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Abstract

Cten (also known as Tensin4) is the fourth member of the Tensin gene family.
It lacks the N terminal actin binding domain while retaining the C terminal
SH2 and PTB domains. This helps to bind Cten to the intracytoplasmic tail of
B1 integrin and puts it at the heart of focal adhesions. It is reported to be a
tumour suppressor in kidney and prostate cancer where normal tissues show
high expression. However in a number of tumours, including colorectal cancer,
Cten has been labelled as an oncogene. Cten which normally is a cytoplasmic
protein gives nuclear staining in colorectal metastatic deposits. It increases
motility, invasion and colony formation in colorectal cancer cells. In this study
we have tried toexplore the mechanism of functional activity and regulation of
Cten. We looked at Cten in the nucleus in vitro and identified new downstream
binding targets. In addition we investigated the role of the SH2 domain of Cten
concentrating on its downstream signalling molecules and binding partners.

Furthermore, we explored regulators of Cten.

In this study we have forced nuclear localisation of Cten by tagging it with a
nuclear localisation sequence (NLS) and found a significant increase in cell
motility. In order to investigate the SH2 domain we used site directed
mutagenesis to change potentially important amino acids namely Arginine at
474 to Alanine (R474A), which is important for binding tyrosine
phosphorylated proteins. Moreover, we displayed that Cten underwent tyrosine
phosphorylation and additionally changed three tyrosine residues i.e. Y449F,
Y479F and Y530F via site directed mutagenesis. We found R474 and Y479 to
be important in regulating cell motility and that known downstream targets
such as ILK and FAK are dependent on an intact SH2 domain. Furthermore we
have identified Cten to be physically bound to FAK in the cytoplasm and

nucleus and new downstream targets identified such as Src and Paxillin.

Regarding possible regulators of Cten, we found that Cten might be a possible
substrate for calpain. Another regulator considered was CD24 due to its role in
movement of integrins into lipid rafts and we found it was a positive regulator
of Cten.
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In conclusion localisation of Cten into the nucleus causes an augmentation of
its motility enhancing functions. Cten regulates cell motility via its SH2
domain. Arginine 474 and Tyrosine 479 are important for its function. Cten
regulates levels of ILK, FAK, Src and Paxillin through its SH2 domain and
binds to FAK in both cytoplasm and nucleus. Calpain and CD24 were found to
possible regulators of Cten in colorectal cancer. Future studies are needed to
define its role in signalling at focal adhesions and these studies should be
validated in other cancer cell models as well to establish Cten as regulator of

cell motility in cancer.
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Chapter 1 Introduction

1. 1 Colorectal cancer
Colorectal cancer (CRC) is the fourth commonest form of cancer worldwide. It

effects men and women equally(1) and is a major cause of morbidity and
mortality in the world. CRC usually develops after the age of 40 years and
likelihood of this cancer rises sharply above the age of 50.The pathogenesis of
colorectal cancer consists of three main steps: initiation, promotion and
progression. Modification in the sequence or structure of DNA is the first step,
followed by uncontrolled expansion of tumour cells and then the progression

depends on alternations in various oncogenes and tumour suppressor genes(2).

1.1.1 Staging

Prognosis depends on the stage of the disease at the time of diagnosis. The
stage of the disease depends on the localisation of the cancer to the site of
origin or extension to surrounding tissues and distant metastasis(3). In 1926
Lockhart-Mummery proposed a staging system based on depth of invasion and
lymph node involvement. It was in 1932 when Dukes proposed a staging
system which is still used today with addition of a few modifications. The
latest modified Dukes staging system is called Modified Astler-Coller
classification (MAC) given in detail in Table 1-1: The 5 year survival is
directly proportional to the depth of invasion and decreases drastically with
involvement of lymph nodes (4).Usually 5 year survival rate is 90% for

localised stage, 70% for regional and 10% for distant metastasis (4).

1.1.2 Molecular pathogenesis
Colorectal cancer is a complex disease and multiple pathways exist in its
tumourigenesis. The classical pathogenesis for CRC was composed of

Vogelstein model of adenoma to carcinoma; although still relevant there are
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limitations which were highlighted by molecular analysis of colorectal cancer

tissues.

Table 1-1.Modified Astler-Coller classification/Staging of Colorectal Cancer.(4)

Modified Astler-Coller Staging

Stage A Lesions limited to the mucosa

Stage B1 Lesions extending into the muscularispropria, but not
penetrating it, with negative nodes

Stage B2 Lesions penetrating the muscularispropria, with negative
nodes
Stage C1 Lesions extending into the muscularispropria, but not

penetrating it, with positive nodes

Stage C2 Lesions penetrating the muscularispropria with positive nodes

Stage D Distant metastasis

Genetic instability is the key factor in development of CRC. Genetic instability
can be of two main types; one occurs at the level of chromosome,
chromosomal instability (CIN) and the other at DNA level called microsatellite
instability (MSI). CIN is characterised by loss of heterozygosity (LOH) i.e. the
loss of either maternal or paternal allele of a gene. LOH is seen on 5q, 17p and
18q classically in CRC. MSI occurs due to loss of activity of DNA mismatch
repair genes (MMR) through mutations. Moreover, another pathway in CRC
pathogenesis is CpG island methylator phenotype (CIMP) which causes
methylation or silencing of tumour suppressor genes presenting an alternate to

LOH and MMR mutations(5).
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There are a number of genes involved in CRC pathogenesisincluding the
classic tumour suppressor genes like APC (adenomatous polyposis coli), p53
and oncogenes like K-ras (Kirsten rat sarcoma). Among the oncogenes
displaying increased expression, Cten is a novel addition. It is increased in
colorectal tumour tissues as compared to normal mucosa and its expression is
associated with advanced stage of the tumour and distant metastasis and

consequently poor prognosis(6,7).

Cten belongs to a gene family called Tensin gene family, having members with
similar genomic structure and proteins with nearly identical sequence. It has 4
members, namely Tensin 1(TNS1), Tensin 2(TNS2), Tensin 3(TNS3) and

Tensin 4(TNS4) more commonly known as Cten(8).

1.2The Tensin gene family

1.2.1 Genomic structure

Based on genomic structure and protein sequence, the Tensin gene family is
now thought to be made up of 4 members: Tensin 1, 2, 3 and Cten. The protein
structure is highly homologous among all of them (Figure 1-1). There is a
conserved N and C terminus in Tensin 1, 2 and 3. However, Cten is a smaller
molecule in comparison, lacking actin-binding domains which are found in the
N terminus in other tensins. Although the rest of the Tensins have similar N
and C terminal ends, they vary in the middle regions, which suggests their

different roles in cell biology(8).

Tensin (also known as Tensinl) was first isolated in 1991 from chicken cardiac
muscle. It is a 220kDa protein and is localised to focal adhesions(9). It binds to

actin filaments and has a role in signal transduction. Human Tensin2 was
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discovered shortly after in 2000. TNS2 cDNA codes for a 1285 amino acids
and has a molecular weight of 170kDa. It was seen to have a strong homology

to Tensinl at the C and N terminus(10).

The length of gene Tensin 1(TNS1) (sometimes referred to as Tensin) is 1.5
kilo bases (kb) and the gene maps to chromosome 2935-936 (OMIM ref. no.
600076). It contains 33 exons and codes for a protein containing 1735 amino
acids. The start codon is in exon 6 and the stop codon is located in exon 33(10).
Tensin 2 (TNS2) gene maps to chromosome 12(OMIM ref. no. 607717).1t is
12.5 kb in length and codes for a protein of 1285 amino acids. It has 28 exons;
the presumed start codon is in exon 6, whereas stop codon is in exon
28(10).The Tensin 3(TNS3) gene maps to 7p12.3 (OMIM ref. no. 606825). Its
cDNA is composed of 4415 base pairs (bp) which codes for 1445 amino acids,
and has 31 exons. The protein comes out to be 180 kDa in weight when run on
SDS-Page gel(11). The exons 5-15 in TNS2 are identical in size to same exons
in TNS1 and code for the actin-binding domain (ABD). In addition, exons 21-
28 in TNS2 are similar in size to exons 26-33 in TNS1 which encode the Src-
homology 2 (SH2) and phosphotyrosine-binding (PTB) domains respectively.
Similarly exons 5-15 (encode the ABD) and exons 23-30 (encode the SH2 and
PTB domains) in TNS3, supporting the idea that all these Tensins are related

and can be grouped in one gene family(10,11)

The COOH-terminal Tensin-like protein Cten, also known as Tensin4 (TNS4)
gene (OMIM ref. no. 608385) is 21 kb in length and maps to 17921.2. It has 13
exons and the cDNA comprises of 4,015 bp which encode a protein of 715
amino acids and runs at 90kDa on a SDS gel. Exon 1 has the start codon stop

exon is in Exon 12. Exon 12 is the largest exonwhile the smallest is exon 11,
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comprising of 1883 bp and 27 bp respectively. The SH2 and PTB domains are
encoded by exons 4-11 which are identical to other Tensin genes, making it the

fourth and smallest member of the Tensin gene family (12).

1.2.3 Basic protein structure

Tensins encode for a complex protein which has multiple domains capable of
binding several different molecules which play important roles in cell structure
and signalling. All Tensins with exception of Cten have an Actin binding
domain (ABD) at the N terminus that binds to actin filaments as seen in Figure
1-1. Tensins not only have the capability to bind to actin fibres but also cross
link them by binding to the barbed ends, thus creating a network of actin
filaments (13). The C terminus has SH2 domain and the PTB domain. Binding
with tyrosine phosphorylated proteins like Focal adhesion Kinase(FAK),
p130Cas and P13 kinase is mediated through SH2 domain (9). The PTB can
bind tyrosine phosphorylated and non-phosphorylated peptides and in Tensin
proteins, PTB binds to the NPXY motif of B integrin’s cytoplasmic tail within
the focal adhesions(14,15). Tensins are reported to be phosphorylated at
tyrosine, serine, and threonine residues whereas in Cten six potential tyrosine
phosphorylation sites have been described (12,16).

1.3Tensin gene family; a new component of cell
adhesion and motility

The focal adhesion binding domain (FAB) either at the N terminal or C
terminal is a constant feature of the proteins encoded by the Tensin family.
This renders them an ideal partner of focal adhesions and suggests a role in
regulating cellular adhesions and migration/motility. As the list of proteins

present in focal adhesions continues to grow, they are divided according to
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their location: extracellular, cytoplasmic and transmembrane. Tensins and their
related proteins are major contributors to the focal adhesion family that are
located in the cytoplasm(17). To understand the role of Cten and other Tensins
in cell motility and migration, it is important to have a concept of function of

cell adhesion and its components.

Binds to NPXYmotif of B-integrin

Binds to sides of F-actin . tail at focal adhesions (FAB-C
fibres Binds PP1a T
1 263 g 888 989 1735aa
ABDI  ABDI ABDII B3
\_/ Tensinl1
Binds tofocal achesions Weakly caps barbed ends Bind DLC1
FABN) of F-actin filaments 141033
Bl ~eo! E3N i
(C-Terminus)
{ N-Terminus}- Tensin2 -
(Citen) BindDLC1
Protein Kinase C1 144523
| _ABD1| EN
l Tensin3
v 715aa
Bind DLC1 I | SH2 l PIB ]
Cten l/
Bind DLC1

Figure 1-1 Functional and structural domains of Tensins.Tensin can be divided into three
regions The N-terminus contains actin-binding domain (ABD) | and Il that bind with
actin filaments. ABD1also binds to focal adhesions in Tensin 1. The ABD II in the center
of Tensin 1 retards the actin polymerization. The C-terminus contains a SH2 domain,
PTB domain. This terminal also has a focal adhesion binding site at PTB domain. The
SH2 domain binds to tyrosine phosphorylated proteins like PI3 kinase, FAK, and
p130Cas.Tensin 1, tensin2, tensin3, and Cten are highly conserved at N- and C-terminal
regions. An additional C1 domain (protein kinase C conserved region 1) is found in
tensin2 only. Most of the tensins bind to DLC1 (deleted in liver cancer gene 1) but the
binding sites vary a little bit.[Derived from (8)]

1.4Key concepts of cell motility and migration
Cell migration and motility is a multistep process which includes the following

stages:protrusion of the front of the cell, adhesion formation, stabilization at
the leading edge followed by cell body translocation and release of adhesions

and detachment of the cell’s tail end(18).
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Cell adhesion to the extracellular matrix (ECM) is a vital regulator of cell
motility, migration and morphology. It is mediated through multi protein
complexes comprising three broad types of proteins; the extracellular matrix
proteins, the cell membrane proteins and inside the cell, the adhesion
molecules. The cell adhesion molecules are usually transmembrane
glycoproteins that mediate binding interactions at the extracellular (EC) surface
and determine the specificity of cell-cell and cell-ECM recognition. They
include mainly members of the integrin and cadherin family(19). The integrins
are heterodimerproteins and they form thebasic structure of a focal adhesion
complex. Integrins bind ECM to the cell and serve as a connection for
communication between the two.Cadherins are important for inter cellular
adhesion in epithelial cells and form bonds in between cells as shown in Figure
1-2(20).In case of cancer cell motility integrins and cadherin act
antagonistically. This influences the outcome of whether the cells stay attached

to their adjoining cells or migrate(21).

Cadherins
[cell-cell interaction)

Intesrins
[cell-ECM interacton)

Figure 1-2: Schematic diagram of cadherin and integrin junctions.Cadherins form
junction between adjacent cells. Integrins form connections with extracellular matrix
proteins. Derived from (22)
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1.4.1 Integrin signalling

Integrins are a family of cell surface adhesion receptors which play a role in
cell anchorage. In addition, they transmit chemical signals into the cell
(outside-in signalling), providing information on its location, local
environment, adhesive state and surrounding matrix. These signals in turn

determine cellular activities like migration and motility(23).

Integrins are formed by hetrodimers composed of non-covalently linked o and
B subunits. Each subunit is a type | transmembrane glycoprotein that has
relatively large extracellular domains and a short cytoplasmic tail (24). The
tails of integrins are more conserved than the more diverse alpha tails and their
interactions more generalised.(23). Integrins also submit signals from within
the cell to the outside (inside-out signalling), in response to signals that
impinge on their cytoplasmic tails, regulating their affinity for extracellular
ligands(25). Because of this dynamic function a number of protein complexes
form around the cytoplasmic tails of integrin. To date a network of 156
components have been described, that make up integrin adhesome (26). This

adhesome is given the name of focal contacts or focal adhesions (Figure 1-3).

1.4.2 Focal Adhesions

Focal Adhesions (FA) are comprised of a number of different protein (Figure
1-3) which act together and result is cell adhesion and assembly of stress fibres
thus contributing to cell motility and migration(27,28). There are two types of
proteins that assemble at FA, adaptor and signalling proteins. The adaptor
proteins include talin, paxillin, Tensin, p130Cas and alpha-actinin. They help
to alter cell morphology and create a traction force to move the cell during

migration. They do so by providing strong linkages to the actin cytoskeleton

9
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and connecting them firmly to ECM. The signalling proteins include kinases
and phosphatases; these transmit signals from ECM to the cellular pathways
controlling proliferation and migration. As integrins do not have an intrinsic
enzymatic activity, these kinases, in particular FAK (focal adhesion kinase)

and Src transmit signals from FA to the cellular apparatus (27,29,30).

Extra cellular matrix

Acun fibe=s

Figure 1-3:.Basic structure of a focal adhesion.The o and f integrins connect the
extracellular matrix (ECM) to the intracytoplasmic adaptor proteins and actin fibres.
Derived from (18)

Focal adhesions are complex structures so in order to understand their function
in cell motility better;they have been studied in cultured fibroblasts and divided

into 2 types; focal contacts/adhesions and fibrillar adhesions

Focal contacts are said to be made up of avP3 integrin which are peripheral
oval structures with their set of proteins present at the edge of lamelopodia
(leading edge of cell). Fibrillar adhesions are elongated central structures

containing a5B1 integrins with their associated proteins attached to fibronectin

10
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fibrils. In addition to their composition they also vary in the substrates they

bind in ECM as seen in Figure 1-4 (31,32).

Fibrillaradhesions '
s

[P ]
Focal contacts
‘ =
ECM “

[ Centre of cell ]

Figurel-4:.Difference between Fibrillar adhesions and focal contacts.Focal contacts are
usually present at the leading edge of cells. The integrins involved avp3 are mainly
attached to Vitronectin (Vn) in the ECM. Intracellularly they contain vinculin (v),
paxillin (p) and other tyrosine phosphorylated protein (PTyr). Fibrillar adhesions a5p1
on the other hand can be found in the center of the cell due to binding with flexible
fibronectin (fn) in the ECM and consist of Tensins, paxillin and contracting actin and
myosin fibrils(a/m) which move them centripetally during cell motility.

1.4.3 Cadherin signalling

Cadherin is a transmembrane superfamily comprising of more than 100
proteins. The members of this family are diverse in their structure and function.
They influence cell growth and invasion in a variety of ways.(33)Cadherins
play a very important role in cell-cell adhesion. They are transmembrane
glycoproteins family, and regulate cell to cell interaction in a calcium
dependent manner. Its members include E (epithelial), N (neural), VE

(vascular-endothelial), P (placental), R (retinal), and K (kidney)

cadherins(34).E-cadherin is a vital and most well-known member of this

11
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family. It is located in the adherens junctions of epithelial cells. E-cadherin is
linked to actin filaments through catenins and this stabilises these junctions. 3-
catenin links E-cadherin to o catenin, which in turn links it to actin fibres either
directly or indirectly(35). E-cadherin is considered a tumour suppressor
protein. It can contribute to tumour suppression either by physically joining
cells or by facilitating other signalling events. Its tumour suppressor activity
could also result from binding and antagonizing the nuclear signalling function
of B-catenin(36). N-cadherin is another cadherin known to be involved in cell
motility. It replaces E-cadherin in cancer tissues and thought to help in
movement of cancer cells. Although there is some controversy regarding the
strict categorisation of N-cadherin as a positive regulator of tumour cell
motility (33)Disruption of E-cadherin mediated adhesion is regarded as an
important step towards cancer cell migration. Studies have shown a positive
relation of down regulation of E-cadherin and nuclear localisation of (3-catenin

in colorectal cancer and Cten has been linked to both of these proteins (37).

1.4.4 Tumour cell microenvironment

In addition to the cell-cell adhesions cell-matrix adhesion also paly important
role in the cell migration/invasion process. The microenvironment surrounding
the tumour include the stromal cells, fibroblasts and macrophages. These cells
influence the cell-matrix adhesions, once activated they alter cytokines and
growth factors within the surrounding matrix which affect the function of the
cell adhesion apparatus including the focal adhesions and consequently affect
the cell migration and invasion process(38,39). For cells to achieve invasion
and migration proteases are also very important which alter the surrounding

microenvironment making way for the cell. These proteases not only alter the

12
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ECM structurally but also activate other growth factors. These include Matrix
MetalloProteases, cathepsins, the serine protease urokinase plasminogen
activator (uPA)(38).

1.5Cten

As mentioned before, Cten (C-terminal Tensin like) is a smallest member of
Tensin gene family lacking the actin binding N terminal (38). Its features and

functions are discussed in detail below.

1.5.1 Location (normal and cancer tissues)

According to Western Blot analyses carried out by Lo et al., in 2002 Cten was
found in prostate and placenta out of the 15 normal human tissues examined.
This is in contrast to tensinl and 2 which are widely expressed in human
body(12).However, Cten has been found to be highly expressed in a number of
human tissue tumours in which its expression is minimal in the normal state
(12). It is up regulated in advanced stage tumours of lung, gastric carcinomas,
thymomas, melanomas, pancreatic carcinomas and colorectal cancers (39-44).
In contrast it shows down-regulation in prostate cancer and cell lines where it
is found normally (10 101). Detailed gene expression profile analysis is given

in Tablel-2 and Tablel-3.

