, 24, 25, 26, 27) did not show significant activation in both the pool

and clones.

Several TFs have been reported as master regulators of the epithelial-mesenchymal
transition (EMT) program. These include Twist1, Snail family zinc finger 1 (SNAIL1), Zinc finger
E-box-binding homeobox (ZEB), PRRX1, KLF4, SOX4, and SOX9[118]. Thus, it makes sense to
assume correlation between Snai2, Prrx1, and Twist in the pathways of EMT. The Collal gene,
which is a common marker for fibroblast identity, was not activated by Twistl. A similar
observation took place for Snai2-transfected cells per previous results from our lab, although

Prrx1-transfected cells showed significant activation.

Prrx1 is expressed in mesenchymal tissues in adult mice and studies showed that Prrx1 has
the capability of differentiating mesenchymal precursors. More specifically, Prrx1 was showed to
inhibit adipogenesis by activating TGF-beta signaling[119]. On another note, Twist 1 was also
showed to be a regulator of adipocyte gene expression although not likely to regulate
differentiation[120]. This positive correlation might explain Prrx1 upregulation by overexpression

of Twistl gene in hepatoma cell line.

We observed a high activation level in some of the clones for Sema3a gene (Figure 28)
which is a member of the semaphorin family and it is secreted by neurons and surrounding tissue
which guides migrating cells and exons in developing systems. It also serves as an endogenous
inhibitor of angiogenesis[121]. A similar condition occurs for Twist 1 gene. Studies showed that
Twistl is required for Tie2 expression and angiogenesis[122]. This might be a reason why Sema3a

is upregulated by overexpression of Twistl gene in hepatoma cell line.
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4.2. Twistl in Diseases

A very important role Twistl plays besides the role in organogenesis is the expression of
aggressive tumors in a variety of cancer types such as breast cancer[65], hepatocellular
carcinoma[88], prostate cancer[89], gastric cancer[90], oesophageal squamous cell carcinoma[91],
bladder cancer[92] and pancreatic cancer[93]. Twistl has a presence in cancer initiation,
progression as well as metastasis[57]. Most well-known effects of Twistl in cancer is the
promotion of cancer cell (epithelial-mesenchymal transition) EMT and metastasis. Metastasis has
many steps including EMT, local invasion, intravasation, transportation, extravasation,
proliferation at another site and production of overt metastatic lesions[94]. Just as it does for
development, Twistl exhibits a similar behavior by supporting the cells to undergo EMT and move

away to form secondary tumor sites[95].

Although Twistl plays an important role for many types of cancers, the way it expresses,
functions and the molecular mechanisms affected in this process vary for each type of cancer. HCC
IS a metastatic tumor characterized by rapid growth[56]. It has been shown that Twistl
overexpression has a positive correlation with HCC metastasis and a negative correlation with E-
cadherin expression[88]. The demonstration of higher levels of Twistl and lower levels of E-
cadherin corresponding to higher metastatic capability implies that Twistl inhibits E-cadherin
expression and activates EMT alterations[88]. Upregulation of vascular endothelial growth factor
(VEGF) and N-cadherin by Twistl in HCC points to Twistl’s role in HCC angiogenesis[96].
Another study demonstrated the increased mobility effect of overexpression of Twistl on HCC
cells[97]. In a previous study[98] involving Twistl and two other major EMT regulators (Snail
and Slug) the synergistic effects of Twistl and Snail in enhancing HCC metastasis were observed.

Co-expression of Snail and Twistl decreased E-cadherin and deteriorated prognosis significantly
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compared to Twistl expression alone, whereas Slug expression was not significant. Further
verification comes from a study demonstrating Twist1’s effect on increased motility, invasiveness

via inhibiting E-cadherin expression and upregulation of N-cadherin[99].