1.5.2 Function

There are a number of publications regarding the role of Cten in various
tumours which show that its activity varies in tumours of different origins. It
has been labelled as tumour suppressor in a few like prostrate and oncogenic in
others (12,39-42). However its role as an oncogene is advancingly described

and studied repeatedly. Cten’s expression has been shown to be proportional to

13
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advanced stage of tumours. This has established its role in enhancing cell

motility and colony formation (7,45).

1.5.3 Role in cell motility/migration

Being positioned at the focal adhesions and due to the presence of an integrin
binding PTB domain, Cten is at an ideal setting to affect motility of cells. In
colorectal cancer cell lines, forced expression of Cten causes significant
increase in cell migration and invasion, but does not alter cell numbers which
further strengthens its role in cell migration(45). Similarly in breast cancer,
lung and pancreatic cancer cell lines Cten augments cell motility (46-48). In
order to better understand its function, a number of studies have been
conducted, regarding Cten and its signalling partners which help in piecing

together its precise role in cell motility.
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Table 1-2 Expression of Cten by Expressed sequence tag (EST) in normal body tissues.

Tissue

adipose tissue
adrenal gland
ascites
bladder

blood

bone

bone marrow
brain

cervix
connective tissue
ear
embryonic tissue
esophagus
eye

heart
intestine
kidney

larynx

liver

lung

lymph

lymph node
mammary gland
mouth

muscle

nerve

ovary
pancreas
parathyroid
pharynx
pituitary gland
placenta
prostate
salivary gland
skin

spleen
stomach
testis

thymus
thyroid

tonsil

trachea
umbilical cord
uterus

Transcript intSeFr)lztity
E1ei|r|ion(TPM) ba?g‘,jwon
0

0

50 -
133 -
0

0

0

7

0

0

0

0

49 -
23 -
0

68 -
14

42 -
0

41 L
0

0

19

105 -
9

0

0

37 L
0

0

0

84 -
31 -«
0

56 -
0

41 L
0

0

85 -
0

19

0

51 L

Gene
EST/Total
EST in
the pool

0/12866
0/32940
2/39834
4/29860
0/122252
0/71618
0/48737
8/1092688
0/48486
0/149072
0/16100
0/212896
1/20154
5/208840
0/89524
16/231981
3/210778
1/23466
0/205291
14/334815
0/44302
0/89748
3/151230
7166150
1/106371
0/15535
0/101488
8/213440
0/20594
0/40725
0/16526
24/283019
6/189536
0/20265
12/210759
0/53397
4/95679
0/435204
0/79697
4/46583
0/17021
1/51780
0/13764
12/232093
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Table 1-3Gene expression of Cten by Expressed sequence tag (EST) in tumours (derived from
http://www.ncbi.nlm.nih.gov/UniGene/ESTProfileViewer.cgi?uglist=Hs.438292)

Transcript . Spot. Gene
Tumour per intensity EST/TotaI

million(TPM) based on ESTin

TPM the pool

adrenal tumor 0 0/12655
bladder carcinoma 170 - 3/17584
breast (mammary gland) tumor 21 2/93090
cervical tumor 0 0/34484
chondrosarcoma 0 0/82838
colorectal tumor 106 o 12/112517
esophagealtumor 57 L 1/17245
gastrointestinal tumor 42 L 57118498
germ cell tumor 3 1/263230
glioma 65 - 71107194
head and neck tumor 82 @ 11/133826
kidney tumor 0 0/68872
leukemia 0 0/94479
liver tumor 0 0/96023
lung tumor 58 L 6/102765
lymphoma 0 0/72196
non-neoplasia 31 L 3/96623
normal 15 52/3328811
ovarian tumor 0 0/76185
pancreatic tumor 76 - 8/105004
primitiveneuroectodermaltumor... 0 0/127001
prostate cancer 0 0/103844
retinoblastoma 0 0/46439
skin tumor 7 1/125373
soft tissue/muscle tissue tumor 0 0/125265
uterine tumor 122 - 11/90107

1.5.4 Tensin 3-Cten switch

Tensin proteins are generally known to affect cell motility(10) and Cten is no
exception. As we know that Cten lacks an ABD which is present in the rest of
Tensin members and functions to bind and link actin filaments. Studies have
shown that Cten can displace actin filaments bound by the other tensins at the

focal adhesion site and thus help in augmenting cell motility.
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Cten specifically replaces Tensin 3 at focal adhesions, and thus stimulates
migration through displacement of actin fibres. This mechanism of switch from
Tensin 3 to Cten is regulated by epidermal growth factor (EGF) in breast
cancers and also seen in the normal mammary cell line, MCF10A (49).
Treatment with EGF down regulates Tensin3 mRNA and up regulates Cten
expression. However, EGF does not have the similar inhibitory effect on
Tensinl or Tensin 2 (49,50). A study has been conducted in colorectal cancer
cell lines to replicate this effect of Tensin switch but hasn’t found it as
significant as in breast cancer(51) suggesting there might not be a Tensin

switch in colorectal cancer but further studies are awaited to establish this.

1.5.4 E-cadherin interaction

Cten is known to cause an epithelial-mesenchymal transition (also known as
EMT) in cells. In colorectal cancer cells lines, transient Cten over expression
leads to elongated spindle like cell formation. This property is acquired when
cellsstart to move or migrate. Ctencarries this out by negatively regulating the
expression of E-cadherin in colorectal cancer. We already know that E-
cadherin plays a role in the development of EMT as it regulates the cell-cell
adhesion. Cten when expressed forcefully in colorectal cancer cell lines lowers
levels of E- cadherin protein but does not affect it at transcription level. The
exact mechanism by which Cten down regulates E-cadherin is still not clearly
understood. It is possible that Cten causes increased destruction of E-cadherin
instead of inhibiting its expression. Whatever the mechanism involved, this is
an indication that Cten may well be a mediator between cadherins and integrins

during cell motility(52).
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1.5.5 Role of SH2 domain

Localization of Tensins to focal adhesions is a critical step in regulation of cell
migration. The SH2 domain of Cten is crucial for binding to focal adhesions as
it binds all the phosphotyrosine related proteins like FAK, ILK, and PI3 kinase.
Mutations in the SH2 domain abolishes migration induced by Tensin family
proteins(14). Similarly as Cten is highly homologous to Tensins at the C-
terminal, a mutation in SH2 domain prevents invasive migration as is seen in
Canine Kidney cell (MDCK) three dimensional culture studies(53). Not only
does SH2 domain bind phosphorylated tyrosine proteins, it also binds tumour
suppressor proteins like Deleted in Liver cancer 1 (DLC1) and localises it to

focal adhesions (54).

Mutations in the SH2 domain of Cten has been shown to have a negative
impact on increased basal activation of Stat3 in a model of tubulogenesis in
dog kidney cell line. This mutation in Cten leads to decreased migration which
can be reversed by expression of a constitutively active Stat3 alone.This Cten-
Stat3 partnership which has been revealed is likely to play an important role in
tubulogenesis and metastasis and this effect might be SH2 domain

dependent(53).

1.5.6 Regulation of Deleted in liver cancer (DLC1)

DLC1 is a well know tumour suppressor gene. It has been seen to negatively
regulate Rho GTPases and thus prevents tumour proliferation, cell survival and
motility. It is seen that in order for DLC1 to perform its function as a tumour
suppressor gene, it needs to be localized in the focal adhesions. This is done by

interacting with the SH2 domain of Cten, as seen in prostatic cancer cell lines.
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If there is a mutation in the SH2 domain of Cten, DLC1 fails to perform its
function as a tumour suppressor and increases tumour cell migration and
motility. This character of Cten in DLC1 activity suggests its role as tumour
suppressor. But it is important to highlight here that this phenomenon is seen in
prostatic cancer, which lacks Cten expressioncompared to normal prostate(54).
Where Cten is not present normally and is only up regulated by EGF
stimulation, it has been noted that Cten helps keep DLC1 in an inactive state
with its intact SH2 domain and helps promote motility whereas Tensin 3

activates DLC1 function (Figure 1-5)(50).

EGF stimulation

Steady state

\/ Actin filaments \’

«m ® =

Actin cytoskeleton : attached
Cell migration

Rho Gap(DLC1): Adctive cell rest Actin cytoskeleton : detached
Rho Gap (DLC1): Inactive

Figure 1-5: EGF stimulation causes switch from Tensin3 to Ctenand promotes cell
migration by inactivation DLC1 resulting in absence of its inhibitory effect of Rho A
activated ROCK pathway. Cten also increases motility by detachment of cell-cell E-
cadherin junctions. Derived from (50)

1.5.6 Potential upstream and downstream partners

EGF, K-Ras and other growth factors

EGF pathway positively regulates Cten in breast cancer as well as colorectal
cancer. EGF pathway signals through K-Ras/Braf, which are commonly
mutated in colorectal carcinoma. Knockdown of mutant K-Ras has a negative
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regulatoryeffect on Cten, which results in loss of cell motility but this loss can
be rescued by addition of Cten by forced expression. Demonstrating that Cten
is a downstream target of K-Ras/Braf signalling and is shown to be controlled
at the transcription level(43). Not only is Cten up regulated by EGF signalling
but it also sustains an increase in EGF receptor (EGFR) protein by inhibiting
its degradation by c-Cbl. In this way it creates a positive feedback loop for
EGF stimulation (55). In addition to EGF, there are a number of growth factors
which have been added to the list of up regulators of Cten and thus cell motility
including Fibroblast growth factor (FGF2), Nerve growth factor (NGF),
Platelet derived growth factor (PDGF), Transforming growth factor(TGF-p) ,

Insulin like growth factor (IGF-1) , Interleukin 6 (IL-6), and 1L-13(51).

Stat3

There has been a link recently discovered between Stat 3 and Cten. The latent
signal transducer and activator of transcription 3(Stat3) is activated by a
number of factors, like oncogenes, cytokines, growth factors, EGFR and
HER2. This activation of Stat3 then leads to tumourogenesis, enhanced cell
survival and growth; promote angiogenesis and epithelial to mesenchymal
transition. Over-expression of Stat3 has been reported in a number of
tumours(48). Stat3 may well be one of the upstream interacting partners of
Cten leading to its role in cancer development. A recent study in human lung
cancer cell lines put Stat3 as a positive regulator of Cten via its up regulation
through EGF(47). Interaction of Cten with Stat3 has also been reported in rat
breast cancer model, showing a functional loop of inflammation/Stat3-
migration and metastasis by Cten. Interleukin 6 causes increased Cten

induction through Stat3 activation. This model is well reflected by the fact that
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there are increased Cten levels in inflammatory breast cancers (48). In
contradiction, mutations in the SH2 domain of Cten have been shown to have
negative impact on Stat3 activation in a model of tubulogenesis in dog kidney
cell line. Cten in the normal state is seen to inhibit activation of Stat3 and
mutation in the SH2 domain augments the activation of Stat3. Exactly how this
takes place is still unknown. However, an unexpected Cten-Stat3 axis has been
uncovered, which is likely to play an important role in tubulogenesis and
cancer metastasis(53).More studies are required to actually determine the
Cten’s effect on Stat3 or vice versa as there still remains some confusion as to
whether stat3 is an upstream or a downstream target or whether Cten has a

feedback mechanism to control the activity of Stat3.

Integrin linked kinase (I1LK)

To further establish the role of Cten in motility, its association with other focal
adhesion related proteins needs to be studied in detail. One such partner of
Cten is integrin linked kinase (ILK). Cten positively regulates levels of ILK.
Forced expression and knockdown of Cten in colorectal cell lines correlates
proportionally with ILK levels. The inhibition of ILK after forced expression
of Cten nullifies the motility enhancing effects of Cten (7). This establishes
ILK as a downstream target of Cten. It can be assumed that Cten acts as a

regulator of kinases in the focal adhesion apparatus.

1.5.7 Role in apoptosis

Phosphotyrosine binding domain (PTB)

Cten also has a proposed role in apoptosis in the prostate. Cten is found to be

cleaved during apoptosis induced by staurosporin in normal prostate epithelial
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cells. Caspase-3 is the major protease that cleaves Cten at DSTD570 site,
which falls just before the PTB domain. The resultant Cten fragment (571-715)
which is the PTB domain reduces growth rate and promotes apoptosis. As the
PTB domain binds to cytoplasmic tails of [ integrins, this might disrupt
association among integrins, actin fibres and other focal adhesion molecules
and may lead to or form part of the process of focal adhesion breakdown, cell

detachment and cell death due to apoptosis(56).

1.5.8. Role in the nucleus

Although Cten is considered as a focal adhesion molecule located within the
cytoplasm. It has been seen that it localises in the nucleus as well. The
interesting observation is that nuclear Cten expression correlates with advanced
tumour stage and metastasis. This suggests a role of Cten beyond cellular
adhesion foci(7). In the nucleus Cten is bound to B-catenin, thus linking a it to
the well-known Whnt-pathway. It has been seen that a number of focal adhesion
molecules like FAK, Zyxin and paxillin also travel to the nucleus and act as
regulators by either binding to transcription factors or directly affecting the
MRNAs (57,58). The exact role of Cten in B-catenin pathway however still

needs investigating(6).

1.6 Possible medical applications
Effective treatment options are continually needed for patients with cancer.

Cten, because of its up regulation in a number of cancers and especially in
advanced stage tumours and metastatic tumours has an application for potential

treatment or prognostic marker.

Cten correlates positively with EGFR and HER2 in breast cancer samples. It

has been seen that using Lapatinib, which inhibits EGFR/HER2 in breast
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cancer patients causes decrease in Cten levels. Therefore, Cten might act as
predictor of patients response to EGFR-targeted therapy(49). If role of Cten is
confirmed as part of EGFR/K-Ras signalling pathway in colorectal and
pancreatic cancer cell lines, then anti-Cten therapy may present a novel
treatment for colorectal cancer patients in future(43).Up-regulated Cten
regulates cell migration induced by FGF2 and a variety of other growth factors
like PDGF, NGF, TGF-B and IGF-1, strongly suggesting that Cten could be a
potential downstream therapeutic target for treating cancers associated with

abnormal signalling of these growth factors as well(51).

1.7Hypothesis and Aims
In the light of the above discussion, we can appreciate that Cten is a novel

regulator of cellular adhesion, migration and metastasis owing to its close
interaction with integrins, focal adhesions and related proteins. It has been
associated with many integral pathways of tumour development and
progression as seen in breast, colorectal and a number of other cancers. There
are still a lot of unanswered questions regarding its place in the focal adhesions
and its binding partners and the exact mechanism through which is stimulates

motility.

The aim of this study is to study in detail the functional activity of Cten. To
achieve this aim the objectives are study the effect of Cten in nucleus, to study
the role of SH2 domain and its downstream targets and to study the regulators

of Cten.
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Materials and Methods

2 Materials and Methods
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2.1 Cell Culture
For colorectal cancer (CRC), the cell lines used were: HCT116, RKO, and

SW620. MCF7 (breast cancer line) and Lovo (colorectal cancer cell line) was
used as positive control for some proteins. The cell lines were a gift from Prof.
lan Tomlinson, the Molecular and Population Genetics Laboratory, London
Research Institute, Cancer Research UK, London. All these cells lines grow as

adherent cultures.

The clinical information and tissue culture conditions for each of the cell lines
used were obtained from ATCC (www.atcc.org) and are summarised in Table
2-1. These cell lines were validated for mutation specific for them by

colleagues in our laboratory. All cell lines were mycoplasma tested.

Tissue culture treated flasks (75 cm?®) and 6 well tissue culture plates were

obtained from Costar, UK.

All cell lines were grown in culture medium made up ofDulbecco’s modified
Eagle’s medium (DMEM) (Gibco Life Technologies) supplemented with 10 %
Foetal calf serum (FBS) (Sigma, UK), 100 units/ml penicillin, and 100ug/ml
streptomycin (Invitrogen, UK). Cells were grown in humidified 5% CO,

atmosphere at 37°C in an incubator.

Table 2-1 List of cell lines used in the study

Cell Line Age Sex Duke Differentiation Site

stage
HCT116 | 64 Male D Well Colon
RKO 64 Male C Poor Colon
SW620 51 Male C Moderate Colon Lymph node
Lovo 56 Male C Colon (left

supraclavicular region)

MCF7 69 Female X Adenocarcinoma Breast(pleural effusion)
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2.1.1 Cell Passaging
Cells were passaged on average once a week depending on their growth rate
but usually when they would grow to 90-100% confluence. The cells were
passaged by aspirating the previous media off using by a sterile aspirator.
Sterile Phosphate buffered saline (PBS) by Sigma (D8537), Trypsin EDTA 1x
(Sigma T4174) and DMEM were all kept in a water bath at 37°C to bring their
temperature down as they are stored at 4°C. After aspirating the old media,
cells were washed with 5ml of PBS, and then 2ml of Trypsin EDTA was added
to cells and left in the incubator for 2 minutes for the cells to become detached.
After that 8ml of DMEM was added to the cells, mixed thoroughly by pipetting
up and down. 1ml of this mixture was added to a new flask with 9ml of fresh
DMEM. Cells of passage number up tol5 were used in the experiments. Cells

with passage number above 15 were discarded by adding Trigene.

2.1.2 Freezing and Thawing
At the start of the project, the cell lines were grown in a large 225cm? flask
(Corning) and multiple aliquots were frozen. Approximately 500,000 cells
were mixed with 1ml of Freezing Mixture [90% Foetal Bovine Serum (FBS)
and 5% Dimethyl sulphoxide (DMSO)Sigma D2650]. Cells were slowly frozen
to -80°C by placing in a box with ethanol to slowly bring down the temperature
in order to avoid damage to the cells. With the aim of reducing the effect of
prolonged passages on cells function, cells with passage number above 15 were
discarded and replaced with cells frozen in -80°C. After taking cells out of the
freezer they were first grown in 25cm?flask (Corning) and once confluent, the
whole volume of cells was moved into a T25 cm? and grown as usual. The cells

had different passage numbers varying from 2-4 passages at defrosting time.
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2.1.3 Cell counting
50ul of cell suspension was mixed with 50ul of trypan blue (Sigma) and
incubated for 5 minutes at room temperature. 10ul of Cells were filled onto the
hemocytometer and counted under the microscope. Cells having taken up the
blue dye were considered non-viable and were not counted. Viable cells in 3
big squares were counted (C1, C2, and C3) and divided by 3 to take an average

of cells. The following formula was used to calculate number of cells in 1 ml.

C1+C2+C3/3 x 2(dilution factor of adding trypan blue) x 10* = cells/ ml of

media.

For easier, quicker and reliable cell counting theBioRad Tc20 automated cell
counter serial no. 508BR1790.was used.BioRad counting slides dual chamber
for cell counter (145-0011) were charged with a cell suspension of 10ul of 50%
cells with 50% Trypan blue The cell numbers counted by the counter were
tested by manual counting and was found to be comparable.

2.2Construction of Nuclear localisation sequence (NLS)

tagged-Cten-GFP plasmid
Cten tagged with NLS was inserted into pEGFP-N1 plasmid from

CLONETECH laboratories, Inc. Catalogue no. 6085-1. The plasmid map is
shown in Figure 2-1. Detailed map of the plasmid obtained from Clonetech can

be found in Appendix 10.1.
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Figure 2-1: Map of pEGFP N1 plasmid used for cloning NLS tagged Cten.
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Primers were designed using the primer 3 website

(http://frodo.wi.mit.edu/primer3/input.ntm)

The primers were designed in a way that the NLS sequence (received from F.
Falcone)(59) was kept in frame with the start of Cten sequence (NCBI

Reference Sequence: NM_032865.5).

Forward primer was designed as follows: Hindlll site (AAG CTT), ATG NLS

CTEN

Reverse primer: Cten sequence, BamH1 site (GGA TCC), and Start of GFP

plasmid.

Primers were ordered through MWG-EUROFINS, UK.
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Forward primer: 5°’-AAG CTT ATG CCG AAA CGG AGA AGG ACA TAC

ATG TCC CAG GTG ATG TCC-3’
Reverse primer: 5’-GTG GAT CCATCCTTT CTG CGT CCT-3’

In the primer sequence, the bold letters represent enzyme binding site and red

letters represent sequence for NLS.

A PCR reaction was run using proof reading pfuTaq polymerase enzyme
(Promega). The product was amplified using a template plasmid of GFP-Cten
(a kind gift from Dr. Su Hao Lo, Department of Biochemistry and Molecular

Medicine, University of California-Davis,USA). The Cten is of Human origin.

The PCR was done to amplify NLS tagged with Cten. PCR was performed
using Syber safe dye, 10ng of DNA template and 250nM of primers each, in a
final reaction volume of 25pl. Thermal profile was set as: denaturation at 95°C
for 1 min, annealing at 680C for 1 min: 30 sec and extension at 72°C 1 min for
35 cycles. Products were run on 1% agarose gel at 100V for 30 minutes and

visualized under UV light and results recorded using a Polaroid camera.

The product was cut from the gel and extracted using QIAquick gel extraction
kit (QIAGEN, UK). This time the gel was not exposed to UV light as it would

damage the DNA.

2.2.1 Agarose gel electrophoresis

100ml of a 1% wi/v agarose (Gibco-BR Life Technologies, USA) gel was
prepared in 1% Tris acetic acid and EDTA (TAE) buffer (Sigma, USA) and
heated in a microwave for ~60 seconds. After the agarose had fully dissolved

with intermittent agitation, the mixture was then cooled to room temperature.
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Once the mixture had cooled, 10ul of Sybersafe dye (1000x) (Sigma, USA)
was added and the gel was then poured into the gel apparatus and an
appropriate comb was inserted. The gel was then left at room temperature to
allow the agarose to set. Gels were run using 1x TAE solution as running
buffer. 10ul PCR product / DNA samples were mixed with 2ul loading dye and
loaded into the gel wells. Gels were run at ~100 Volts for 45 minutes. Samples
were assessed by viewing on an ultraviolet transilluminator (UVP Inc., USA)
and sized according to the 1kb DNA ladder (New England BioLabs, UK). If
further band separation was required, the gel was placed in the electrophoresis

equipment and electrophoresed for the desired time.

2.2.2 DNA extraction from agarose gel

PCR products or plasmid DNA were run on a gel to check the size of the PCR
product. They were excised from the gel, under blue light, using a clean
scalpel. The DNA was isolated from the gel using Gel Extraction Kit (Sigma
NA1111) following the manufacturer’s standard protocol. After weighing the
gel fragments containing the band of interest, the fragment were dissolved in
3x volumes of solubilsation solution (supplied by the kit), then incubated for
10 minutes at 50°C. After the gel slice had been dissolved completely, 1x gel
volume of isopropanol (Sigma, USA) was added and mixed with the samples
which were then washed with 750ul of wash solution (supplied with the Kit) to
remove all traces of agarose and finally the DNA was eluted with 50ul of

elution buffer.
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2.2.3 DNA quantification by spectrophotometery

The final extracted DNA was quantified on a Nano Drop ND-1000 UV-Vis
Spectrophotometer (LabTech International Ltd, Ringmer, UK). Using a
spectrophotometer, a ‘blank’ measurement was obtained reading Elute solution
used to extract DNA at A260nm. Samples were analysed at A260nm compared
to the ‘blank’ result and all readings were measured by the ratio of
A260/2280nm to check the purity of the samples. A ratio of 1.8 — 2 was

considered for an indication of relative purity.

2.2.4 TOPO® cloning

The TOPO® TA cloning kit (Invitrogen K4500-01) was used for cloning PCR
products. The Kit contains a linearized plasmid vector withsingle 3"-thymidine
(T) overhangs for TA Cloning® and Topoisomerase | enzyme covalently
bound to the vector. If the template has an Adenosine (A) overhangs at the 3’
prime end then it can efficiently ligate with the vector. Topoisomerase |
enzyme binds to duplex DNA at specific sites and cleaves it at 5’-CCCTT in
one strand. Then a covalent bond is formed between 3’ phosphate of the

cleaved strand and a tyrosyl residue (Tyr-274) of topoisomerase | (60,61).

Adenosine overhangs were added to the 3’ end of the PCR product by
incubating with adenosine (ATP) and taq polymerase enzyme (Promega) for 20
mins at 72°C, placing on ice and using immediately for TOPO® cloning. 4pl of
PCR product was mixed with 1pl of salt solution and 1 ul of Topovector and
5ul of water. The mixture was incubated at room temperature for 5 minutes
and then transformed into competent E-coli cells using the heat shock method.

Cells were plated onto LB agar plates with Kanamycin at
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50pg/mlconcentration and coated with X-GAL (5-bromo-4-chloro-3-indolyl-B-
D-galactopyranoside, Promega, UK). Only the white/light blue colonies were

picked as they contained the desired plasmid.

2.2.5 Enzyme restriction digest digestion

Plasmid and PCR products were digested using restriction enzymes by New
England BioLabs (NEB) Inc. UK. The enzymes used were Hindlll and
BamH1, which both give 100% efficiency in NEB 2 buffer. Different
concentration of DNA, enzyme and buffer were used. A 30pl reaction was set
up containing 5ug of DNA and 3ul of 10x reaction buffer, S5ul of restriction
enzyme and making up the remaining volume with distilled water. For BamH1
digestion BSA was also added in a concentration of 1ug/10ul reaction and
specific BamH1 buffer (NEB, UK) was used for increased efficiency. The

mixture was incubated at 37°C for 4 hours and then run on 1% agarose gel.

2.2.6 Cloning NLS-Cten into the pEGFP-N1 expression

vector

Sequential 5’-BamH1 and 3’-Hindlll enzyme digestion of the NLS-Cten PCR
product from the TOPO vector and pEGFP N1 vector was done for shuttling
the NLS-Cten insert from TOPO vector plasmid into the GFP expression
vector. The PCR products were viewed and excised under Ultraviolet light and
gel-purified using QIAquick Gel Extraction Kit according to the
manufacturer’s protocol as described above. The isolated NLS-Cten insert was
ligated into the pEGFP N1 vector at molar ratio 1:1, 1:3 vector to insert.

Calculated as follows:
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ng of vector x kb size of insert x molar ratio of insert

kb size of vector vector

Can also be calculated online at:

http://www.insilico.uni-duesseldorf.de/Lig_Input.html.

Two negative controls (digested pEGFP N1 plasmid only and competent cells
only) were also set up to make sure that pEGFP N1 was completely digested
and did not re-ligate again. Enzyme digestion and purification of NLS-Cten
PCR product and pEGFPN1 plasmid DNA, and were done according to the

manufacturer’s protocol as described before.

2.2.7 Ligation and Transformation

Ligation of NLS-Cten and pEGFP N1 plasmid was done using T4 Ligase
enzymelnvitrogen #15224-017) and 10x ligase buffer (Invitrogen P/NY90001).
Usually 0.5ul of ligase enzyme was used in a 30ul reaction. The mixture was

kept overnight at 4°C.

Plasmid was transformed in Gold efficiency competent E coli cells by Bioline
BIO 85047 (kept at -80°C). For 50pl of cells, 5ul of plasmid ligation mix was
used. Transformation was done by the heat shock method. In this method cells,
cells were mixed with plasmid and incubated on ice for 30 minutes, then heated

in water bath at 42°C for 45 seconds and again kept on ice for 2 minutes. 900pl
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of LB broth (Sigma, USA) was then added to the cells and kept on a shaker at
37°C for 1 hour. After that, cells were centrifuged for 1 minute at maximum
speed to make a soft pellet. 700ul of supernatant was discarded and rest
(250ul) was mixed with cell pellet and plated on 10cm petri dishes (costar,
UK) containing 20ml of LB agar (L2897 Sigma) and Kanamycin (Sigma) at
50ug/ml concentration. The plates were incubated at 37°C overnight and

colonies picked up the next day.

2.2.8 Midiprep and miniprep

In order to generate plasmid DNA, the Gen Elute Plasmid Miniprep and
Midiprep Kits were utilized following the standard manufacturer’s protocol.
For ‘Miniprep’ preparations, white positive colonies containing the desired
plasmid were picked with pipette tips and used to inoculate 5ml of LB broth
(L3022, Sigma), containing 5ul of 50mg/ml stock kanamycin solution (Sigma,
1377) at a final concentration of 50pg/ml. For ‘Midiprep’, 1ml of the Miniprep
growth was added to 100ml growth medium containing 50pg/ml kanamycin.
The media was then incubated in the shaking incubator for overnight at 37°C to

allow culture of the selected bacteria.

Miniprep was performed using GenElute plasmid miniprep kit by Sigma
Aldrich (PLN350). For ‘Miniprep’ preparations, the culture (3-5ml) was
centrifuged for 1 minute at 13,000 rpm and the cell pellet was resuspended in
200ul of resuspension solution. This was then followed by lysis of the cell
pellet through adding 200ul of Lysis solution. Then 350ul of
Neutralizing/Binding solution was added to precipitate the cell debris and

samples were centrifuged at 13,000rpm for 10 minutes, and then the
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supernatant was passed through a Gen Elute Miniprep Binding column
(Sigma). The columns were then washed by 750ul of washing solution and the

DNA, which binds to the columns, was eluted by 50ul of Elution buffer.

For ‘Midiprep’ preparations, 100ml of bacterial culture was used to obtain
DNA plasmids using GenElute using Plasmid midiprep kit (Sigma, NA0200-
1KT). The solutions used in were the same as in the miniprepwith slightly
modified protocol in order to prepare greater volumes of plasmid

DNASequencing.

The plasmids grown were sent for sequencing to a sequencing Lab in Queens
Medical Centre, Nottingham (https://www.nottingham.ac.uk/life-

sciences/facilities/dna-sequencing/index.aspx).

Samples were prepared according to the lab’s requirement of template
concentration between 70-150ng/pl. Primers of 10pmol/ul in concentration
were used. The sequencing results were analysed by ChromasLite software
available at http://technelysium.com.au/. These sequences were then put on

NCBI blast website to look for matches with the desired sequence.

2.2.9 Transfection optimization
Transfection optimization was done as by varying the confluence of cells in 6
well plates, amount of plasmid added, amount of lipofectamine and dilution

media (Optimem).

In the beginning the yield was quite poor as apparent from FACS analysis in
Error! Reference source not found. (A) By increasing the amount of plasmid
0 8ug and adding 24ul Lipofectamine in a total of 1.5ml of Optimem media

and starving cells in 1.5ml of Optimem media before transfection for 4 hours,
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greatly increased the transfection efficiency for all plasmids as shown in Figure

2-2.

2.2.10 Flow cytometry

The cells were harvested from the 6 well, cell culture plates using Trypsin
EDTA and then mixed with PBS and centrifuged for 3 minutes at 1000 rpm to
extract Trypsin EDTA. The cells were then mixed with PBS again and viewed
using Epics Altra Flow cytometer (Beckman Coulter) with the GFP filter
(533/30). The data was analysed using Weasel software. Flow cytometery was
used to measure the efficiency for transfection of the new NLS Cten and Cten
as compared to GFP to achieve the highest efficiency possible close to 50% in

both cell line RKO and HCT116.

2.2.11 Fluorescence microscopy

Cells were grown on sterile cover slips placed in 6 well plates and transfected
as described before. After transfection cells were fixed in 4% formaldehyde
while still inside the 6 well plates and stained with DAPI solution in PBS for 5
minutes. Cells were then mounted onto glass slides and coverslips using
mounting media and sealed using nail varnish. Cells were then viewed using a
DMRB Fluorescence Microscope and pictures were taken at highest

magnification.
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Figure 2-2: (A) Dot plot of the GFP florescence from the live cells viewed in Altra FACS
machine.First one is the negative control, the second plot shows only 1.93% of cells
emitting florescence when transfected with Cten. Whereas only 1.22% cells transfected
with NLS-Cten-GFP show florescence. (B) The histogram shows different coloured peaks
for different transfection conditions of GFP-Cten , NLS-Cten-GFP and pEGFP alone.
Showing maximum of 50.2% efficiency with red curve for GFP-Cten transfected in
HCT116 cells where blue curve in the bottom histogram showing 47% transfection
efficiency in RKO cell line. Black curve is the negative control. PMT2 Log represents
GFP florescence on X-axis.

2.3Forced expression by transfection
300,000 were seeded in 6 well plates (Costar, UK) with 2ml of DMEM. When

the cells reached to 60% confluence, after 24-hours, transfection with pEGFP
(empty vector) and GFP-Cten and NLS-Cten-GFPplasmids was performed.
Four hours before adding plasmid cells are starved by adding 1.5ml of

Optimem media in each well and incubated at 37 °C with 5% CO2. For the 6-
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well plate, 8jug of the plasmid and 24pl of the lipofectamine 2000 (Invitrogen,
UK) was separately diluted in 250 ul of Optimemmedia (Invitrogen)
respectively in eppendrof tubes and the dilutions were allowed 5 minutes to
settle. The diluted plasmid was added to the diluted lipofectamine and allowed
30 minutes for the plasmid to bind to the lipofectamine at room temperature.
Dilutions were added to the 1.5 ml Optimemmedia cell-containing wells. The
Optimem media was changed after 6 hours with fresh 2ml 10% FBS DMEM.
The cells were allowed to grow for another 24 hours. After that, the cells were
either trypsinized for transwell assay or harvested for protein assay.
2.4Knockdown and Co-Transfection

RNA interference is an intrinsic method employed by eukaryotic cells to
silence specific proteins. Small interfering RNAs (siRNA) are usually 21-22bp
long have characteristic 2 nucleotide 3 prime overhangs that helps them to
recognised by enzymatic machinery which leads to degradation of the target
MRNA. In mammalian cells siRNAs are produced from cleavage of longer
double stranded RNA precursors by the RNaselll endonuclease Dicer. This
dicer binds with RNA binding protein and hands siRNA to RNA induced
silencing complex (RISC). This complex contains a protein Argonaute 2
protein which cleaves the target RNA(62).This mechanism can be employed in
knockdown of specific proteins in vitro settings when specific SIRNA is
integrated in a vector artificially. This vector is then transfected into the target
cell lines by the usual process of transfection as explained earlier with a few

modifications.

Knock down of a specific gene was performed in a 6 well plate with cells

seeded so that they become 40% confluent the next day. The siRNA received

38



Chapter 2 Materials and Methods

were diluted in 1000l of RNAse free water to make a stock solution of 20uM.
10ul of this was used in a 2ml reaction making the final concentration of
100nM. Similar quantity of negative control Luciferase sSiRNAwas used as a
control as a check for any off target/ nonspecific effects of the siRNA vector.
The choice of negative control varies within laboratories, some prefer to use
their own scrambled sequence control; others use luciferase and eGFP siRNA.
We used Luciferase in our experiments. The advantage with the luciferase (or
other marker genes) is you can use these siRNAs also as positive controls when

co-transfected with the respective marker gene.

Control and experimental siRNA were mixed in 10-15ul of Lipofectamine and
Optimem and kept for 30 minutes at room temperature. Afterwards they were
added to the cells which were already in Optimem media. Media was changed
to DMEM after 6-8hours. Proteins were harvested after 48 hours. The siRNA

list used in this study is given in Table 2-2.

Table 2-2: Detailed sequences for the siRNA used in the study.

Gene Sequences
Cten NM_032865 L GCCCAGAGCACCAUGUCAAUGAGAA
R UUCUCAUUGACAUGGUGCUCUGGGC
ILK NM_004517.2 L UUCUCCGUGUUGUCCAGCCACAGGC
R GCCUGUGGCUGGACAACACGGGAGAA
FAK NM_005607 L GAUGUUGGUUUAAAGCGAU
R AUCGCUUUAAACCAACAUC

Universal non targeting L CAGUGUAGUAGUCGUUUC
SiIRNA (Luciferase specific) R GAAACGACUACUACACUG
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For Co-Transfection of plasmid and siRNA, cells at 50% confluence were
used. Same procedure as given above was used. 100nM of siRNA and 8ug of
plasmid mixed with optimem and 24pul lipofectaminewas added to cells after
30 minutes at room temperature. Media was changed from Optimem to DMEM

with 10% FBS after 6-8hrs. Proteins harvested after 48-72 hours.

2.5Protein Extraction and quantification
The cells were treated with ice cold RIPA lysis buffer (Sigma) (25mM Tris-

HCI pH 7.6, 150mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS)
and Halt protease, phosphatase inhibitor cocktail 100x, PPI (Thermoscientific)
at a concentration ratio of 1:100 to lyse cells and extract proteins. PPl was
added to prevent protein degradation. Cells were left in ice for 20 minutes after
which cells were centrifuged at 4°C at 13000 rpm for 30 minutes. Supernatant
was collected and stored in freezer at -20 °C. For the purpose of equal loading
in western blotting experiments, the amount of proteins in each of the cell
lysates was quantified using the BCA Protein Assay Kit (Thermos Scientific,
Pierce BCA protein kit, 23225) according to the manufacturer’s instructions
using the microplate procedure. A series of Bovine Serum Albumin (BSA)
solutions in the concentration range of 25-2000 pg/ml was used as a standard
reference range. 12.5ul of each sample, standard and blank was pipetted into
the 96 microplate wells (Costar, UK) as triplicates. Then 100ul of a 1:50
dilution of Reagent B: Reagent A was added to each well and the plate was
shaken for 10 seconds and then incubated at 37°C for 30 minutes. The
absorbance at 550nm was measured on original Multiscan lab systems Ex. A
graph was plotted of optical density and concentration of the standards (Figure

2-3). The concentration of the sample protein was calculated by using the
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following formula: x=y-b/a. Where y is the absorbance of the sample and X is
the concentration of protein pg/ml. For cytoplasm and nuclear fractionation
Biovision nuclear cytosol fractionation kit (K266-25) was used. Following the
manufacturer’s instructions the proteins were extracted and quantified as

above.

2.5Western blotting

3.3.1 Homemade gels

The SDS-polyacrylamide gel used in western blotting (WB) consisted of two
parts: a lower resolving gel and an upper stacking gel. The lower resolving gel
consisted of 10% polyacrylamide (Bio-Rad Laboratories, UK) in resolving
buffer solution (1.5M Tris-base pH 8.8, Bio-Rad Laboratories, UK 161-
0798).mixed with 10% SDS (Bio-Rad 161-0416), distilled water, 10% APS
(ammonium per sulphate) and TEMED (Sigma T8133) The upper stacking gel
consisted of 5% polyacrylamide in stacking buffer solution (1 M Tris-base / pH
6.8, Bio-Rad 161-0799) mixed with 10% SDS, 10% APS, distilled water and
TEMED The gel was then left at room temperature for 30 minutes to be
polymerised and then transferred to the electrophoresis unit containing 500ml
1x Tris-Glycine/SDS electrophoresis buffer (25mM Tris base, 192mM

Glycine, 0.1% SDS, pH 8.3) (Bio-Rad Laboratories,UK, 161-0772).

Fifty micrograms of proteins lysate were mixed with a loading buffer in a ratio
(1:3). Eppendrof tubes (1.5ml) were labelled according to the various wells
contents. Appropriate volumes of protein were added to a homemade 4x SDS
loading buffer containing 5% B-mercaptoethanol (Sigma M7154). The samples
were incubated at 90°C on a heat block for 5 minutes to denature the protein

and subsequently transferred to ice for another 5 minutes after denaturation.
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After centrifuging for 2 minutes at 13,0009, the samples were loaded into the
wells of the 10% SDS PAGE running gel and ran for 60 minutes at 60 mA for

two gels in 1x Tris-Glycine/SDS electrophoresis buffer as running buffer

(BioRad).
2
a b
15 " y = 0.0008x + 0.1365
R2 =0.9898
1 & Seriesl
- |_inear (Seriesl)

0.5 /

O 1 1 1 1 1

0 500 1000 1500 2000 2500

Figure 2-3 Protein assay: This graph is blotted according to the standards given in the
kit. Y axis represents the optical density of the protein standards. X axis gives the
concentration of protein in ug. Series 1 is the optical density of the serial dilution of
protein standard. R2 gives precision of pipetting nearer to 1 is better. Using this graph X
can be calculated.