On a further note, Twist1 gene mutations in human cause Saethre-Chotzen syndrome which

is an autosomal dominant inheritance disease[63].
4.3. Possible Factors Contributing to Variation in Expression Levels

Most of the experimental findings exhibit large variation in expression levels and this
section aims to address possible reasons of why they occur. Firstly, sample acquisition and
handling before the RNA extraction can contribute to variation because of inappropriate sample
collection and processing[123]. For example, incubating (37 °C) freshly-obtained mouse liver
tissue for four hours significantly reduced the measured levels of some mRNAs[124]. Secondly,
assessment of RNA concentration and purity is determined using a UV/Vis spectrometer. Since at
260 nm wavelength DNA can be detected in the case of DNA contamination overestimation of
RNA concentration can occur. The most common way to determine RNA quality is to separate the
RNA sample in an agarose gel and to visualize using a fluorescent dye[125]. This could have been
checked before proceeding to gPCR while making sure reagents are still fresh. Another check that
might have an impact on variability is the presence of more than one DNA fragment. This could
significantly change the result and including melting curve analysis to make sure a single product
is amplified[123]. Yet another factor to reduce the variability happens during data normalization.
We have used GAPDH as reference gene but using multiple genes for normalization has been
shown to reduce variability[126]. There are a couple of software programs to assess reference gene
as both GAPDH and ACTB variation for a wide range of tissues has been shown in the

literature[127]. Yet another reason of variation could be to due technical issues such as qPCR
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instrument, the detection method, the reaction volume, and the liquid dispensing method.
Instrument calibration and regular testing are important. Finally, levels of expression for most
fibroblast genes were close to the detection limit for the RT-gPCR, (> cycle 35) making it likely

that signals obtained could be suspect. .

On another note, fibroblast genes were expressed at very low levels in the hepatoma cells
(often >100 fold lower than in the fibroblasts cells) which possibly explains why the RT-gPCR

data was highly variable between transfected pools and clones.
4.4. Future Directions

In the experiments, for the Twistl candidate genes where we observed strong activation
we are not certain that the cause is Twistl binding to promoters of the transcription factor
promoters. This could be determined by a software that predicts transcription factor binding sites
(TFBS) paired with functional assays such as ChIP-Chip and ChlIP-Seq to detect the binding site
sequences of Twistl on promoters. There are several experimental methods to achieve this both in
vitro and in vivo[128]. In vitro methods include Electro-Mobility Shift Assay (EMSA) which uses
non-denaturing polyacrylamide gel as a molecular sieve to separate protein-bound DNA from
unbound DNA, DNase | footprinting/protection assay which combines the cleavage reaction of
DNase | with EMSA, Systematic Evolution of Ligands by EXponential enrichment (SELEX) that
works by monitoring short, random oligonucleotide probes that are recognized by a TFBS of
interest. More recently, in vivo approaches are getting more popular. Chromatin

ImmunoPrecipitation (ChlP) assay is one such method.

Moreover, to reduce Twistl expression in the Fg14 cells gene knockdown experiments can
be utilized. This experiment would help us find out whether the fibroblast-specific as well as
downstream genes get affected or not. Furthermore, cell culture models can be established to check
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Twistl expression levels during embryogenesis in normal and Twistl knockout mice model to
help explain the role of the protein in fibroblast function. Finally, conducting a whole-genome
microarray analysis on the Fg14-Twist1 cells as opposed to Fg14 cells and Rat cells would pinpoint

the degree of genomic remodeling as a result of over expression.

60



[1]

[2]

3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

Chapter 5

References

R. G. Roeder and W. J. Rutter, “Multiple forms of DNA-dependent RNA polymerase in

eukaryotic organisms,” Nature, 1969.

J. T. Lis, “A 50 year history of technologies that drove discovery in eukaryotic

transcription regulation,” Nat. Struct. Mol. Biol., 2019.

R. G. Roeder, “50+ years of eukaryotic transcription: an expanding universe of factors

and mechanisms,” Nat. Struct. Mol. Biol., 2019.

G. A. Maston, S. K. Evans, and M. R. Green, “Transcriptional Regulatory Elements in the

Human Genome,” Annu. Rev. Genomics Hum. Genet., 2006.

T. 1. Lee and R. A. Young, “Transcriptional regulation and its misregulation in disease,”

Cell. 2013.

S. Djebali et al., “Landscape of transcription in human cells,” Nature, 2012.

J. E. Wright and R. Ciosk, “RNA-based regulation of pluripotency,” Trends in Genetics.

2013.

)

S. Hahn, “Structure and mechanism of the RNA polymerase Il transcription machinery,’

Nature Structural and Molecular Biology. 2004.

M. Ptashne and A. Gann, “Transcriptional activation by recruitment,” Nature. 1997.

G. Orphanides, T. Lagrange, and D. Reinberg, “The general transcription factors of RNA

61



[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

polymerase Il,” Genes and Development. 1996.

D. M. Lonard and B. W. O’Malley, “Expanding functional diversity of the coactivators,”

Trends in Biochemical Sciences. 2005.

S. T. Smale and J. T. Kadonaga, “The RNA Polymerase Il Core Promoter,” Annu. Rev.

Biochem., 2003.

J. M. G. Vilar and L. Saiz, “DNA looping in gene regulation: From the assembly of
macromolecular complexes to the control of transcriptional noise,” Current Opinion in

Genetics and Development. 2005.

T.I. Lee and R. A. Young, “Transcription of Eukaryotic Protein-Coding Genes,” Annu. Rev.

Genet., 2000.

M. L. Atchison, “Enhancers: Mechanisms of action and cell specificity,” Annual Review of

Cell Biology. 1988.

S. Ogbourne and T. M. Antalis, “Transcriptional control and the role of silencers in

transcriptional regulation in eukaryotes,” Biochemical Journal. 1998.

Q. Li, K. R. Peterson, X. Fang, and G. Stamatoyannopoulos, “Locus control regions,” Blood,

2002.

C.T.Ongand V. G. Corces, “Enhancer function: New insights into the regulation of tissue-

specific gene expression,” Nature Reviews Genetics. 2011.

I. Krivega and A. Dean, “Enhancer and promoter interactions-long distance calls,” Current

Opinion in Genetics and Development. 2012.

62



[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

D. C. Hargreaves and G. R. Crabtree, “ATP-dependent chromatin remodeling: Genetics,

genomics and mechanisms,” Cell Res., 2011.

A. J. Bannister and T. Kouzarides, “Regulation of chromatin by histone modifications,”

Cell Research. 2011.

C. Beisel and R. Paro, “Silencing chromatin: Comparing modes and mechanisms,” Nature

Reviews Genetics. 2011.

S. H. Orkin and K. Hochedlinger, “Chromatin connections to pluripotency and cellular

reprogramming,” Cell. 2011.

E. Lejeune and R. C. Allshire, “Common ground: Small RNA programming and chromatin

modifications,” Current Opinion in Cell Biology. 2011.

K. Si-Tayeb, F. P. Lemaigre, and S. A. Duncan, “Organogenesis and Development of the

Liver,” Developmental Cell. 2010.

A. Blouin, R. P. Bolender, and E. R. Weibel, “Distribution of organelles and membranes
between hepatocytes and nonhepatocytes in the rat liver parenchyma. A stereological

study,” J. Cell Biol., 1977.

E. Houssaint, “Differentiation of the mouse hepatic primordium. I. An analysis of tissue

interactions in hepatocyte differentiation,” Cell Differ., 1980.

R. Gualdi, P. Bossard, M. Zheng, Y. Hamada, J. R. Coleman, and K. S. Zaret, “Hepatic
specification of the gut endoderm in vitro: Cell signaling and transcriptional control,”

Genes Dev., 1996.

63



[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

J. Jung, M. Zheng, M. Goldfarb, and K. S. Zaret, “Initiation of mammalian liver

development from endoderm by fibroblast growth factors,” Science (80-. )., 1999.