An appropriate sized piece of Polyvinylidenediflouride (PVDF)membrane
(hybond P Amersham) was soaked in methanol for 15 seconds then hydrated in
transfer buffer (100ml of 10x Tris-Glycine+ 200ml of Methanol+700ml of
distilled water) for 2 minutes. The gel was transferred onto nitrocellulose
membranes by semi dry transfer. The membranes were incubated, at room
temperature, in a blocking solution (5% milk powder or Bovine serum albumin
dissolved in 0.1% Tween PBS) for one hour. After that, membranes were
incubated overnight with primary antibodies. The antibodies used were diluted
in specific diluents details given in Table 2-3. After overnight incubation,
membranes were washed and incubated for one hour in an appropriate
horseradish peroxidase-linked secondary antibody (Sigma Aldrich). Mostly

anti rabbit (A6154) and antimouse (A4416) were used. The bands were
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detected using enhanced Chemiluminescence kit (Amersham Bioscience). The
membrane was exposed to the x-ray film in the dark room. The x-ray film

(Kodak, UK) was revealed in developer and fixer and then washed by water.

2.5.1 Invitrogen western blot equipment

The homemade westerns and the BioRad solutions being used were giving
variable results and the performance was poor as well. So we decided to
change over to readymade gels and also change the solutions for running and
transfer of the gels. We switched to using NovexNuPAGE SDS gel system
(Invitrogen X cell sure lock Novex mini cell) NUPAGEBIsTris gels (NP03335)
of 1.5mm thickness and percentage of 4-12% were used. Proteins were loaded
with NUPAGE 4x LDS sample buffer (NPO007) with 2 beta-mercaptoethanol.
20x NuPAGE MOPS SDS running buffer (NP0001-02) was used by diluting
to 1x with distilled water. Semidry transfer method was employed to transfer
proteins to PVDF membrane (hybond P Amersham) using BioradTransblot
turbo transfer system. Bio Rad 10x Tris Glycine buffer was used mixed with
methanol for transfer. ECL prime westernblot detection system (Amersham)
was used for chemilumenescence. Hyper Films (Amersham GE healthcare #
28906835) were developed using Kodac developer and fixer. The films were
scanned after drying. The bands were quantified using image J software

(http://imagej.nih.gov/ij/). Table 2-3 Details of the antibodies used in the study

including company purchased from and conditions used in western blot. Table

2-3 gives the details of all the primary antibodies used in this study
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Table 2-3 Details of the antibodies used in the study including company purchased from and conditions used in western blot.

Antibody Company Band size Dilution buffer Blocking solution  Dilution factor Secondary
kDa antibody
Dilution

Cten/TNS4 Sigma Aldrich Endogenous 77 5% milk 0.1% 5% milk 0.1% 1:10,000 Mouse (1:5000)
WHO0084951M1 Plasmid 110 tween PBS tween PBS

ILK Cell Signaling 50 5% BSA 0.1% 5% BSA 0.1% 1:5000 Rabbit (1:10,000)
3862s tween PBS tween PBS

FAK Cell Signaling 125 5% BSA 0.1% 5% BSA 0.1% 1:5000 Rabbit (1:10,000)
3285s tween PBS tween PBS

pFAK Cell Signaling 125 5% BSA 0.1% 5% BSA 0.1% 1:5000 Rabbit (1:10,000)

(Tyr397) 3283s tween PBS tween PBS

E-cadherin Cell Signaling 135 5% BSA 0.1% 5% BSA 0.1% 1:6000 Rabbit (1:10,000)
3195s tween PBS tween PBS

N-Cadherin Abcam 100 5% BSA 0.1% 5% BSA 0.1% 1:5000 Rabbit (1:10,000)
98952 tween PBS tween PBS

Snail Cell Signaling 29 5% milk 0.1% 5% milk 0.1% 1:1000 Mouse (1:5000)
3895s tween PBS tween PBS

CD24 Gift from 20-70 3% milk 0.1% 3% milk 0.1% 1:1 Mouse (1:1000)

(SWA11) Peter Altevogt tween PBS tween PBS
Group
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Paxillin LSBio 68 5% BSA 0.1% 5% BSA 0.1% 1:5000 Rabbit (1:10,000)
LS-C49487 tween PBS tween PBS
Vincullin Cell Signaling 124 5% BSA 0.1% 5% BSA 0.1% 1:5000 Rabbit (1:10,000)
4650 tween PBS tween PBS
B-Actin Sigma 42 5% milk 0.1% 5% milk 0.1% 1°:50,000 Mouse (1:25,000)
Al1978 tween PBS tween PBS
B-Catenin Enzo Life Sciences 89 5% milk 0.1% 5% milk 0.1% 10ug/ml Mouse (1:5000)
7D11 tween PBS tween PBS
pY20 Sigma Aldrich variable 5% milk 0.1% 5% milk 0.1% 1:10,000 Mouse (1:10,000)
P4110 tween PBS tween PBS
B1 integrin Thermo scientific 120 5% milk 0.1% 5% milk 0.1% 2ug/ml Mouse (1:5000)
MEM-101A tween PBS tween PBS
Src Cell Signaling 60 5% BSA 0.1% 5% BSA 0.1% 1:5000 Rabbit (1:10,000)
2108s tween PBS tween PBS
Tensin 3 Sigma Aldrich 135 5% milk 0.1% 5% milk 0.1% 1:1000 Mouse(:10,000)
SAB4200204 tween PBS tween PBS
Lamin Abcam 9622 68kDa 5%BSA 0.1% 5%BSA 0.1% 1:1000 Rabbit(1:10,000)
tween TBS tween TBS
Calpain | Millipore 80kDa 5% milk 0.1% 5% milk 0.1% 1:1000 Mouse (1:10,000)
MAB3104 tween PBS tween PBS
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Calpain Il Abcam 39165 76kDa 5% milk 0.1% 5% milk 0.1% 1:1000 Rabbit (1:10,000)
tween PBS tween PBS
Calpain IV Chemicon 30kDa 5% milk 0.1% 5% milk 0.1% 1:1000 Mouse (1:10,000)
International tween PBS tween PBS
MAB3083
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2.6 Immunoprecipitation
Protein G agarose beads (Gammabind G sepharose, GE healthcare # 71-7057-

00 AH) were coated with the desired antibody to precipitate particular protein
from the sample. 1ml of all proteins was pre-cleared 20ul of beads by
incubating for 30 minutes at 4°C on a rotator. Protein were incubated overnight
with antibody first then overnight with beads while rotating at 4°C. After this
30ug of protein was incubated with 1 pg of antibody overnight and then with
30ul of beads overnight at 4°C. Samples were then centrifuged at highest
speed for 10 minutes at 4°C. Washed twice with ice cold PBS (Sigma D8537).
Supernatant was discarded and the beads were treated as protein and western
blot was performed as described. Protein incubated with beads but without
antibody was used as negative control. For input late 50ug of protein was
loaded. A control IP was performed to check the method used and reliability.
For this control IP a well-known interaction between E-cadherin and 8 catenin

was studied and found to be successful as seen in Figure 2-4.

Immunoprecipitation Control Check Experiment in HCT116

Input IP IP Beads Input IP IP Beads

B-catenin E-cadherin E-cadherin B-catenin

IB
E-cadherin

IB - -

Beta-catenin

Figure 2-4:.1P of E-cadherin and B-catenin.Show a positive binding between E-cadherin
and B-catenin in done in SW620. Left blot is blotted with Beta-catenin and right is blotted
with E-cadherin. The negative control of beads alone gives no band in both cases showing
true binding.
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2.7 Transwell migration assay
Cells grown in 6 well plates (Corning) were harvested with 1x trypsin/EDTA

(Sigma T4174) and 500 pl of DMEM growth media was added before
transferring to a 1.5 ml tube and centrifuged for 5 minutes at 1000 RPM. The
supernatant was discarded and pellets were re-suspended in 1 ml growth media.
Cell migration assay was performed using 24 transwell chambers (8 um pore
size, 6.5mm insert, 24 well plate, Costrar#3422, Corning USA). The lower
chambers were filled with 600 pl of 20% FBS DMEM media. In the upper
chambers, 1.0 x10° from the suspension was added mixed with 10% FBS
DMEM media so that the total solution in the upper chamber is 100 pl. The
cells were allowed to migrate at 37 °C and 5% CO in humid conditions for 48
hours. Migrated cells attached tothe bottom of the well were viewed through
inverted microscope and counted.

2.8Wound healing assay

Cells grown in 6 well plates were transfected with plasmids as mentioned
before and then allowed to grow to 100% confluence. Before making scratches
the base of the 6 well plated were marked with a blue line going through the
middle. Three wounds/scratches were made using a 200l tip. Then the cells
were washed with PBS two times to get rid of the cells that had come off. 2ml
of 10% FBS media was added to the wells and pictures were taken just above
and below the marked line at the beginning i.e., T=0, taking care that the line is
not visible in the picture. After 24 hrs pictures were again taken on the same
spots above and below the marked line defined as T=24. The pictures were
analyzed using the software T-Scratch (CSElab) to calculate the area of
migration of cells using the following formula: Area of migration = 100 x

(open wound area at 0 hour —open wound area at 24 hour).
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2.9Colony formation assay
Colony formation assay was done in 6 well plates in triplicate for each

condition. A base layer and a top layer were laid down on 6 well-plates. The
base layer was prepared using 1% agar (Sigma A1296-100G)mixed in cell
culture grade water. It was mixed by heating in microwave and cooled to 40
degrees centigrade in water bath. Then equal amount of 2x DMEM (Sigma)
with 20% FBS (Sigma) was added so that it comes out to be 1x DMEM and
10% FBS in total mixture.1ml of this mixture was added to each well and leave
to set at room temperature. For the top layer 0.7% agarose (Sigma A6877-10G)
solution was made using cell culture grade water, heated in microwave and
cooled to 40 degrees. Equal amount of 2x DMEM with 20% FBS was added to
agarose mixture. Transfected cells were harvested, counted and suspended in
the top agar mixture so that each ml has 2500 cells in total that goes in each
well on top of base layer. All the experiment was conducted in triplicates for
each condition. Every step was done in sterile conditions. Cells were incubated
at 37°C with 5% CO2 incubator for 21 days. They were fed with 10% FBS
1XDMEM (Sigma) media two times a week. After 21 days the colonies were
fixed and stained with 500ul of 0.005% crystal violet (Sigma C3886) mixed
with 4% Formaldehyde solution (Sigma HT5011280) for 1 hour and counted
under the microscope using grid pattern made under the 6 well plates to help in
counting. Colony forming efficiency was calculated by dividing number of
colonies counted by the total number of cells seeded. The resulting figures
were plotted on graph using Prism 5.0 software and significance calculated.
2.10 Methylene blue proliferation assay

After transfection in 6 well plates, cells were harvested and counted. 20,000

cells were added to each well of a 24 well plate, each well containing 600yl of
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IXDMEM with 10% FBS. Each condition was done is triplicate. Cells were
seeded in such a way that each transfection condition has 9 wells in total. Three
wells for Day0, Day 1 and Day?2 respectively. After seeding cells on Dayo0,
they were allowed to settle for 2 hours. Media was aspirated carefully, and
200ul of Methanol was added and incubated at room temperature for 30
minutes and extra methanol was aspirated. After fixing cells on all 3 days,
200ul of 1 % methylene blue (Sigma M4159) mixture was added and incubated
for 30 minutes at room temperature. Then wells were washed with distilled
water 3 times to get rid of excess dye. Afterwards, 100l of ethanol and 1molar
HCL 1:1 mixture is added per well and absorbance was measured at 650nm on
Original multiscan lab systems plate reader. The values were plotted using
Prism 5.0 software.

2.11 Presto Blue Proliferation assay

A new technique of measuring proliferation using cell viability reagent Presto
(Invitrogen A13262) blue dye which isn’t toxic to cells can monitor live cells
over time and doesn’t require different sets of wells for each day. Instead cells
can be incubated with the dye and florescence can be measured using a plate
reader which is much more precise as the same cells are then allowed to
proliferate over another 24 hours and the chances of error is reduced plus this
dye is more sensitive. Presto blue is a Resazurin based solution that works by
changing from a blue non-florescent to a red highly florescent dye in the
reducing environment of a metabolically active cell which can easily be
measured using a plate reader.

Validation and optimisation of presto blue experiments was done before

proceeding. The main purpose was to check if cell adherence to the bottom of
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the glass plate is affected after exposure with presto blue. Secondly to note
whether the time of exposure to presto blue has any effect on cell proliferation
itself. As seen in, Figure 2-5(A), multiple exposures to presto blue and multiple
washings affects the cell count slightly. Prolonged exposure of cells to presto
blue also causes an inhibitory effect on proliferation Figure 2-5 (B). Keeping
these findings in mind a method was devised to minimal washings and
exposure of cells with dye for 1 hour only to have minimized effects of presto

blue dye itself.

HCT116 prestoblue optimization HCT116 prestoblue optimization
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Figure 2-5: Presto blue optimization in HCT116. (A) Cells were grown to 100%
confluence in a 24 well plate. 300ul of 10% prestoblue DMEM was added per well.
Reading was taken after 1hour. Cells washed with PBS and incubated for another 1 hour
and the process repeated again. Red, Blue and Green graph bars represent triplicates of
wells. It us evident that after 3 hours of repeated washing and presto blue exposure has
slightly affected the readings. (B) 20,000 HCT116 cells were seeded in 24 well plate,
incubated for 8 hours. Condition 1 was exposed to presto blue overnight (blue). The red
bar is the condition in which cells were exposed to prestoblue for 1 hour just before
reading was taken (red). Green is the control which was not exposed to prestoblue on day
1 at all but exposed to presto blue on day 2. It is apparent that exposure to presto blue for

prolonged period has a negative effect on proliferation reading.20,000 cells were
seeded similarly to methylene blue assay in 24 well plates in triplicate for each
condition. They were left to settle for 12 hrs. After 12 hrs DMEM media was
aspirated carefully and a mixture of 1:100 of Prestoblue in DMEM was added

to each well 400ul per well. This was left to incubate at 37°C, 5%
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COzincubator for 1 hour. After this time presto blue mixture was aspirated and
added as 100ul/well of a 96 well plate Nunc (Invitrogen). Fluorescence was
read on Omega Fluostar at excitation 550nmand emission 620 nm band widths.
Gain was set up at 1000.All measurements done in triplicate. One well with no
cells was treated the same as the others and kept as a baseline correction for the

experiment.

2.12 Site directed mutagenesis
Site-directed mutagenesis is a method to create specific, targeted changes in

double stranded plasmid DNA. These changes can either be insertions,
deletions or substitutions of bases in the DNA sequence. In our study it has
been used to introduce a point mutation by substituting 1 or 2 bases in the
sequence leading to change in one amino acid in the resulting protein.The
Phusion site directed mutagenesis kit (Finnzymes, Thermo Fisher Scientific)
was used to introduce mutations into the Cten to test the functions of the
domains. Following the manufacturers protocol, primers were designed having
mutation in the middle. Tm was calculated by the Tm calculator

(www.finnzymes.com). As the primer was more than 20 bases in length,

annealing temperature greater than 3°C higher than the Tm of the lower Tm
primer given by the calculator was used. A template concentration of 10pg to
500ng was used. The reaction volume used was 50pl, with final concentration
of 200uM each for dNTPs, 0.5uM for each primer and 0.02U/ul for the
Phusion Hot start Il DNA polymerase given with the kit. The reaction was of
25 -35 cycles with extension at 30s/kb of the product expected details in Table
2-4. GFP-Cten plasmid was used as template. The plasmid map in which Cten

was inserted is given in Figure 2-6.
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Figure 2-6: Map of pEGFP C1 plasmid in which Cten was inserted at the multiple cloning
site (MCS) provided by Su Hao Lo group.

2.12.1 Primer design for point mutation
Primer design for point mutation in the SH2 domain of human Cten was

designed using the primer X website (http://www.bioinformatics.org/primerx/).

Primers sequences for all the constructs can be found in Table 2-5. At first
primers were designed keeping the mutation in the middle of both forward and
reverse primers and these primers were over lapping each other. But when a
PCR reaction was run there was no product generated. Then primers were
designed to keep the point mutation in the centre of the forward primer, while
the reverse primer was designed just abutting the forward sequence but not
overlapping it and going in the opposite direction as to cover the whole
sequence of the template in the final PCR product as shown in Figure 2-7.
There were some problems with 2 of the mutants regarding generation of the
product after PCR containing the mutation. For those primers, changes were

made in the primer design by increasing the length of the primers and moving
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the mutation a bit further along the middle of the forward primer to achieve
desired results. The final primers sequences used for generating the mutants

constructs is given in Table 2-5.
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Figure Error! No text of specified style in document.-1 A schematic diagram showing the
design of primers pairs for site directed mutagenesis.
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2.1.1 Gel extraction, ligation, transformation and miniprep
of PCR product obtained
After obtaining the PCR product, it was run on an electrophoresis gel to look
for the right band size comparing with the template. Next the product was gel
extracted (as explained in 2.2.1), ligated using T4 ligase enzyme over night at
4°C. The ligated product was then transformed into NEB 5a competent E-coli
high efficiency cells (C29871) (as explained in 2.2.7) keeping untransformed
E-coli cells and unligated product as negative control. A few colonies were
picked out of the total obtained Miniprep was performed (as explained 2.2.8)

and sent for sequencing.

Table 2-4Cycle steps used in PCR run for site directed mutagenesisfor introducing point mutations.

Cycle step Temp Time Number of cycles
Initial denaturation 98 30s 1
Denaturation 98 10s 25
Annealing 71 30s
Extension 72 30s/kb 3:40 s
Final extension 72 10 min 1
4 hold

Table 2-5 Sequence of primers designed and used for site directed muatagenesis. The red letter
represents the point mutation added.

Primer name Sequence

GFP-Cten™"A F:GGGGCTTTTGTCATAGCGGACAGCTCTTCATAC
R: TGG CTC CTC CTT CCT CAG CAG CTC

GFP-Cten"*F F: ACATCT AAATTC TGG TTT AAG CCA AAC
RGTC CAT CAC GAA CTT CAT GGT

GFP-Cten""*F F:AGC TCT TCATTC CGA GGC TCC
RGTC CCT TAT GAC AAA AGC CCC

GFP-Cten "> F:CAT CTC AAA GGA GCA GAT GAG GAG CCCTTCTTT
GG
R:CAC TCC TTT GGC AGA CGA CTC GAT GAG GAA
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2.12.2 Sequencing

All the minipreps for the colonies grown for the constructs were sent for
sequences to the DNA Sequencing Facilty based in the School of Life Sciences
for accurate and comprehensive DNA sequence analysis service. Latest dye
terminator chemistry (BigDye version 3.1) was used and samples were run on

3130xI ABI PRISM Genetic Analyzer (Life Technologies).

2.12.3 Comparison of sequences
Comparison of DNA sequence obtained was done by Blast tool on NCBI

website (http://blast.ncbi.nlm.nih.gov/Blast).

Table 2-6 gives a detailed sequence of primers sent for sequencing. Table 2-7
gives the length of clean sequence obtained from each set of primers covering
the length of the Cten sequence [TNS4 (NM_032865) Human cDNA ORF
Clone] present inside the constructed vectors using the original plasmid

received from Su Hao Lo. See appendix 2 for detail.

Table 2-6Primer sequences used for sequencing the whole length of the constructs made.

Primer names Sequence 5°-3°

Cten new Forward TGG AAA GTC CAG CCAACTCT

Cten new Reverse CAC AAT GGC TAT GTC CAC CA-
GFPN1 Forward AAC TCCGCCCCATTG ACG CAAATG
GFP N1 Reverse CGT CGC CGT CCAGCTCGACCAG
GFP C1 Forward CAT GGT CCT GCT GGA GTT

GFP C1 Reverse CAAATGTGG TATGGC TGATT
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Table 2-7Gives details of the clean uninterrupted sequence obtained from the sequencing reactions
that matches completely to the template plasmid.