D. L. Miller, S. Ortega, O. Bashayan, R. Basch, and C. Basilico, “Compensation by
Fibroblast Growth Factor 1 (FGF1) Does Not Account for the Mild Phenotypic Defects

Observed in FGF2 Null Mice,” Mol. Cell. Biol., 2000.

A. Calmont et al., “An FGF Response Pathway that Mediates Hepatic Gene Induction in

Embryonic Endoderm Cells,” Dev. Cell, 2006.

D. Shin et al., “Bmp and Fgf signaling are essential for liver specification in zebrafish,”

Development, 2007.

X. Ge et al., “Interpreting expression profiles of cancers by genome-wide survey of

breadth of expression in normal tissues,” Genomics, 2005.

I. Kyrmizi, P. Hatzis, N. Katrakili, F. Tronche, F. J. Gonzalez, and I. Talianidis, “Plasticity and
expanding complexity of the hepatic transcription factor network during liver

development,” Genes Dev., 2006.

M. Pontoglio et al., “Hepatocyte nuclear factor 1 inactivation results in hepatic

dysfunction, phenylketonuria, and renal Fanconi syndrome,” Cell, 1996.

F. Parviz et al., “Hepatocyte nuclear factor 4a controls the development of a hepatic

epithelium and liver morphogenesis,” Nat. Genet., 2003.

G. P. Hayhurst, Y.-H. Lee, G. Lambert, J. M. Ward, and F. J. Gonzalez, “Hepatocyte Nuclear

Factor 4 (Nuclear Receptor 2A1) Is Essential for Maintenance of Hepatic Gene Expression

64



and Lipid Homeostasis,” Mol. Cell. Biol., 2001.

[38] J.Balogh et al., “Hepatocellular carcinoma: a review,” J. Hepatocell. carcinoma, vol. 3, pp.

41-53, Oct. 2016.

[39] . Ferlay, H. R. Shin, F. Bray, D. Forman, C. Mathers, and D. M. Parkin, “Estimates of

worldwide burden of cancer in 2008: GLOBOCAN 2008,” Int. J. Cancer, 2010.

[40] P. Allemann, N. Demartines, H. Bouzourene, A. Tempia, and N. Halkic, “Long-term
outcome after liver resection for hepatocellular carcinoma larger than 10 cm,” World J.

Surg., 2013.

[41] V. Mazzaferro et al., “Liver transplantation for the treatment of small hepatocellular

carcinomas in patients with cirrhosis,” N. Engl. J. Med., 1996.

[42] K. Takayasu et al., “Prospective Cohort Study of Transarterial Chemoembolization for

Unresectable Hepatocellular Carcinoma in 8510 Patients,” Gastroenterology, 2006.

[43] B. Sangro et al., “Survival after Yttrium-90 resin microsphere radioembolization of
hepatocellular carcinoma across Barcelona clinic liver cancer stages: A European

evaluation,” Hepatology, 2011.

[44] A. M. Crissien and C. Frenette, “Current management of hepatocellular carcinoma,”

Gastroenterology and Hepatology. 2014.

[45] R. Lencioni et al., “Early-stage hepatocellular carcinoma in patients with cirrhosis: Long-

term results of percutaneous image-guided radiofrequency ablation,” Radiology, 2005.

[46] G. A.Bulla, Q. Luong, S. Shrestha, S. Reeb, and S. Hickman, “Genome-wide analysis of

65



[47]

[48]

[49]

[50]

[51]

[52]

[53]

hepatic gene silencing in mammalian cell hybrids,” Genomics, 2010.

G. Sriram, P. L. Bigliardi, and M. Bigliardi-Qi, “Fibroblast heterogeneity and its
implications for engineering organotypic skin models in vitro,” European Journal of Cell

Biology. 2015.

T. Silzle, G. J. Randolph, M. Kreutz, and L. A. Kunz-Schughart, “The fibroblast: Sentinel cell

and local immune modulator in tumor tissue,” International Journal of Cancer. 2004.