Construct name Primer used Clean sequence matching
TNS4 (NM_032865)
NLS-Cten-GFP Cten new Forward 1140-2019
Cten new Reverse 434-1240
GFP N1 Forward 164-830
GFP N1 Reverse 1464-2309
GFP-Cten Cten new Forward 1178-2017
Cten new Reverse 534-1198
GFP C1 Forward 165-1064
GFP C1 Reverse 1420-2313
GFP-Cten R4 Cten new Forward 1123-2022
Cten new Reverse 179-1230
GFP C1 Forward 165-1086
GFP C1 Reverse 1370-2314
GFP-Cten Y#°F Cten new Forward 1178-2018
Cten new Reverse 220-1200
GFP C1 Forward 165-1082
GFP C1 Reverse 1360-2313
GFP-Cten Y4°F Cten new Forward 1125-2024
Cten new Reverse 500-1224
GFP C1 Forward 165-944
GFP C1 Reverse 1420-2313
GFP-Cten "% Cten new Forward 1132-2027
Cten new Reverse 360-1252
GFP C1 Forward 165-900
GFP C1 Reverse 224-2313

2.13 Messenger RNA preparation and Reverse

transcriptase QPCR
Total cellular RNA was extracted using kit by total RNA miniprep kit by

Sigma (MRNT70). Cells were lysed to extract RNA by adding 250l of Lysis
buffer with Pmercaptoethanol per 1 well in a 6 well plate. All steps were
performed at room temperature according to the prortocol with provided with
the kit. RNA was quantified using nanodrop and stored at -80°C.cDNA was
generated from 1pg of RNA using Moloney Murine Leukemia Virus (M-
MLV) reverse transcriptase (Promega 200U/ul). 1pug of RNA and 0.5 pg of
random hexmaers (Thermo Scientific 50142 200ng/ml) was mixed together
with RNAse free water to make 15ul volume incubated at 70°C for 5 minutes
and then on ice for 5 minutes After this a mixture of Reverse transcriptase (RT)

enzyme, M-MLV RT buffer 5x (Promega) and dNTP 10mM (Thermo
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Scientific) and water added to each sample and incubated at 37°C for 1 hour
followed by 95°C for 10 mins. Samples without RT enzyme added served as

negative control. Samples were then diluted 1:10 and stored at -80°C.

Real time PCR was conducted by using Gotagmastermix (Promega A6002).
The reaction volume used was 30l including Forward and reverse primers
(6.25 uM stock) and cDNA, Gotagmastermix and dH,0O. The quantities for 1

reaction are as follows:

Master mix 15ul
Forward primer (250 nM) 1.2ul
Reverse primer (250 nM) 1.2ul
dH,0 9.6pl
cDNA 3ul

This was run on 7500 fast real time PCR system machine serial no. 275012368

(Applied Biosystems life technologies). The cycle set up was as follows:

Holding stage 95°C for 2 minutes, Cycling stage 40x (95°C for 3 seconds,
annealing temperature for 30 seconds), Melt curve stage (95°C for 15 seconds,

60°C for 1 min, 95°C for 15 seconds, 60°C for 15 seconds).

QPCR primers were designed using of Universal Probe library Roche

(https://lifescience.roche.com/webapp). Sequences are given in Table 2-8.

Delta deltaCT method was employed keeping HPRT as a house keeping gene
and loading control using ABI 7500 software v 2.0.1 quantify results. Primer

efficiency was calculated using serial dilution of primers in multiples of ten.
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Efficiency of sample primers compared to HPRT graphs are shown in .All

reactions were carried out in triplicates (Figure 2-8).

Table 2-8 Sequences for primers used for RT QPCR reaction

Reference Primer sequence Amplicon  Annealing
sequence size Temperat
number (bp) ure (°C)
HPRT L AAATTCTTTGCTGACCTGCTG 122 60
NM-_00194 R TCCCCTGTTGACTGGTCATT
Cten L GCGTCTGCTCAGA TCGAC 110 56
NM 0328655 R GATGAGGAAGTGTCGGATGG
E-Cadherin L- TGGAGGAATTCTTGCTTTGC 64 60
NM_004360. R- CGCTCTCCTCCGAAGAAAC
Src L-GGCGGCTTCTACATCACCT 92 56
NM_005417.4 R-AGGGATCTCCCAGGCATC
Snail L-GCTGCAGGACTCTAATCCAGA 84 60
NM 005985.3 r-ATCTCCGGAGGTGGGATG
Standard Curve Standard Curve
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Figure 2-8: Standard curve for snail primers (A) and housekeeping gene HPRT (B).

2.14 Calpain activity assay
Calpain, a cytosolic calcium-dependent cysteine protease whose activity is

involved in a number of biological processes including integrin mediated cell

migration and apoptosis(63).This experiment was carried out to discover

possible link between Cten and calpain The Calpain Activity Assay determines

the catalytic activity of calpain by detection of cleavage of its substrate which
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emits fluorescence upon cleavage. This florescence is detected by a fluorescent
plate reader Comparison of the fluorescence of sample treated with calpain
with a normal control allows determination of the fold increase in calpain

activity.

Cells were plated as 1x10°/ml of DMEM with 10% FBS in T25cm?flasks
(Corning Costar UK). The cellswere left to settle and adhere overnight. Next
day media was changed to serum free DMEM. Each condition was done in
triplicate. To one flask 100uM Calpeptin (Calbiochem 03-34-0051) diluted in
DMSO (Sigma D2650) was added. To another equal volume of DMSO diluent
was added. All this was done in dark conditions. The flasks were incubated at
37°C 5% CO,. After that cells were tyrpsinised and transferred to eppendrof
and spinned for 5 minutes at 2500rpm. Supernatant was aspirated. Cells were
resuspended in 500ul of serum free DMEM. This volume was divided into 2
eppendroffs having 250ul each. To one tube 2ul of CMAC, tboc-L-leucyl-I-
methionine-amide (10nM stock) was added and to another 2ul DMSO was
added. 100pl of each in duplicate was added in a 96 well plate with optical
bottom. Fluorescence was measured at 37°C in BMG Floustar omega
(excitation 350/emission 430 and gain 2000) for 1 hour at 10 minutes intervals.
It was seen that fluorescence increases uptil 1 hour and then reaches a plateau.

The difference in fluorescence was measured and plotted after 60 minutes.

2.15 Statistical Analysis
For the results of functional studies, data were displayed as the mean +

standard deviation (SD) from three independent experiments. Statistical

analysis using the unpaired two tailed Student’s T-test was performed by the
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GraphPad software. Differences were considered significant if P-values were <

0.05.
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3.1 Introduction
In addition to Cten’s location within the cytoplasm, an increase in its nuclear

staining has been seen in advanced stage tumours and metastatic deposits(7).
This led us to hypothesize that localisation of Cten to the nucleus may enhance

Cten activities such as cell motility and stemness.

As Cten lacks an endogenous NLS sequence within it, we aimed to construct a
plasmid tagging Cten with a nuclear localisation sequence (NLS), which would
target Cten to the nucleus. This would allow us to study its effects in human
colorectal cell lines compared to Cten located within the cytoplasm. In this
study we report the role of Cten within the nucleus and its effects on cell

motility and tumourigenicity of colon cancer cell lines.

3.2 Aims
1  Tag GFP-Cten with NLS.

2 Ensure that NLS-Cten-GFP construct goes into the nucleus.

3 To study the effect of NLS-Cten-GFP on functional aspects of Cten.

3.3Results
3.3.1 Construction of Cten tagged with NLS

A PCR was run using proof reading Taq polymerase and the primers (given in
material and methods) with GFP-Cten as template. The product obtained was
run on an agarose gel. The product of the PCR came out to be around 2200
base pairs (bp), which is the right size for Cten with the NLS tag as shown in

Figure 3-1 (A).This product was extracted from the gel and used for cloning in
a topovector. The TA kit relies on A-overhangs in the PCR product pairing
with T-overhangs in the plasmid. Since a proof reading Taq was used, the PCR

products were blunt ended. A-overhangs were added as described in material
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and methods. For cloning in the Topo vector, the TA cloning kit was used.
Map of the Topo vector used is given in Figure 3-2. After cloning of NLS-Cten
in Topo vector, the construct was called Topo-NLS-Cten and was transformed
in competent E-coli cells as explained in Materials and methods (M&M),
colonies were grown on LB agar. Five light blue colonies were picked. A
miniprep was done for all five colonies. The 5 Topo-NLS-Cten constructs were
digested with BamH1 enzyme and run onto a gel shown in Figure 3-1(B) and
compared withTopovector alone cut with BamH1. The resultant gel showed
that all 5 colonies had NLS-Cten in them. The orientation of Topo-NLS-Cten 1
and 4 was reversed (explained in Figure 3-3).They were digested again with
both Hindlll and BamH1 as seen in Figure 3-4(A). As you can see in Figure 3-
4(A) that pEGFPN1 was not completely digested with BamH1, this reaction
was then optimised to ensure complete digestion with BamH1 and HindllI
Figure 3-4(B).

One of the Topo-NLS-Cten constructs was then double digested using Hindll1l
and BamH1 to excise the product out of Topo vector. The product was run on a
gel and extracted from it under blue light (explained in detail in Materials and
Methods). The extracted DNA was then ligated with pEGFPN1, which was
alsodigested with Hindlll and BamH1 in 1:1 and 1:3 molar ratio. and
transformed into E-coli. The result was: Bacterial cells alone=no growth,
PEGFPN1 self-ligation= 57 colonies (probably because of incomplete

digestion), NLS-Cten-GFP 1:1=no growth, NLS-Cten-GFP 1:3= 200 colonies.

As there were four times more colonies in the NLS-Cten-GFP 1:3 ligation than

self-ligated pEGFP although the amount of pEGFPNL1 in the ligation was just
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twice more , so there was a chance that NLS-Cten was present in one of them.

Ten random colonies were selected and grown as minipreps and run on a gel.

Marker pEGFP N1 pEGFPNI1 pEGFPN1 NLS Cten PCR Product
(uncut): (HindIII) (BamHT1) bp 2200

10,000
5000 -
3000 — — 3
1500 3 ' g
1000 .

750
500

250

(A)

Marker TOPO
Vecter Control

.

cut with |

Topo-NLS-Cten Colonies digested with BamH1 -

(B)
Figure 3-1:Topo-NLS-Cten construction. (A) The NLS tagged Cten PCR product falls in
the range of 2200 base pairs where as pEGFPN1 is 5000kb. Circular plasmid always runs
faster so pEGFPN1 was digested with Hindlll and BamH1.Note that the pEGFPN1
digested with BamH1 enzyme is not completely digested having a faint band on top. (B)
The first lane is Topovector control digested with BamH1 (5000kb). The lanes labelled 1-
5 are Topo-NLS-Cten digested with BamH1. All clones have NLS-Cten in them as they
are falling in 7000bp range. However due to different position of the BamH1 digestion
sites NLS-Cten has been digested out in only Topo-NLS-Cten 2, 3 and 5.

As seen in Figure 3 4(C), NLS-Cten-GFP clones 1 and 5 fall in the right size of
7000 bpcompared to pEGFPN1 alone which is 5000bp. NLS-Cten-GFP 1 and 5
were further digested with BamH1 and Hind Il to check that the insert of

NLS-Cten falls in the right size of 2200bp (Figure 3-5 A). Then these 2 clones
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were then sent for sequencing to confirm the addition of NLS sequence

shown in Figure 3-5(B).

Map of pCREII-TOPO®

pCRAL-TOPO® Map The map below shows the features of pCREI-TOFO® and the sequence
surrcunding the TOPO® Cloning site. Restrichion sites are labeled to indicate the
actual cleavage site. The arrows indicate the start of transcription for Spéh and T7
polymerases. The complete sequence of pCR*I-TOPO* is available for
dnwnl.md'mg from our Web site {m.invih'ngen.mﬂn‘r by :mbcl'ing
Technical Service tpage 2.
lincZo ATG
ol 13 Pl rims Prrisir *

CAG GRA ACh GCT AL M ATG ATT ADG OCA AGC
GTC CTT TGET CGR TAC T TAC TAA TGC GGT TOG

MTA& AAT CCR CTE TGA

Mai | Hindl 1N enl  Sacl Beed | Spel

| |
TAC TCA AGC TAT GCA TCR AGC TTR GTh OOO ARC TCG GAT CCR CTA GThR ADG GCT
ATG RLT TOL ATR CLT ALT TOG RAC CAT QLT TOG RGC CTR GT GAT CAT TGC CCL

B.Iﬂ.l Ecafil En:lﬂl En:f\l

GCC AGT GTG CTG GAR TTC GOC OTT @GC AR TTC TGC AGAR TAT

CEE TCh CRC GAC CTT ARG CGE GR TTC OOG CTT RAG ADG TCT ATAR
Bt 1 Mol l o) P | Sia | Apal

I I
CCA TCA CAC Taa COE OO0 CTC GAL CAT GCA TCT AGA GGG CCC RAT TOG |[OOC TAT
CET ALGT GTG ADC GCC GGC GAG CTC GTA OGT AGR TCT OOC GG TTA AGD |GGG ATA

W3 20} Fiarward Primar

ARAT

TThA

CET OGT GAC TGGE GAA ARC

TiCA
AGT GCA CTG ADCC CTT TTIG /

Comments for pCREI-TOPOD
373 nucleotides

LacZa gene: hases 1-589
M13 Reverse priming site: bases 205221

Spé promoter: bases 238-256

Multiple Cloning Site: bases 269-383

T7 promoter: bases 06425

M13 (-20) Forward priming site: bases 433-448
1 onigin: bases 500-1027

Kanamycin resistance ORF: bases 1361-2155
Ampicilin resistance ORF: bases 2173-3033
pUC origin: bases 3178-3851

as

Figure 3-2 Map of Topo Vector used. There is a site in the middle of the restriction
enzymes site at which the PCR product binds. The direction of the PCR product attached

and the enzymes site determine the size of the cleavage product.
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Topo Vector Topo Vector

Hindlll

Digested with Hindli

[ SSmsasesity Mazlxnm
l melonmab
Gives two band on electrophoresss
{(A) (B)

Figure 3-3:Diagrammatic representation of the NLS-Cten product as it binds with the
Topovector. This binding is TA dependent and not restriction enzyme dependent. If the
Hindlll site of NLS-Cten and Topo vector are at the same side. The digestion with
Hindlll will give a linear product. If the Hindlll site of the NLS-Cten product and
Topovector are on the opposite sides, then digestion with Hindlll will digest the PCR
product (NLS-Cten) out and give 2 bands, one for NLS-Cten and other for Topovector.
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Marker Control Topoclone 1 and 4
digested with BamH |
and HindIII

Marker pEGFPN1 pEGFPNI
Cut with
Uncut BamH1
bp HindIII
10,000

5000
2500
2000
1500

1000

(A) (B)

©

Figure 3-4:Double digest of Topo-NLS-Cten.(A) Shows the gel run of double digest of
Topo-NLS-Cten 1 and 4, having the NLS-Cten inside. (B) Shows complete linearization of
pPEGFPN1 after optimization of double digest with BamH1 and Hindll having no
secondary bands. (C) Gel run of the 10 colonies chosen after transformation of the NLS-
Cten-GFP. Colony 1 and 5 show bands at the right size of 7000bp which is 2000 bp more
that pEGFPN1 plasmid run as a control.
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NLS sequence Start of Cten sequence

(B)

BRIy i .<>Alln A =

Figure 3-5:Diagnostic digest of NLS-Cten-GFP.(A) NLS-Cten-GFP Clone 1 and 5,
pEGFPN1 and Topo-NLS-Cten vector were digested with Hindlll and BamH1 to
separate the insert from the vector. The insert in both clone 1 and 5 is 2200 bp same
length as the NLS-CTEN in Topo vector. (B) Shows the sequence from one of the clones
displaying the presence of complete NLS sequence at the right just before the beginning
of Cten.

3.3.2 NLS-Cten-GFP goes to the nucleus

After successfully constructing NLS-Cten and forming anexpression construct
of NLS-Cten-GFP, the next step was to confirm that tagging NLS to Cten
actually takes it to the nucleus. As our construct was inserted in pEGFP, it was
easy to follow its location by studying the GFP signal under a fluorescent
microscope. NLS-Cten-GFP, GFP-Cten and pEGFP (or referred to as empty
vectors in some cases) were all transfected in colorectal cell lines lacking

endogenous Cten. It was seen that pEGFP stays in the cytoplasm only, while
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GFP-Cten goes to nucleus as well as cytoplasm but mostly in the cytoplasm.

However, the NLS-Cten-GFP construct goes into the nucleus only Figure 3-6.

Cten

DAPI

NLS Cten

GFP

DAP] m—

Figure 3-6: Pictures from the fluorescent microscope showing cells transfected with GFP-
Cten, NLS-Cten-GFP and pEGFP.DAPI dye was used to stain the nuclei. Pictures were
taken with separate filters for GFP and DAPI at the same magnification and then merged
to show the location of the GFP stain compared with location of the nuclei in the cells.
Scale bars represent 20pum.

3.3.3 NLS-Cten-GFP leads to increase in cell motility but does not
affect cell proliferation

To study the effect of NLS-Cten-GFP, on cell motility and proliferation, we

transfected the cells with NLS-Cten-GFP along with GFP-Cten and pEGFP or

empty vector. Transfection efficiency was optimised as explained in materials
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and methods to get the best possible efficiency for transfection. Migration was
tested by 2 methods, transwell migration and wound healing assay. It was seen
that in wound healing assay NLS-Cten-GFP increased cell motility and
migration significantly as compared to GFP-Cten (p=0.01 and p=0.003) and
PEGFP(p=0.009 and p=0.008) in HCT116 and RKO respectively. Similar
results were seen on transwell migration assay and a significantly increased
motility was observed in NLS-Cten-GFP as compared to GFP-Cten (HCT116
p=0.01) and (RKO p=0.02). This is evident in Figure 3-7 and Figure 3-8 B for

HCT116 and in Figure 3-9 for RKO.

HCTI116

24hr

Wound Healing assay in HCT 116

P=0.0099
P=0.0156

dAD-U1D-SIN

cell migration area

uD-ddD

N ad
o &
& S

o
C&
)

Transfection

d4ogd

Figure 3-7 Pictures of wound healing assay in HCT116 at Ohour and after 24 hours as
analysed by T-scratch software. The distance travelled by the edges of the wound was
calculated as area of cell migration and put in Graph pad prism to give graphical
depiction of the assay (shown on the right). Unpaired t test was used to study the
difference between two conditions at a time and there was a significant difference seen
between NLS-Cten-GFP, GFP-Cten and pEGFP. The error bars represent the standard
deviation from the mean. Experiments were repeated three times with each condition run
in triplicate n=3.
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HCT116 NLSCten Cten GFP
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Transwell migration assay in HCT116
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Figure 3-8:Western Blot and transwell migration assay with NLS-Cten-GFP in HCT116.
(A) Shows images of western blot in HCT116 for expression of Cten and markers of
EMT. The levels of E-cadherin go down for NLS-Cten-GFP as compared to pEGFP but
not less than GFP-Cten (right). N-cadherin levels go up as compared to GFP-Cten and
PEGFP but Snail levels are not affected by NLS-Cten-GFP when compared to GFP-Cten
(left). p-actin is the loading control and all the bands are normalised to it. The figures
under the western bands give their density normalised to the loading control. (B)
Graphical representation of transwell migration assay in HCT116 showing a significant
difference between NLS-Cten-GFP and GFP-Cten (unpaired t test). The error bars
represent the standard deviation from the mean. Experiments were repeated three times
with each condition run in triplicate n=3.

Western blot was performed to confirm the presence of Cten protein in all
conditions before performing any functional assay. It was seen that the protein
expression of NLS-Cten-GFP was always less than GFP-Cten in all

experiments. One of the reasons could be that the protein was extracted as a
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whole from the cells and not fractionated into different compartments like
nuclear and cytoplasmic and since NLS-Cten-GFP is taken into the nucleus it is
possible that it isn’t extracted well enough to be seen in equal quantities on

western blot.

Markers of EMT were also used to explore the reasons of increase in cell
motility and migration in NLS-Cten-GFP. The markers include E-cadherin, N-
cadherin and Snail. These proteins however are only expressed in HCT116 and
not in RKO so western blot was performed only in HCT116 cells. As seen in
Figure 3-8(A), N-cadherin goes up with NLS-Cten-GFP as compared to GFP-
Cten and pEGFP as would be expected in a shift towards mesenchymal
properties. However with Snail levels the increase was the same as with GFP-
Cten but still more thatpEGFP. With E-cadherin, as was expected levels went
down with NLS-Cten-GFP and GFP-Cten as compared to pEGFP. However,
the levels of E-cadherin did not go down below the level seen in GFP-Cten

transfected cells Figure 3-8(A).
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Figure 3-9:Wound healing assay and transwell migration assay with NLS-Cten-GFP in
RKO.(A) Shows western blot pictures of protein extracted from transfection with NLS-
Cten-GFP, GFP-Cten and pEGFP blotted with Cten antibody and graphical
representation of number of cells migrating after 24 hours through a transwell in RKO
cell lines. Unpaired t test was performed to compare the difference between each
condition and found to be significant. It is important to note her that the transfection
efficiency of the NLS-Cten-GFP expression vector is less than GFP-Cten but it still causes
an increase in cell motility function (B) Pictures of wound healing assay in RKO at Ohour
and after 24 hours as analysed by T-scratch software. The distance travelled by the edges
of the wound was calculated as area of cell migration and put in Graph pad prism to give
graphical depiction of the assay (shown on the right). Unpaired t test was used to study
the difference between two conditions at a time and there was a significant difference
seen between NLS-Cten-GFP, GFP-Cten and pEGFP. The error bars represent the
standard deviation from the mean. Experiments were repeated three times with each
condition run in triplicate n=3.

To check the effect of NLS-Cten-GFP on proliferation methylene blue

proliferation assay was performed in both cells comparing with GFP-Cten and
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empty vector and it showed no significant difference in between either of the

three plasmids transfected as shown in Figure 3-10.

Methylene Blue Proliferation Assay

RKO HCT116
« NLSCtenGFP | » NLSCtenGFP
« GFPCten 254 # GFPCten

- pE(jFP -~ pEGFP

. ODot850
OD ot 650

Time Course

Figure 3-10 Graphical representation of methylene blue proliferation assay done in
HCT116 and RKOafter transfection with NLS-Cten-GFP, GFPCten and pEGFP empty
vector. 2way Annova was performed and showed no significant difference between the
three conditions. The error bars represent the standard deviation from the mean.
Experiments were repeated three times with each condition run in triplicate n=3.

3.4Discussion
Colorectal cancer is one of the tumours in which Cten shows increased

expression in advancing tumour stage and this has been seen by
immunohistochemical staining of tumour samples taken from primary as well
as metastatic tumours. Being a focal adhesion molecule it’s staining should be
cytoplasmic but it’s also seen to present in the nucleus. Nuclear staining was
seen especially in advanced stage cases and metastatic deposits in a study by
our group in 2011(7). In another study by Lo et al, finds a high population of
Cten in the nucleus in colorectal cancer.They have linked Cten to 3-catenin in
the nucleus and predict that this interaction maybe a contributing factor of
Cten’s role in enhancing invasion of cells(6). In our study, we have tagged

Cten with NLS (nuclear localising sequence). The mechanism of NLS is quite
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simple. It usually carries its cargo protein, in this case Cten, and helps it bind to
a nuclear import receptor protein called importin and thus facilitates its move

into the nucleus (64).

In our study we see that Cten when tagged with NLS (NLS-Cten-GFP)
significantly increases cell motility compared to wild type Cten in our GFP-
Cten expression construct. There could be a number of possibilities why there
is an increase in cell motility; one of them may be that addition of NLS has an
effect on Cten’s action. There can also be a possibility that the signal peptide of
Cten does not get cleaved off after it is taken to the cell membrane. The signal
peptide of Cten starts from base pair 165 to 218, which has been included in
the NLS-Cten-GFP expression construct but comes after the NLS tag. Maybe
the NLS tag does not let it cleave off and that enhances its action of cell
migration. Another possibility is that the GFP in our construct has been moved
to the C terminal end of Cten, whereas in the GFP-Cten expression construct
provided by Prof.Lo it is present at the N-terminus, which is our control of
normal Cten gene function. But there are several studies in which GFP tag has
been used in expression vectors and its position does not alter the gene
function. It might be that this increase in cell motility is actually because Cten
is affecting transcription of other cell motility proteins like ILK, E-cadherin
and FAK in the nucleus or by binding and increasing the activity of other
proteins like B-catenin, CD24 or EGFR. Cten has been linked to B-catenin in
the nucleus. It would be interesting to find other binding partners of Cten in the
nucleus, which might give us insight into its role in the nucleus. We hope to do

this in future.
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Another thing to acknowledge her is that the forward primer for NLS-Cten-
GFP construction PCR has three ATGs (which is a start codon). One is before
the NLS sequence but the others come after the NLS sequence which could
result in some protein being expressed with NLS tag but some without it. This
could be a possible reason for lower transcription efficiency we get with
NLSCtenGFP and also for slightly less than ideal results on fluorescence

microscopy.

As far as we know, this is the first time Cten has been tagged with an NLS and
forcefully taken into the nucleus. It gives an opportunity to study the effects of
Cten localisation on colony formation, invasion and proliferation. Animal
model tests will be a good next step to take this project further. It can be
performed by intrasplenic injection of CRC cells stably transfected with a NLS-
Cten-GFP expression construct into nude mice and compare it with GFP-Cten
transfected cells. As was done by our group to test the tumourigenicity of GFP-
Cten in mouse models which revealed GFP-Cten transfected mouse had increased

tumour load and liver metastasis as well(7).

In future we hope to elucidate the downstream partners of Cten in the
cytoplasm and in the nucleus. Tagging Cten with NLS gave us a unique
opportunity to see the effects of Cten localisation upon its role in cell migration
and proliferation. It is also a new way to find out about the binding partners of

Cten within the nucleus giving insight into its role in cancer metastasis.
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4 Importance of Arginine 474 in SH2 domain of
Cten
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4.1 Introduction
Tyrosine phosphorylation has always been the key regulator of important

cellular processes involved in cell signalling, cell cycling. Any disruption or
dysfunction in this process can lead to various diseases including cancer.
Binding of these phosphotyrosine residues leads to cascade of events important
for these cellular processes. This binding is generally carried out by the SH2
and PTB domains. It was first thought that both SH2 and PTB binding is
strictly tyrosine phosphorylation dependent but now SH2 domain has been
shown to adhere strictly to phosphorylated tyrosines while PTB binds
nonphosphorylated tyrosines mostly(65). In general, an SH2 domain consists
of about 100 amino acid residues and is important in signal transduction. SH2
domains were first discovered in Src and fps (66) and an SH2 domain is
present in almost all cytoplasmic tyrosine kinases. The SH2 domains contain a
pocket which allows physical docking of proteins containing phosphorylated
tyrosine residues(67). The structure of an SH2 domain consists of two a-
helices (A and oB) sandwiching a B-sheet consisting of seven anti-parallel
strands (BA to BG). The phosphotyrosine peptide binds perpendicularly to the
central f-sheet and the specific residues towards the N-terminal form a

positively charged pocket for the phosphotyrosine residue(68).

The SH2 domain of Tensins has been linked to a number of key molecules for
cell motility. SH2 domain of TNS1 is shown to be bound with FAK, p130Cas,
PDK1 and Dok2. (69). In the SH2 domain a critical Arginine is said to regulate
its interaction with other elements (53,54,70). The SH2 domain of Tensin is
crucial for binding to focal adhesions as it binds all the phosphotyrosine related

proteins like FAK, ILK, and PI3 kinase. Mutations in the SH2 domain
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abolishes migration induced by Tensin family proteins as seen in canine kidney
cell lines(14). As Cten is highly homologous to other Tensins at the C-terminal,
a mutation in SH2 domain is shown to prevent invasive migration in one
study(53).Figure 4-1 gives the sequence homology of the SH2 domain of all

the Tensins.

Tensinl 1459-1562 skywykpeisr eqaiallkdq epgafiirdshsf r gaygla mky
Tensin 2 | 1136-1180 tskfw ykphisr dqaiallkd kdpgaflirdshsf ggayglalky
Tensin 3 | 1168-1213 tsk fwykadisce qaiamikdke pgst ivedsh sf rgayglam ky

Cten 445-490 tskywl kpoitre gaiclicke epaa fvicdsssye gelalalky

Tensinl 1503-1557 sspppt maaqokkgdmt helvehflie tgprovkikg cpnepnfgsl salvy
Tensin 2 | 1181-1230 atpppsaqpy kgdpvealvr hflietgpkg viikgopsep yfgsisalys
Tensin 3 | 1214-1265 atpppsyl qinkkagdia nelvrhflie avrikg csnepyigsl taly
Cten 491-544 gevpasagsep gedsadich fliessakay hikgadeepy faslsalveg hs
Tensinl | 1558-1574 ghsii plalpckivi pord

Tensin 2 | 1231-1249 qbsispisip cdnpskd

Tensin 3 | 1265-1284 cqhsit plalpcklli perd

Cten S545-558 malsln ckitipace
| A

1 450 1459 1574 1735

Tensin 1
1 558 1136 1249 1410

Tensin 2
435 1168 1284 1445

Tensin 3
1 445 558 715
Cten S - S—

(B) !

Figure 4-1:Protein sequence homology of the SH2 domain of all 4 human tensins.(A)The
bold letters show the common amino acids in the SH2 domain of tensins. (B) The number
of amino acid corresponding to the domain structure of all 4 tensins which show
homology. The middle section of these proteins do not show any homology.

To determine whether Arginine at site 474 in the SH2 domain of Cten affects
its motility augmenting effects and interaction with downstream targets like

ILK and FAK, we introduced a point mutation at this position using site

directed mutagenesis.
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4.2Aim
I.  To create a mutation the SH2 domain of Cten by changing the critical

Arginine at position 474 to Alanine.
Il.  To study the effect of this mutation on functional activity of Cten.

1. To the study the effect of this mutation on the levels of downstream

signalling partners of Cten.

4.3Results

4.3.1 GFP-Cten®*"** mutant constructed using site directed
mutagenesis

As explained in the materials and methods, site directed mutagenesis was used
to construct the GFP-Cten™*"** expression vector. The primer pair for the GFP-
Cten™** mutant is given in material and methods. A temperature gradient
PCR was run and temperature of 75°C was chosen. To get the lowest
concentration of template, a varied template concentration PCR was run and
500ng concentration was used. A 50ul reaction PCR was run with 500ng and
the entire product volume was run on an electrophoresis gel and extracted from
the gel using Blue light to view the product instead of UV light in order to
avoid damage to the DNA in the product. Ligation and transformation was
done as explained in material and methods. 5 colonies were sent for sequencing
and the ones with the desired mutation were grown up as a midiprep (Figure 4-

2).
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Figure 4-2:(A) Picture of the electrophoresis gel for temperature gradient PCR for the
GFP-Cten™™* site directed mutagenesis primers.and Gel run foroptimizing template
concentration ranging from 10ng to 1pg. Minimum concentration of 500pg gave a visible
product. (B) Sequence result showed the GFP-Cten™*"** varied from GFP-Cten in 2
bases from AG to GC.

4.3.2Mutation of critical Arginine to Alanine at 474 reduces cell
migration but does not affect cell proliferation
Site directed mutagenesis was employed to change Arginine at the 474 position

of Cten which falls in the SH2 domain of Cten to Alanine. It is well known fact
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and shown by our group previously that Cten expression in colorectal cancer
increases cell motility without affecting cell proliferation (7,43). These
functions were tested in the CRC cell lines HCT116 and RKO (both lacking
Cten expression). Cells were transfected with Cten wild type i.e. GFP-Cten

expression vector, GFP-CtenR#*A

and pEGFP as empty vector (EV) control
(which will referred to as pEGFP for the rest of the study). Two cell motility
assays were employed to determine the effect of GFP-Cten™*™A. First
Transwell migration assay (Figure 4-3A) was done. Compared to pEGFP,
transfection with GFP-Cten resulted in increased cell motility in both HCT116
and RKO (p=0.013 and p=0.003 respectively). Transfection with GFP-
Cten™**) resulted in reduced motility compared to the wild type protein
expressed by GFP-Cten (p=0.02 for both cell lines) Experiments using the
wound healing assay validated these results (Figure 4-4) with enhanced cell
motility across the wound for GFP-Cten versus pEGFP in both HCT116 and
RKO (p=0.037 and p=0.011 respectively) whilst there was reduced some
motility for transfection with GFP-Cten™*"** versus GFP-Cten (p=0.008 for

both cell lines). It was seen that mutating Arginine caused a significant

reduction in cell motility using both assays as compared to GFP-Cten.

The next step was to study the effect of Cten and GFP-Cten™***on cell
proliferation to rule out the possibility of inhibitory effect of the mutant on cell
proliferation causing decrease in cell motility. It was found that there was no
effect on cell proliferation by GFP-Cten, GFP-Cten™*"**or pEGFP (Figure 4-

3B). This was done is both cells lines HCT116 and RKO.

83



Chapter 4

Transwell migration assay in RKO

Importance of Arginine 474 in SH2 domain of Cten
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Figure 4-3:Graphical representation of number of cells migrating through a transwell
after forced expression of GFP-Cten, GFP-Cten™** and EV/pEGFP in RKO and
HCT116(A) showing significant decrease in cell numbers in GFP-Cten®*** mutant
expression but it is still more as compared to EV/pEGFP suggesting role of other domains
of Cten motility enhancing function. The Methylene blue proliferation assay shows no
significant change in cell proliferation between the three transfection conditions (B). The
error bars represent the standard deviation from the mean. Experiments were repeated
three times with each condition run in triplicate n=3.
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Figure 4-4:Showing the actual images of wound healing assay in HCT116 (A) and RKO
(B) with graphical representation of area of cell migration after forced expression of
GFP-Cten, GFP-Cten™**and pEGFP. Area of cell migration was calculated by
subtracting the initial area of wound at hour0O to area of wound on hour 24. Unpaired
student t test was used to calculate significance between Cten and R474A which shows a
significant decrease in area travelled by the cells in HCT116 and RKO. The error bars
represent the standard deviation from the mean. Experiments were repeated three times
with each condition run in triplicate n=3.
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4.3.4 Colony formation activity of GFP-Cten is also reduced in the
GFP-Cten™*"**

Colony formation assay was performed using the mutant and comparing it to
GFP-Cten and pEGFP. Just as the results of cell motility assays, it was seen
that there was enhanced colony forming efficiency for GFP-Cten versus
PEGFP in both HCT116 and RKO (p=0.001 for both cell lines) and mutation
of the Arginine in GFP-Cten***caused a significant decrease in colony
formation in both HCT116 (p=0.008) and RKO (p=0.03) cell lines (Figure 4-

5).
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Figure 4-5:Graphs showing the percentage of colony formation in HCT116 and
RKO.20,000 cells were seeded in each 6 well plate. Each condition was performed in
triplicates. Two wells without cells were kept as negative control. Percentage was
calculated by dividing number of colonies by number of cells seeded in total. Unpaired
student t test was performed and showed a significant decrease in colony formation by
the GFP-Cten®***in both cell lines. The error bars represent the standard deviation from
the mean. Experiments were repeated three times with each condition run in triplicate
n=3.
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4.3.5 SH2 domain-dependent Cten signalling through Integrin-
linked Kinase (ILK) and Focal Adhesion Kinase (FAK)

The evidence provided by migration assays and colony formation assay prove
that mutation of this Arginine has a significant effect on the function of Cten. It
was important to study the cause of these effects. We have previously shown
that Cten causes up-regulation of and may signal through both ILK and
FAK(7,46). We decided to look at these downstream targets of Cten. Protein
was extracted after forced transfection of GFP-Cten, GFP-Cten**"**and pEGFP
in HCT116 and RKO. Western blot was performed for ILK and FAK and
pFAK which has phosphorylated Tyrosine residue 397(as known as activated
form of FAK). The protein levels of ILK, pFAK and FAK went up with GFP-

R474A

Cten overexpression but these levels were reduced when GFP-Cten was

transfected as compared to GFP-Cten, as shown in Figure 4-6.
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Figure 4-6:Western blot images of protein levels of ILK, FAK, and pFAK in HCT116 and
RKO. Actin (p-actin) was used as loading and densitometry was done using image J
software. A ratio of density of band of protein of interest and respective loading actin
control was calculated. Levels of ILK, FAK and pFAK (Tyr397) went up with expression
of GFP-Cten but went down with the GFP-Cten™*"**. Numbers on the bottom of each
band represent the densitometry values calculated for each protein normalised to the
loading control.

4.3.2 ILK and FAK levels are dependent on each other

Cotransfection with forced expression of GFP-Cten and knock down of ILK
and FAK separately was done and levels were compared to GFP-Cten
expression and pEGFP. It was seen that knocking down ILK was associated
with a decrease in FAK levels and vice versa (Figure 4-7). Therefore it was
concluded that levels of FAK and ILK may be interlinked and appear to have a

stabilising effect on each other
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Figure 4-7:Cotransfection of Cten and knockdown of ILK and FAK was performed
separately in HCT116 and RKOto look at the levels of each of these proteins in case of
knock down of the other. As it can be seen from the western blot pictures knocking down
of ILK causes a decrease in levels of FAK and vice versa.As previously shown Cten
expression causes increase in levels of ILK and FAK. Numbers at the bottom of the bands
represent the densitometry values for each band normalised to p-actin.

4.3.6 Markers of epithelial mesenchymal transition are affected by
GFP-Cten

A panel of markers of epithelial mesenchymal switch (EMT) were used to
ascertain whether they may be changed in association with cell function. It is
shown that increase in cell motility in epithelial cells occurs as a result of
decrease in E-cadherin at the junctions between cells. We have previously
shown that Cten induces epithelial-mesenchymal transition(45) In addition to
E-cadherin, N-Cadherin and Snail were also tested in the panel. As shown in
Figure 4-8, the levels of E cadherin went down with GFP-Cten over expression
as was expected but this loss was not seen withGFP-Cten®™*"**. However
PEGFP showed higher levels of E Cadherin as expected. N Cadherin levels
went up with GFP-Cten expression and shown here for the first time it was
seen that Snail levels also went up with Cten expression. This increase was
reduced when GFP-Cten™*"**protein was transfected. It is interesting to note

that although levels of these markers are reduced when the R474A mutant was
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transfected, they were still higher than the levels seen with transfection of the
GFP empty vector suggesting that there may be other residues controlling the

EMT-inducing activity of Cten.
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Figure 4-8:Western blot images for EMT markers in HCT116Which reflect the trend in
cell motility.(A) E-cadherin levels go down with GFP-Cten, N-cadherin levels go up and
levels of Snail go up as well. With GFP-Cten®**expression E cadherin levels went up
and N-cadherin and snail levels went down.(B) mRNA levels of E-cadherin did not any
change on GFP-Cten expression, whereas mRNA levels of Snail went up with GFP-Cten
and went down with GFP-Cten™** and more still with empty vector pEGFP, however it
wasn’t statistically significant.(C) Represents the amplification plot for Snail, E-cadherin
and HPRT. The colour red (A) is for HPRT, Green (B) for E-cadherin and Orange(C) for
Snail.