R.S. Smith, T. J. Smith, T. M. Blieden, and R. P. Phipps, “Fibroblasts as sentinel cells.
Synthesis of chemokines and regulation of inflammation.,” The American journal of

pathology. 1997.

C. C. Park, M. J. Bissell, and M. H. Barcellos-Hoff, “The influence of the microenvironment

on the malignant phenotype,” Molecular Medicine Today. 2000.

R. J. McAnulty, “Fibroblasts and myofibroblasts: Their source, function and role in

disease,” International Journal of Biochemistry and Cell Biology. 2007.

B. Eyden, “The myofibroblast: a study of normal, reactive and neoplastic tissues, with an
emphasis on ultrastructure. Part 1--normal and reactive cells.,” J. Submicrosc. Cytol.

Pathol., 2005.

R. C. Chambers, P. Leoni, N. Kaminski, G. J. Laurent, and R. A. Heller, “Global expression
profiling of fibroblast responses to transforming growth factor-B1 reveals the induction
of inhibitor of differentiation-1 and provides evidence of smooth muscle cell phenotypic

switching,” Am. J. Pathol., 2003.

66



[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

R. J. McAnulty, J. S. Campa, A. D. Cambrey, and G. J. Laurent, “The effect of transforming
growth factor  on rates of procollagen synthesis and degradation in vitro,” BBA - Mol.

Cell Res., 1991.

H. Wiig, K. Rubin, and R. K. Reed, “New and active role of the interstitium in control of
interstitial fluid pressure: Potential therapeutic consequences,” Acta Anaesthesiologica

Scandinavica. 2003.

A. Desmouliere, I. A. Darby, and G. Gabbiani, “Normal and Pathologic Soft Tissue
Remodeling: Role of the Myofibroblast, with Special Emphasis on Liver and Kidney

Fibrosis,” Laboratory Investigation. 2003.

Q. Qin, Y. Xu, T. He, C. Qin, and J. Xu, “Normal and disease-related biological functions of

Twist1 and underlying molecular mechanisms,” Cell Research. 2012.

B. Thisse, M. El Messal, and F. Perrin-Schmitt, “The twist gene: Isolation of a Drosophila
zygotle gene necessary for the establishment of dorsoventral pattern,” Nucleic Acids

Res., 1987.

E. Wieschaus, C. N@sslein-Volhard, and G. J€rgens, “Mutations affecting the pattern of

the larval cuticle inDrosophila melanogaster,” Wilhelm Roux’s Arch. Dev. Biol., 1984.

P. Simpson, “Maternal-zygotic gene interactions during formation of the dorsoventral

pattern in drosophila embryos,” Genetics, 1983.

C. Murre et al., “Interactions between heterologous helix-loop-helix proteins generate

complexes that bind specifically to a common DNA sequence,” Cell, 1989.

67



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

T. Kadesch, “Consequences of heteromeric interactions among helix-loop-helix proteins,”

Cell Growth and Differentiation. 1993.

Y. N.Jan and L. Y. Jan, “HLH proteins, fly neurogenesis, and vertebrate myogenesis,” Cell.

1993.

V. El Ghouzzi et al., “Mutations of the TWIST gene in the Saethre-Chotzen syndrome,”

Nature Genetics. 1997.

P. Bourgeois et al., “The variable expressivity and incomplete penetrance of the twist-
null heterozygous mouse phenotype resemble those of human Saethre-Chotzen

syndrome,” Hum. Mol. Genet., 1998.

J. Yang et al., “Twist, a master regulator of morphogenesis, plays an essential role in

tumor metastasis,” Cell, 2004.

G. Z. Cheng et al., “Twist is transcriptionally induced by activation of STAT3 and mediates

STAT3 oncogenic function,” J. Biol. Chem., 2008.

G. Z. Cheng, W. Zhang, and L. H. Wang, “Regulation of cancer cell survival, migration, and

invasion by twist: AKT2 comes to interplay,” Cancer Research. 2008.