Quantitative PCR was done to measure E-Cadherin mRNA and this did not
show the changes seen in the protein levels. QPCR was done for Snail as well
which showed that Snail mRNA levels mirrored the protein levels in western

blot as shown in Figure 4-8.
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4.3.7 Cten forms an SH2 domain dependent complex with FAK but

not ILK or Snalil

Looking at the effect of Cten on levels of ILK, FAK and Snail, we decided to
see whether Cten physically binds to ILK, Snail or FAK. To find this out we
used immunoprecipitation (IP) to determine the physical interaction between
them. GFP-Cten, GFP-Cten™*"** and pEGFP were forcefully transfected in
HCT116. IP was done both ways for FAK i.e. first Cten was
immunoprecipitated out of the sample and blotted for FAK and then FAK was
immunoprecipitated out and was blotted by Cten. However due to limitation of
the procedure IP with ILK and Snail could only be done one way i.e. ILK and
Snail were immunoprecipitated out and blotted with Cten. As ILK has a
molecular weight of 50 kDa and Snail of 29 kDa, it is not possible to view it
on the western blot because the beads employed for IP are coated with
immunoglobulin which gives 2 bands one of heavy weight chain 50 kDa and
the other at 25 kDa. IP for ILK and Snail showed no physical binding with
Cten. This however, was not the case with FAK. When immunoprecipitated for
FAK and blotted with Cten, it was seen that Cten and FAK bind together in
HCT116. This binding was lost partially with GFP-Cten "*"**(Figure 4-9).
However, this interaction only worked one way and not the other as seen in
Figure. To explore this further we explored whether this interaction occurs in
nucleus or cytoplasm. Nuclear and cytoplasmic protein fractionation was
performed and IP done. It was seen that Cten binds to FAK in both nucleus and

cytoplasm (Figure 4-11)
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Figure 4-9:Immunopreciptation was done with FAK precipitated out after GFP-Cten,
GFP-Cten ****and empty vectorpEGFP was over expressed in both HCT116 and RKO.
Samples were precleared with beads and in addition to input sample , a negative control
of beads with sample and no antibody was run to check for unwanted binding.IP was
confirmed by blotting with FAK and then blotted with Cten. In HCT116 it is apparent
that FAK binds to Cten in the GFP-Cten overexpressed lane. This binding becomes weak
with the GFP-Cten **"**and there is no binding in pEGFP. However it only occurred in
HCT116 cell line and not RKO. The background staining at the bottom of the blots are
bands from the heavy (50kDa) and light chains (25kDa) of the 1gG sepharose beads, but it
does not disturb the experiments as our antibodies of interest are both above 100kDa.
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Figure 4-10:Blots for IP with Cten and blotted with FAK in HCT116 and RKO. Input
lane acts as positive control Although the IP with Cten worked very well when blotted
with Cten antibody (band of 110kDa), there were no bands seen on immunoblotting with
FAK. The multiple bands at the bottom of each blot represent the heavy (band of 50kDa)

and light chain (band of 25kDa)of IgGsepharose beads.
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Figure 4-11. The top blot shows the IP of FAK in HCT116 nuclear and cytoplasmic
protein fractions which have Cten and empty vector expressed respectively.lnput acts as
a positive control whereas, beads serve as negative control. When immunoblotted with
Cten it is seen that FAK binds to Cten in the nucleus as well as in the cytoplasm. The
fractionation was confirmed by keeping Lamin as a nuclear fraction loading control
which is not found in the cytoplasmic fraction. Beta actin served as a loading control in
the cytoplasmic fraction.

4.4Discussion
In this study we have successfully made a new construct containing Cten with

a point mutation at residue 474 changing the Arginine to Alanine. This
provides an ideal condition for studying the role of the SH2 domain of Cten in
its interaction with other molecules and its effect on cell motility. Previous
studies have shown that Cten promotes cell migration, invasion and colony
formation in a number of tumours including colorectal, breast thymomaand
pancreas (40,43,52,54,71)Our aim was to discover whether SH2 domain is
important in the delivery of these functions. We first tested the functional
activity of the SH2 domain in HCT116 and RKO, CRC cell lines which do not

RA74A and

show expression of Cten normally.When GFP-Cten, GFP-Cten
PEGFP were transfected into these cell lines, there was no difference in cell

proliferation. However both GFP-Cten and GFP-Cten™*** induced cell
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motility (as measured by transwell migration) when compared to pEGFP.
Similarly, both GFP-Cten and GFP-Cten™*"** promoted colony formation in
soft agar when compared to pEGFP. However, the induction of motility and
colony formation was significantly greater when GFP-Cten was transfected
compared to GFP-Cten™*"**. This data show that the SH2 domain is important
for both the motility-inducing and the stemness-inducing activities of Cten.
However, the fact that the mutant protein still induced these activities when
compared to the empty vector indicates that there are other SH2-independent

mechanisms of Cten activity.

The mutated Arginine at the site corresponds to the same at strand BB5 in Src
kinase which was shown by titration calorimetry as critical for binding of SH2
domain with tyrosine phosphorylated proteins(70). This critical Arginine has
since then been targeted and mutated in a number of studies which have
researched its role in human as well as dog Cten. This arginine was considered
important in interaction of Cten with DLC1 in MLCSV40 (immortalised
human prostatic epithelial cell line) although, this interaction was independent
of tyrosine phosphorylation of DLC1(54). In Madin-Darby canine kidney
(MDCK) cells this arginine when mutated to Alanine prevented invasive

migration and tubule formation(53).

Recent studies have shown that both the oncogenic and tumour-suppressive
roles of Cten appear to be mediated through its SH2 domain (55). In both
instances the mechanism is reported to be through modulation of the activity of
the tumour suppressor gene Deleted in Liver Cancer (DLC)-1(50,72). In
colorectal cancers (CRCs), DLC-1 is rarely expressed and we have been unable

to demonstrate its expression in any of our CRC cell lines (data not shown).
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We therefore consider that a DLC-1/Cten interaction is not likely to be
important in Cten function in CRC. We thus hypothesized that, in CRC at least,
the SH2 domain may be acting through FAK and ILK as these are known
downstream targets of Cten(7,46,73). Transfection of GFP-Cten induced ILK,
FAKas we have previously shown(46) and in our study phosphorylated-FAK at
Y397 (the activated form of FAK) was also increased following GFP-Cten

forced expression.

Mirroring the observations on cell function, we found that the GFP-Cten™*"*

protein also induced FAK and ILK when compared to the empty vector but this
was much less than the induction seen with the wild type GFP-Cten. The
R474A mutation similarly abrogated the effects of Cten on further downstream

markers of EMT (i.e. E-cadherin and N-cadherin).

What is interesting here is that for the first time we have shown that FAK binds
physically to Cten and this binding goes down but is not completely obliterated
by the R474A mutation. FAK overexpression is seen in several tumours and
leads to increased cell survival, motility and proliferation in culture (74). Its
aggregation within the focal adhesions is said to lead to its activation and
autophosphorylation via interaction with focal adhesion molecules like talin.
Phosphorylation at Y397 which is an autophosphorylation site in FAK leads to
its linkage with Src. This complex is then believed to interact with molecules at
focal adhesions like Tensins and pl130cas. Activation and binding of these
molecules may prompt activation of MAP-kinase and P13-kinase which may be
the basis of its cell motility enhancing properties(75). Tensin1(TNS1) is also

seen to bind tyrosine phosphorylated proteins like p130Cas and FAK (76).
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FAK has been co-immunoprecipitated with TNS1 as well as vinculin
suggesting that TNS1 might mediate signal transduction through this
interaction (77). Phosphorylation of FAK at Y397 has been proposed to be the
result of reactive oxygen species (ROS) produced by integrin ligation and Racl
so that it can bind to other phosphorylated proteins like Tensins, p130cas etc.
and it also modifies FAK to respond to EGF signalling. The interaction with
EGF causes phosphorylation of FAK at Y925 which in turn leads to focal
adhesion disassembly and thus causes cell spreading in cell motility(78).This is
quite interesting as Cten is induced by EGF and also negatively regulates its
degradation(55). FAK is also known to locate in the nucleus (79) and so does
Cten ((6). In our study we have shown that Cten binds to FAK not only in the
cytoplasm but in the nucleus too. Cten might function to move FAK from
nucleus into focal adhesions followed by its interaction with Src. The
interaction with Cten might be one of the first steps in FAK activation and

localisation and other events might follow leading to increased motility.

ILK is another molecule which goes up with Cten expression. It can be derived
from our results that ILK might be linked to Cten via its SH2 domain.Both
Cten and ILK are located at focal adhesions and regulate cell motility.
Investigation of their functional relationship has also been shown
previously(7).But ILK was not found to be physically bound to Cten in our
study. ILK is a relatively new addition to the effector molecules of the integrin

and growth factor signalling(80).

ILK and FAK are activated at different times when plated on fibronectin, ILK
activity goes down at the time when FAK’s activity levels go up. They might

serve as effectors of motility at different points in time. (81). But this is not the
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case in our results. We see thatILK and FAK appear to stabilise each other.
ILK over expression leads to dramatic increase in cell motility by loss of cell-
cell due to reduction in levels of E-cadherin. The decrease in E-cadherin is the
result of movement of B-catenin to the nucleus and an increase in its binding
partner Lefl, which causes down regulation of the gene encoding E-
cadherin(82). ILK also inhibits GSK3 which can also lead to localisation of 3-
catenin to nucleus(80). The end result of an ILK increase can be seen in the
decreased of E-cadherin levels. E-cadherin is one of the markers used in our
study to show EMT on expression of Cten. The other markers used were N-
cadherin and Snail. Decrease in E-cadherin and increase in N-cadherin known
as the cadherin switch is a hall mark of EMT and is shown to be of significant
importance in prostate cancer progression(83). A shift from Epithelial (E)
cadherin to Neural (N) cadherin is usually seen in tumour metastasis. N
cadherin is very important for pro-migratory signalling of tumour cells and is a
link between invading cells (84). It was indeed seen in our results that N-
cadherin levels go up with Cten expression although this interaction might be
SH2 domain dependent as R474A mutation causes decrease in N cadherin
levels. However, how N-cadherin fits into the Cten functioning circuits remains
to be seen. It is said that Fibroblast growth factor receptor FGFR is important
for N-cadherin signalling and they both act synergistically and lead to
increased FGFR signalling and in turn Mitogen activated protein kinase-

extracellular signal regulated kinase (MAPK-ERK) activation(85).

Snail was also induced with GFP-Cten and GFP-Cten™**A. But as with the
other markers like FAK and ILK the increase in Snail by GFP-Cten ™*"*Awas

still less than that with GFP-Cten. To our knowledge this is first time anyone

98



Chapter 4 Importance of Arginine 474 in SH2 domain of Cten

has shown a relationship between Cten and Snail. Over expression of snail is
seen in surgical specimens of colorectal cancer and leads to increased cell
motility in colorectal cell lines(86). Snail is transcription factor which induces
EMT by repressing levels of E-cadherin at transcriptional level. (87). Snail
activity might be induced by Ctenthus leading to loss of E-cadherin. However
we have not seen a loss of E-cadherin at mRNA levels as described

previously(52).

By the results of our study it can be assumed that Cten acts as a regulator of
FAK in the focal adhesion apparatus. Cten might act as an important mediator
of integrin signalling by linking with molecules ILK, FAK, and Snail possibly
via its SH2 domain. Possessing an SH2 domain puts Cten at the helm to
conduct important mediation between the extra and intracellular environment

as it also binds to integrins.

In future it would be interesting to look at other residues in the SH2 domain of
Cten and target them to study their effect on Cten function. Specific
pharmaceutical agents can be designed to target the SH2 domain of Cten and
their effects can be studies on mouse models of colorectal cancer, so that
someday these agents may possibly be used as treatment option for colorectal

cancer.
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5 Requlation of Cten in colorectal cancer by
Calpain
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5.1Introduction
Calpains belong to a family of cytoplasmic cysteine proteases. There are two

major isoforms known as p-calpain and m-calpain. Calpain is present
ubiquitously in all organisms ranging from yeast to humans (88,89). The two
isoforms are named as such because one requires micromolar and other
requires millimolar concentrations of Ca®* to carry out their activities. These
isoforms are referred to as ubiquitous/typical or conventional calpains. Both p-
calpain and m-calpain share a 55-65% sequence homology and identical 28kDa
and 80kDa subunits. The human genome is said to contain 14 genes which
encode molecules belonging to the calpain gene family. Five of the calpains
discovered seem to be tissue dependent like calpain 3 in smooth muscles,
calpain 8 in skeletal muscles, calpain 6 is in placenta, calpain 11 in testes and
calpain 12 in skin. Calpain 5, 7, 9, and 10 expression is more generalised
whereas calpain 13 is found in lung and testes (90). Calpain is involved in a
number of processes including cell motility, proliferation, cell cycle
progression and differentiation to name a few. Calpain has been implicated in a
number of diseases including cancers like gastric, pancreatic, schwannomas,
meningiomas and colorectal cancer as well (91).M-calpain expression is
increased in colorectal adenocarcinomas(92) and calpain 6 expression is

increased in uterine sarcomas (93).

Calpain cleaves of a number of proteins involved in signal transduction and
especially target molecules at and near focal adhesions such as talin, paxillin,
vinculin, FAK, Src etc. Most work done on calpain and its effect on cell
motility is done in platelets and endothelial cells (94,95). Calpain also regulates

cell adhesion disassembly and turnover by targeting a-actinin and its
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localisation into focal contacts(96).1t would be interesting to find if calpain
regulate motility through degradation or alteration of Cten or if Cten induces
motility through modulation of calpain. To study this we need a process to alter
the calpain activity, which can be possible by inhibition of calpain. There are
many inhibitors of Calpain discovered so far. The first one was a natural
inhibitor of calpain identified in skeletal muscles called Calpastatin that can
bind to calpain and block its site of activity(97). In addition to this in vivo
inhibitor, there is another one called Calpeptin which can be used to control
calpain activity in vitro.It works by binding to the critical cysteine residue in
the active site of calpain, preventing binding of its substrates. This property

renders it ideal for experimental purposes (98-100)

Considering the role of calpain in cell motility and involvement in cell
spreading and its overexpression in cancer cases, we decided to study its role in
colorectal cancer lines and look for a possible link between Cten and calpain.
As Cten is also part of focal adhesion signalling machinery we thought it
would be worthwhile to explore this facet of cell motility involving focal

adhesions.

5.2Aim
I.  To see whether Cten expression has an effect on calpain levels in

colorectal cancer cell lines.

Il.  To test the effect of calpain inhibition by Calpeptin on Cten levels.

5.3Results

5.3.1 Knockdown of Cten did not have any effect on calpain levels
To look at the effect of Cten on calpain levels we knocked down Cten in

colorectal cell line SW620, having endogenous high levels of Cten using
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siRNA already tested by our group. We looked at the levels of calpain |
(80kDa), 11 (76kDa) and IV (30kDa). Unfortunately the calpain Il antibody did
not work. So we looked at the levels of calpain | and IV only and as shown in
Figure 5-1(A) did not get a visible difference on western blot. When
densitometry was performed the levels also didn’t show a significant difference

either.

5.3.2 Inhibition of calpain causes a decrease in levels of Cten and
Tensin 3

The next step was to look at the activity of calpain and its effect of the levels of
Cten. To inhibit calpains, a calpain inhibitor called Calpeptin was used.
Calpain activity assay was employed to ensure that Calpeptin addition to
SW620 cells inhibited calpain activity. To look at the activity of calpains a
fluorescent substrate called CMAC Thoc-Leu-Met was used which emits
fluorescence on cleavage by calpains. The fluorescence emitted reached a
plateau after 60 minutes so at this point fluorescence was read. The presence of
Calpeptin lead >50% reduction in florescence as compared to thenormal

control DMSO as shown in Figure 5-2.

SW620 was incubated with Calpeptin for 60 minutes and then protein was
extracted and western blot for Cten(endogenous 77kDa) and Tensin 3
(135kDa) was performed. It was seen that inhibition of calpains causes an
increase in Cten levels. Although it wasn’t visible at first but after densitometry
it was apparent that not only does calpain inhibition increase Cten levels it also

increases levels of Tensin 3 as shown in Figure 5-1(D).
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5.3.3 Inhibition of calpain increases the levels of Src and paxillin
but does not affect vinculin levels

Calpain inhibition not only increase levels of Cten (endogenous 77kDa), but
also increases levels of Src (60kDa) and paxillin (68kda)as shown in Figure 5-
1(C).The other molecule in our panel is vinculin (124kDa), which is also part
of the focal adhesion molecules connecting integrins to actin cytoskeleton.

There was no change in levels of vinculin seen after inhibition of calpain.5.3.4

5.3.4 Knockdown of Cten causes decreases in levels of Src and
increase levels of paxillin

To check whether the effect of Src and paxillin levels after calpain inhibition
was actually due to lack of activity of calpains or Cten was the mediator of
these effect we decided to knock down Cten in SW620 and look at levels of
paxillin and Src. Src showed the same effect as with the calpain inhibition
assay and went down with Cten knock down and vice versa. Surprisingly
paxillin went the opposite way. With knock down of Cten paxillin levels went
up and didn’t follow the pattern shown with calpain inhibition assay Figure 5-
4(C). Vinculin levels followed the pattern as shown in calpain inhibition assay

and didn’t show any drastic change.
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Figure 5-1.Relation between Cten and Calpain(A) Cten was knocked down using a siRNA
already proved to give good knock down. Levels of calpain | and IV did not change on
knock down of Cten. (B) Western blots showing increase in level of Cten, Src and Tensin
3 after calpain inhibition by Calpeptin compared to control. Levels of vinculin don’t
show any change and paxillin levels go up after addition of Calpeptin. The numbers at
the bottom of the bands represent the density calculations normalised to the B-actin
levels. As levels of Src and paxillin are quite apparent by the western blotcalculations
have not been done.
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Calpain activity assay with time

Regulation of Cten in colorectal cancer by Calpain
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Figure 5-2.Calpain activity assay(A) Graphs showing inhibition of calpain after addition
of Calpeptin. The levels of florescence after cleavage of Thoc reached a plateau after 60
minutes. (B) There is a significant decrease in the activity of calpain after addition of
Calpeptin. DMSO was added as negative control as it was used to prepare Calpeptin.

5.3.5 Knocking down Cten causes areverse in EMT

Cten is known to have a positive effect on cell migration in colorectal cancer
cell lines in addition to a number of others. It is also know to affect epithelial
mesenchymal transition markers including E-cadherin (E-cad), N-cadherin (N-
cad) and recently discovered by our group snail. To check whether knock down
of Cten reverses these effects on EMT. We knock down Cten and looked at
levels of E-cadherin, N-cadherin and snail and found results supporting this
claim as shown in Figure 5-4(B).Snail and N-cadherin levels go down, where
E-cadherin levels go up after knock down of Cten. Cten knock down was
confirmed by QPCR as well and show almost complete knock down at mRNA
level (Figure 5-3). Snail and Src mRNA levels were also looked at (Figure 5-3
C&D). Although snail shows a difference in its levels after knocking down of
Cten its not significant when repeated at 3 separate occasions. Src showed a

difference in mRNA levels but in order to check whether it was true or not
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Cten was forcefully expressed and Src levels were noted and didn’t show any

difference. So this was not considered to be a true effect.
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Figure 5-3.Effect of Cten knockdown on mRNA levels (A) western blot for Cten
knockdown after transfection with siRNA. (B) mRNA levels of Cten show almost
complete knock at transcriptional level. (C) (D) Src and Snail show a decrease in mRNA
levels with Cten but results were not consistent or significant. siCten=knockdown of Cten
using siRNA and Luc control=luciferase negative control.
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Figure 5-4. Effect of Cten knockdown on various proteins(A)(B)Western blot image after
knockdown of Cten and control siRNA against luciferase shows Src levels go down when
Cten levels go down, paxillin shows the opposite effect and goes up with Cten knockdown.
Vinculin doesn’t show a major difference. (C) After knock down of Cten levels of Ecad
levels go up and Ncad levels go down. Snail levels also go own after Cten knockdown. Blot
with Cten shows good knockdown. Numbers at the bottom of the bands represent the
density of each band normalised to actin control. siCten=knockdown of Cten using
siRNA and Luc control=luciferase negative control.