I. Castanon and M. K. Baylies, “A Twist in fate: Evolutionary comparison of Twist

structure and function,” Gene, 2002.

“WRN gene - Genetics Home Reference - NIH.” [Online]. Available:

https://ghr.nlm.nih.gov/gene/WRN#location.

S. M. Wang, V. W. Coljee, R. J. Pignolo, M. O. Rotenberg, V. J. Cristofalo, and F. Sierra,

68



[72]

[73]

[74]

[75]

[76]

[77]

[78]

“Cloning of the human twist gene: Its expression is retained in adult mesodermally-

derived tissues,” Gene, 1997.

C. Wolf, C. Thisse, C. Stoetzel, B. Thisse, P. Gerlinger, and F. Perrin-Schmitt, “The M-twist
gene of Mus is expressed in subsets of mesodermal cells and is closely related to the

Xenopus X-twi and the Drosophila twist genes,” Dev. Biol., 1991.

D. B. Spicer, J. Rhee, W. L. Cheung, and A. B. Lassar, “Inhibition of myogenic bHLH and

MEF2 transcription factors by the bHLH protein twist,” Science (80-. )., 1996.

W. Kress et al., “Saethre-Chotzen syndrome caused by TWIST 1 gene mutations:
Functional differentiation from Muenke coronal synostosis syndrome,” Eur. J. Hum.

Genet., 2006.

B. Thisse, C. Stoetzel, C. Gorostiza-Thisse, and F. Perrin-Schmitt, “Sequence of the twist
gene and nuclear localization of its protein in endomesodermal cells of early Drosophila

embryos.,” EMBO J., 1988.

N. Figeac, M. Daczewska, C. Marcelle, and K. Jagla, “Muscle stem cells and model systems

for their investigation,” Developmental Dynamics. 2007.

D. A. Currie and M. Bate, “The development of adult abdominal muscles in Drosophila:

Myoblasts express twist and are associated with nerves,” Development, 1991.

C. Stoetzel, B. Weber, P. Bourgeois, A. L. Bolcato-Bellemin, and F. Perrin-Schmitt, “Dorso-
ventral and rostro-caudal sequential expression of M-twist in the postimplantation

murine embryo,” Mech. Dev., 1995.

69



[79]

[80]

[81]

[82]

[83]

[84]

[85]

[86]

[87]

[88]

I. Gitelman, “Twist protein in mouse embryogenesis,” Dev. Biol., 1997.

S. Isenmann et al., “TWIST family of basic helix-loop-helix transcription factors mediate

human mesenchymal stem cell growth and commitment,” Stem Cells, 2009.

C. S. R. Rose and S. Malcolm, “A Twist in development,” Trends in Genetics. 1997.

J. Connerney et al., “Twistl homodimers enhance FGF responsiveness of the cranial

sutures and promote suture closure,” Dev. Biol., 2008.

W. A. Paznekas et al., “Genetic heterogeneity of Saethre-Chotzen syndrome, due to

TWIST and FGFR mutations,” Am. J. Hum. Genet., 1998.

J. Connerney, V. Andreeva, Y. Leshem, C. Muentener, M. A. Mercado, and D. B. Spicer,

“Twistl dimer selection regulates cranial suture patterning and fusion,” Dev. Dyn., 2006.

M. E. Massari and C. Murre, “Helix-Loop-Helix Proteins: Regulators of Transcription in

Eucaryotic Organisms,” Mol. Cell. Biol., 2000.

M. Hayashi et al., “Comparative roles of Twist-1 and Id1 in transcriptional regulation by

BMP signaling,” J. Cell Sci., 2007.

M. P. O’Rourke, K. Soo, R. R. Behringer, C. C. Hui, and P. P. L. Tam, “Twist plays an
essential role in FGF and SHH signal transduction during mouse limb development,” Dev.

Biol., 2002.

D. Sosi¢, J. A. Richardson, K. Yu, D. M. Ornitz, and E. N. Olson, “Twist regulates cytokine
gene expression through a negative feedback loop that represses NF-kB activity,” Cell,
2003.

70



[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

T. K. Lee et al., “Twist overexpression correlates with hepatocellular carcinoma
metastasis through induction of epithelial-mesenchymal transition,” Clin. Cancer Res.,

2006.

W. K. Kwok et al., “Up-regulation of TWIST in prostate cancer and its implication as a

therapeutic target,” Cancer Res., 2005.

G. Q. Luo, J. H. Li, J. F. Wen, Y. H. Zhou, Y. Bin Hu, and J. H. Zhou, “Effect and mechanism
of the Twist gene on invasion and metastasis of gastric carcinoma cells,” World J.

Gastroenterol., 2008.

H. F. Yuen et al., “Upregulation of Twist in oesophageal squamous cell carcinoma is

associated with neoplastic transformation and distant metastasis,” J. Clin. Pathol., 2007.

Z. Zhang et al., “Significance of TWIST expression and its association with E-cadherin in

bladder cancer,” Hum. Pathol., 2007.

K. Satoh et al., “Up-regulation of MSX2 enhances the malignant phenotype and is
associated with twist 1 expression in human pancreatic cancer cells,” Am. J. Pathol.,

2008.

D. R. Welch, P. S. Steeg, and C. W. Rinker-Schaeffer, “Molecular biology of breast cancer
metastasis. Genetic regulation of human breast carcinoma metastasis,” Breast Cancer

Research. 2000.

W. Yu, H. Kamara, and K. K. H. Svoboda, “The role of twist during palate development,”

Dev. Dyn., 2008.

71



[97]

[98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

R. F. Niu et al., “Up-regulation of twist induces angiogenesis and correlates with

metastasis in hepatocellular carcinoma,” J. Exp. Clin. Cancer Res., 2007.

N. Matsuo et al., “Twist expression promotes migration and invasion in hepatocellular

carcinoma,” BMC Cancer, 2009.

M. H. Yang et al., “Comprehensive analysis of the independent effect of twist and snail in

promoting metastasis of hepatocellular carcinoma,” Hepatology, 2009.

T. Sun et al., “Expression and functional significance of Twist1 in hepatocellular

carcinoma: Its role in vasculogenic mimicry,” Hepatology, 2010.

P. B. Demirel, “Epithelial-Mesenchymal Transition in Normal Development and

Carcinogenesis,” Maltepe Med. J., vol. 5, no. 3, pp. 41-44, 2013.

D. C. Radisky, “Epithelial-mesenchymal transition,” J. Cell Sci., vol. 118, no. 19, pp. 4325

LP —4326, Oct. 2005.

B. Boyer, A. M. Vallés, and N. Edme, “Induction and regulation of epithelial-mesenchymal

transitions,” Biochem. Pharmacol., 2000.

C.Y.Wuy, Y. P. Tsai, M. Z. Wu, S. C. Teng, and K. J. Wu, “Epigenetic reprogramming and
post-transcriptional regulation during the epithelial-mesenchymal transition,” Trends in

Genetics. 2012.

R. Kalluri and R. A. Weinberg, “The basics of epithelial-mesenchymal transition,” Journal

of Clinical Investigation. 2009.

R. Kalluri, “EMT: When epithelial cells decide to become mesenchymal-like cells,” Journal

72



[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

of Clinical Investigation. 2009.

P. Savagner, V. L. Van Marck, and M. E. Bracke, “Epithelial-Mesenchymal Transitions in

Human Cancer,” in Rise and Fall of Epithelial Phenotype, 2005.

C. H. Heldin, M. Vanlandewijck, and A. Moustakas, “Regulation of EMT by TGFp in

cancer,” FEBS Letters. 2012.

D. S. Micalizzi, S. M. Farabaugh, and H. L. Ford, “Epithelial-mesenchymal transition in
cancer: Parallels between normal development and tumor progression,” Journal of

Mammary Gland Biology and Neoplasia. 2010.

Z. Popov et al., “Low E-cadherin expression in bladder cancer at the transcriptional and

protein level provides prognostic information,” Br. J. Cancer, 2000.

X.J. Zhao et al., “Expression of e-cadherin and B-catenin in human esophageal squamous

cell carcinoma: Relationships with prognosis,” World J. Gastroenterol., 2003.

K. A. Lee and C. M. Nelson, “New Insights into the Regulation of Epithelial-Mesenchymal
Transition and Tissue Fibrosis,” in International Review of Cell and Molecular Biology,

2012.

Y. Kang and J. Massagué, “Epithelial-mesenchymal transitions: Twist in development and

metastasis,” Cell. 2004.

E. Casas, J. Kim, A. Bendesky, L. Ohno-Machado, C. J. Wolfe, and J. Yang, “Snail2 is an
essential mediator of twist1l-induced epithelial mesenchymal transition and metastasis,”

Cancer Res., 2011.

73



[115]

[116]

[117]

[118]

[119]

[120]

[121]

[122]

H. A. Alzahrani, “The Role of Prrx1 and Snai2 as Master Regulators of Fibroblast Identity,”

2018.

A. Panduro, F. Shalaby, and D. A. Shafritz, “Changing patterns of transcriptional and post-
transcriptional control of liver-specific gene expression during rat development.,” Genes

Dev., 1987.

L. Harvey, B. Arnold, Z. S Lawrence, | M. Pau, B. David, and D. James, Molecular Cell

Biology. 4th edition. 2000.

P. Zhou et al., “The epithelial to mesenchymal transition (EMT) and cancer stem cells:

Implication for treatment resistance in pancreatic cancer,” Molecular Cancer. 2017.

B. Du et al., “The transcription factor paired-related homeobox 1 (Prrx1) inhibits
adipogenesis by activating transforming growth factor-p (TGFp) signaling,” J. Biol. Chem.,

2013.

W. Ma et al., “Twist 1 regulates the expression of PPARy during hormone-induced 3T3-L1
preadipocyte differentiation: A possible role in obesity and associated diseases,” Lipids

Health Dis., 2014.

F. Maione et al., “Semaphorin 3A is an endogenous angiogenesis inhibitor that blocks
tumor growth and normalizes tumor vasculature in transgenic mouse models,” J. Clin.

Invest., 2009.

T. Mammoto, A. Jiang, E. Jiang, and A. Mammoto, “Role of Twist1 phosphorylation in

angiogenesis and pulmonary fibrosis,” Am. J. Respir. Cell Mol. Biol., 2016.

74



[123]

[124]

[125]

[126]

[127]

[128]

J. Kuang, X. Yan, A. J. Genders, C. Granata, and D. J. Bishop, “An overview of technical
considerations when using quantitative real-time PCR analysis of gene expression in

human exercise research,” PLoS One, 2018.

A. Almeida, J. P. Thiery, H. Magdelénat, and F. Radvanyi, “Gene expression analysis by
real-time reverse transcription polymerase chain reaction: Influence of tissue handling,”

Anal. Biochem., 2004.

J. Vermeulen et al., “Measurable impact of RNA quality on gene expression results from

guantitative PCR,” Nucleic Acids Res., 2011.

J. Vandesompele et al., “Accurate normalization of real-time quantitative RT-PCR data by

geometric averaging of multiple internal control genes.,” Genome Biol., 2002.

T. Suzuki, P. J. Higgins, and D. R. Crawford, “Control selection for RNA quantitation,”

BioTechniques. 2000.

N. Jayaram, D. Usvyat, and A. C. Martin, “Evaluating tools for transcription factor binding

site prediction,” BMC Bioinformatics, 2016.

75



	Reprogramming of Rat Hepatoma Cells with Fibroblast-specific Protein Twist1
	Recommended Citation

	tmp.1578687763.pdf.8nQAm