107



Chapter 5 Regulation of Cten in colorectal cancer by Calpain

5.4Discussion
Calpain are essential elements to the process of cell motility whether it is

myofibril organisation within muscle cells or at the level of focal
adhesions(101). Calpain cleave a number of proteins which are vital in the
focal adhesion machinery and thus act as a regulator to the function and
signalling through these molecules. There are a number of studies showing the
substrates of calpains within the focal adhesions(102) but so far no one has
looked at Cten which is a vital part of these adhesions and plays a significant

role in colorectal cancer.

In our study we have used antibodies against calpain I, Il and IV. Calpain I,
also called p-calpain which is one of the primary isoforms found in cells(103)
Calpain 1l is generally regarded as m-calpain. Both are also known as typical

calpains. Calpain IV consists of only the 28kDa subunit of calpain(90).

In our experiments we have seen that although levels of Cten do not have an
effect on the levels of calpain | and IV but it might be possible that the levels
do not change but their activity does. The levels of Cten, however, were
affected with calpain activity. Using the calpain inhibitor, Calpeptin, we
observed that Cten levels went up after calpain inhibition. This suggests that
Cten is a substrate of calpains in colorectal cancer cells. In a studyon the
discovery of Tensin 1, it was also observed that calpain Il acts as an enzyme
and cleaves Tensin at multiple levels. The inhibitor used in this study was
MDL which is a specific inhibitor of calpain Il. Inhibition of calpain cleavage
of Tensin 1 resulted in abnormal organization of actin cytoskeleton leading to
morphological changes in cells leaving to inability  to

spread(104).Calpeptinused in our study has been known to have off target
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effects besides calpain inhibition, so to say that Cten levels are being affected
entirely by calpain inactivity might not be entirely the case. Calpeptinhas been
shown to inhibit certain types of tyrosine phosphatases mainly upstream of
small RhoGTPases which effect assembly of stress fibres and focal
adhesion(99). It can also effect levels of IL6 and TGFp to name a few all

suggesting that it might affect other pathways independently of calpain(105).

One of the other substrate of calpain considered in our study is paxillin.
Paxillin is part of the focal adhesion adaptor protein which is tyrosine
phosphorylated and is responsible for signalling and regulating cell
motility(106) Calpain cleavage of paxillin has been implicated in negative
regulation of cell motility at focal adhesions(107). In our study we have
confirmed that paxillin is a substrate of calpain but interestingly this cleavage
of calpain in not mediated through Cten. In fact Cten regulates paxillin levels
in the opposite direction. Which would fit the theory of paxillin acting as a
negative regulator of motility as Cten is known to increase cell motility.
However they are conflicting reports in the literature on the role of paxillin at
focal adhesions and in cell spreading. Vinculin is also a known substrate of
calpain(108) but in our study there wasn’t a stark difference in its levels after
calpain inhibition. The discrepancy could be down to different cell types used,

epithelial in our study verses platelets in others.

Srcis another substrate of calpain in our study and its levels go up with calpain
inhibition after addition of Calpeptin. Its levels also seem to be mirror levels of
Cten. There are a number of studies in the literature about Src and its
relationship with calpain with some conflicting results mainly because they

have been performed in different cell types. Src is said to be a substrate of
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calpain in neurons and its cleavage leads to cell death(109) In chick embryo
fibroblasts Src appears to increase proteolysis of FAK by calpain (110) and
FAK and calpain Il can physically associate with each other(111). In other
studies Src and FAK are also said to link with each other(30) and promote cell
motility. A study on HEK and rat breast cancer cells showed that calpain 2
mediates enhanced Src activity by cleaving PTP1B which leads to increased
phosphatase activity and removes an inhibitory phosphate from Src leading to
formation of lamellopodia(112).All these studies suggest a link between
calpain and Src and this link has been highlighted in our finding as well. Since
FAK levels not only are regulated by Cten but there also a physical binding
between the two.in our study, it can be hypothesized that Cten, FAK and Src

interaction might regulate cell motility in colorectal cancer.

Cten is known to cause a shift towards EMT. This has already been shown in a
number of papers from our group. This includes E-cadherin whose levels are
only affected at protein and not transcriptional levels(45). In this chapter we
have just reiterated the previous findings. Snail has been identified the first
time as a downstream target of Cten at protein levels. Snail has been known to
induce stemness characteristics and is overexpressed in colorectal
colonospeheres before (113) The mRNA levels of Snail haven’t been too
convincing on repeat experimentswhen measured after knockdown of Cten in
SW620.However in our previous findings (given in chapter 4), have shown

Snail mRNA to significantly increase after Cten overexpression.

In conclusion, in this study we have shown for the first time in that Cten is a
possible substrate of calpains. Src,a known target of calpain machinery hasbeen

shown to be regulated through Cten. In addition paxillin has also been added to
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the list of possible targets of Cten. A novel interaction has been brought to light
which may serve as a foundation for further studies and may one day be used

as a therapeutic target in colorectal cancer.
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6 Role of Tyrosines in the SH2 domain of Cten
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6.1 Introduction

So far we have identified the SH2 domain of Cten to be critically important for
its functional activity. However when we mutated the Arginine to Alanine the
construct did not cause reduction in cell motility to the level of empty vector
pPEGFP leading us to hypothesise that there may be other motility inducing
residues located at other sites. Since Cten is proposed to be phosphorylated at a
few sites(12). We choose to look at its tyrosine phosphorylation status and
ventured further to identify additional residues within the SH2 domain which

might be responsible for its function.

SH2 domain of Cten is important for binding phosphotyrosine. According to
the basic structure of an SH2 domain it comprises of a conserved Arginine
residue which provides a positively charged pocket for binding with
phosphotyrosines. But the C-terminal recognition pocket of SH2 domain is
much more divergent, and accounts for the differences among SH2 domains in
recognition of specific phosphotyrosine-bearing proteins and is equally
important. This binding is made even more specific by diversity of the
residues, C-terminal to the phosphotyrosines of the binding protein as well,
making each interaction between an SH2 domain and phosphotyrosine a unique
one (114-117). All this diversity is important for determining the binding
specificity of the SH2 domain. A single change in these residues can lead loss
of binding specificity. A good example is the SH2 domain of Src where a

mutation of the Threonine residue leads to affinity change(118).

As tyrosine phosphorylation is the first step in signal transduction, (119)and

since Cten is a vital part of the focal adhesion complex and may function in
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signal transduction we decided to mutate three tyrosines in and around its SH2
domain.We mutated 3 tyrosines at position 449, 479 and 530 to phenylalanine
and studied its effect on cell motility and explored other binding partners and

downstream signalling partners including Src, paxillin and vinculin.

6.2 Aims
I.  To look at tyrosine phosphorylation of Cten and find out if Tyrosines
within and near the SH2 domain are being phosphorylated.
Il.  Create three constructs consisting of Tyrosine at 449,479 and 530
changed into Phenylalanine.
I1l.  Look at the effect of these constructs on functional aspects of Cten.
IV. Look at effect of these mutants on the downstream targets of Cten

identified so far.

6.3 Results

6.3.1 Cten is tyrosine phosphorylated in endogenous state

To study the functioning of Cten closely we decided to look at whether Cten is
being tyrosine phosphorylated. This is a vital step in signal transduction and
Cten is considered part of the adaptor proteins at focal adhesions. To test this
hypothesis we employed the process of immunoprecipitation (IP). We
immunoprecipitated all phosphotyrosines (using PY20 antibody) out of a
colorectal cell line SW620 which has high levels of Cten endogenously. After
IP we blotted it for Cten and vice versa. We found out that there was a clear
band at the same size as endogenous Cten(77kDa) after IP with PY20 (Figure
6-3). The IP was done in the reverse direction as well with Cten IP and blotting
with PY20. This time there were multiple bands but there was a faint band at

77kDa when blotted with Cten (Figure 6-1).
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Input Beads IPCten IPSrc IP PY20 Input Beads [P PY20 IP Cten

IB Cten IB PY20
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Figure 6-1.Shows western blot of IP Cten and IP PY20 blotted with Cten in SW620. Input
serves as positive control and beads represent negative control..The required band of
Cten is at 77kDa because of endogenous Cten in SW620. With phosphotyrosine
precipitated out and blotted with Cten there is a clear band at 77kDa.

6.3.2 Tyrosine mutant expression vector construction

To find out which Tyrosines were being phosphorylated, we chose three
Tyrosines in and around the SH2 domain of Cten. This was a conscious effort
to find out if other amino acids besides the critical arginine inside the SH2
domain were responsible for the functional activity of Cten. To make the
constructs the same method of site directed mutagenesis was used. The primers
were designed with mutations in the middle of the forward primer. For this
mutation only one base was changed A->T. Initially there were some
problems with the cloning step with random deletions occurring and
unexpected amplification of parts of the wild type sequence. We hypothesised
that inappropriate homologous recombination was occurring and so two of the
primer pairs were changed to make them longer and the mutation site moved
away from the middle. A temperature gradient was run as shown in Figure 6-
2(A). After this the whole procedure was followed and constructs were sent for

sequencing and made sure that all sequence was correct and in the right order.
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Figure 6-2(B) shows the comparison between Cten wild type and mutant

constructs.
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Figure 6-2(A) Pictures of electrophoresis gel run for all three primer pairs for
construction of tyrosine to phenylealanine mutants.Gel was run after temperature
gradient PCR as the expected product matching the template DNA was 7kb.(B) snapshots
of the actual sequencing results obtained from sequencing of all the three mutant
constructs.Left side shows GFP-Cten with TAC (Tyrosine). The right side shows these
tyrosines changed to Phenylalanine TTC in respective mutant expression constructs.

6.3.3 Tyrosine 449,479,530 are not sole phosphorylation sites in
Cten

Once the expression constructs had been validated, they were transfected into
HCT116 and lysate was collected. IP was performed with Cten and blotted
with antibody against all phosphotyrosines (PY?20) and vice versa to see if the
mutant expression constructs fail to phosphorylate. Unfortunately all the

mutants showed tyrosine phosphorylation. The GFP-Cten"** didn’t show a
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high efficiency of transfection as seen in Figure 6-7. It gives a false impression
that there is no phosphorylation but there is still a weak band which shows that

it is also being tyrosine phosphorylated (Figure 6-3).
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Figure 6-3.Shows IP with Cten and PY20 in HCT116 with forced expression of GFP-Cten
and tyrosine mutant constructs. Blotted with PY20 gives smeared pattern of the antibody
(top).When blotted with Cten show distinct bands at 110kDa except for a faint band with
Y449F (bottom).

There are still a number of other tyrosines with in the 715 amino acid protein
of Cten and it would be interesting to identify which tyrosines are being
phosphorylated. Furthermore there maybe multiple tyrosines being
phosphorylated and mutating just one might not show loss of phosphorylation.
In-vitro kinase assay can be used to determine Cten phosphorylation status as

well.

6.3.4 GFP-Cten"*"*Fcauses reduction of Cten’s effect on motility
To check if any of these tyrosines were important for the cell motility function
of Cten we performed functional assays of motility i.e, wound healing and

Y479F

transwell migration. It was interesting to see that GFP-Cten caused a

significant decrease in cell motility when compared with GFP-Cten in both cell
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lines RKO (p=0.005) (Figure 6-4) and HCT116 (p=0.009) (Figure 6-5) in
wound healing. Similar results were seen in transwell migration assay in
HCT116 (p=0.0029) and RKO (p= 0.02)(Figure 6-6 A). To rule out an effect of

Y479F we performed presto blue assay to measure

cell proliferation by GFP-Cten
cell numbers. It was clear from the presto blue assay that there was no effect on

proliferation (Figure 6-6B).
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Figure 6-4.Wound healing assay in RKO with all three tyrosine mutansts, GFP-Cten and
PEGFP (empty vector). The top shows actual pictures of the wounds scraches made in 6
well plate at 0 hour and same area after 24 hours to look at the distance (area) travelled
by the cells. Bottom is the graphical represenation of the area travelled by cells in
triplicate showing a significant difference between GFP-Cten and GFP-Cten'**"
construct as well as GFP-Cten and pEGFP.
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Unexpectedly GFP-Cten"***F showed a paradoxical effect of increase in cell
motility more than GFP-Cten itself. This warrants further work up by

optimising its transfection efficiency and studying effect on cell maotility.
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Figure 6-5.Wound healing assay in HCT116 with all three tyrosine mutansts, GFP-Cten
and pEGFP (empty vector).This figure shows actual pictures of the wounds scraches
made in 6 well plate at 0 hour and same area after 24 hours to look at the distance (area)
travelled by the cells and graphical represenation of the area travelled by cells in
triplicate showing a significant difference between GFP-Cten and GFP-Cten Y/'°F
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construct as well as GFP-Cten and PEGFP.
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Figure 6-6.(A)Shows graphical representation of the number of cell migrated after 24
hours in RKO and HCT116 after forced expression of GFP-Ctenand all three mutant
constructs and pEGFP. It There is a significant difference between GFP-Cten and GFP-
Cten"*"*F as GFP-Cten"**Fcauses a significant decrease in cell motility compared to GFP-
Cten in both cell lines. (B) Presto blue proliferation assay in HCT116 and RKO showing
no significant effect on cell proliferation byGFP-Cten"*"".

6.3.5 Tyrosine mutant constructs effect Src and Paxillin levels

To see whether the Tyrosine mutants were the same weight as the template
GFP-Cten, we ran a western blot with all three mutants, GFP-Cten and pEGFP
empty vector blotted for Cten antibody. As seen in Figure 6-7 all mutants run
at the same levels as GFP-Cten (110 kDa). GFP-Cten"***F was seen as a faint
band as compared to others that could be because of poor transfection
efficiency. As Src was identified as a possible target of Cten in the previously

we looked at its levels in both HCT116 and RKO. It was seen that GFP-Cten
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expression increases Src levels as compared to pEGFP which is in accordance
with our previous findings in SW620. The mutant GFP-Cten"***" and GFP-
Cten"**Fcaused a decrease in the Src levels as compared to GFP-Cten.
Whereas there wasn’t a very major difference in levels of Src in GFP-Cten ">
compared with GFP-Cten. It was apparent from the functional assays that GFP-
Cten"**F and GFP-Cten"**" do not affect the cell motility function of GFP-

Cten, it was decided to studyGFP-Cten"*"*Fexpression construct only for

further western blots of target proteins.

Src levels were induced with GFP-Cten but they went down with GFP-
Cten”™* mutant in HCT116 and RKO (Figure 6-8). GFP-Cten
causedreduction in Paxillin levels which is similar to the effect seen in SW620.
But this wasn’t the case inRKO, where there was no change in paxillin levels

(Figure 6-9). GFP-Cten"*"*" did not have any effect on Paxillin levels.
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Figure 6-7.Western blot for Src levels. Western blot of all tyrosine mutants, GFP-Cten
and pEGFP with Cten antibody showing bands at the right size of 110kDa Blot for Src
for all mutants, GFP-Cten and pEGFP show a difference in levels. After densitometry
and normalisation to Actin loading control, Src levels show an increase in levels with

122



Chapter 6 Role of Tyrosines in the SH2 domain of Cten

GFP-Cten, GFP-Cten"**" as compared to pEGFP in both HCT116 and RKO. Whereas
GFP-Cten"*"*fandGFP-Cten"**" cause a reduction in Src levels comapred to GFP-Cten.
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Figure 6-8.Western blot for Src and paxillin in HCT116 and RKOA repeat western blot
for Src levels in HCT116 and RKO using forced expression of GFP-Cten"*"*F, GFP-Cten
and pEGFP only shows an increase in levels of Src with GFP-Cten which is reversed by
GFP-Cten""* in both HCT116 and RKO. The numbers at the bottom of the blot are the
calculations of densitometry after normalisation to actin control.
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Figure 6-9.Western blot for Paxillin in HCT116 and RKOafter forced expression of GFP-
Cten, GFP-CtenY479F and pEGFP. Numbers at the bottom of the bands show the levels
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of Paxillin after densitometry. RKO shows no considerable differnce in levels whereas in
HCT116 there is a decrease in Paxillin after GFP-Cten expression which is lost with GFP-
CtenY479F and pEGFP.

6.3.6 GFP-Cten®*"** causes more effect on Src, Paxillin and B-

Y479F

catenin levels than the GFP-Cten mutant

To investigate the mechanism through which GFP-Cten"*"*"

was impeding the
activity of Cten on motility, we looked at the new downstream targets
identified in the previous chapter e.g. Src and paxillin. We saw in HCT116 and

RKO there was a slight decrease in Src levels with GFP-Cten"*"*F

as compared
to GFP-Cten. Paxillin however, showed varying results. In HCT116 it followed
the pattern shown in SW620 but in RKO there was an increase in paxillin

levels. To check these levels against the GFP-Cten"*™*

we repeated the
western blots with Src, paxillin and we included B-catenin this time. B-catenin
is only present in HCT116 out of the three cell lines being used. So it was only
tested in HCT116. It is a known target and binding partner of Cten in nucleus.
It was seen that Src, paxillin and B-catenin levels drastically went down with
GFP-Cten®*™* in HCT116 as seen in Figure 6-10. Similar effect was seen in

RKO but the only discrepancy was in levels of paxillin protein which went the

opposite way (Figure 6-10).
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Figure 6-10.western blot for Src, Paxillin and B-catenin levels in HCT116 and RKO(there
is no p-catenin expression in RKO) after expression of GFP-Cten, GFP-Cten™*™*A GFP-
Cten"*"*F and pEGFP. Numbers at the bottom of the bands reflect the levels of respective
proteins after densitometry calculations. In HCT116 and RKO Src levels were induced
with GFP-Cten expression and reduced with GFP-Cten"*"and GFP-Cten R**,
However, GFP-Cten "***causes a more dramatic reduction in levels. B-catenin levels in
HCT116 go up with GFP-Cten expression but fall drastically withGFP-Cten R4™A,
Paxillin levels go down with GFP-Cten expression in HCT116 while not in RKO. GFP-
Cten ®*"* expression causes a decrease in Paxillin levels in both cell lines.

6.3.7 FAK has a negative effect on Src levels

In previous chapter we have shown that Cten positively regulates FAK and
here we show that Cten positively regulates Src. There is also a link between
FAK and Src reported in literature(120,121). We decided to investigate
whether Cten induces Src through FAK. Cten was forcibly expressed and FAK
knocked down simultaneously. Unexpectedly FAK seems to have a negative
effect on Src. Knocking down FAK caused levels of Src to go up in HCT116
and RKO when co-transfected with Cten as shown in Figure 6-11. It was more
pronounced in RKO then HCT116. The FAK knockdown doesn’t look
convincing enough but it is probably due to GFP-Cten causing an increase in

its levels.
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Figure 6-11.Western blot of cotransfection of GFP-Cten with knock down of FAK to look
at levels of Src in HCT116 and RKO.Numbers at the bottom of the bands show levels of
FAK and Src after density calculations. Src levels go up drastically in RKO and slightly
in HCT116 after knockdown of FAK.

RKO

HCTI116

6.3.8 Cten does not bind to Src, while FAK binds to Src

We have seen that Src levels seem to go up with GFP-Cten expression and go
down with mutations in the SH2 domain. We decided to look at the physical
interaction between the two. On whole cell extracts it was seen that there was
no interaction between the two after repeating IP in both directions i.e., IP with
Src and blotting with Cten and vice versa (Figure 6-12). We looked at IP of

Cten and Src in SW620 as well which yielded negative result (Figure 6-13)

As we have seen that FAK binds to Cten. We decided to see if FAK binds to
Src because there is a positive physical interaction reported between the two in
literature(30). It was seen that FAK does bind to Src (Figure 6-14) but we
cannot be certain whether there is a tri- molecular binding among Cten, FAK
and Src, as we didn’t demonstrate a binding between Src and Cten but it is a

possibility. As it is already known that Cten binds B-catenin by Liao etal (6) so
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an additional IP of FAK and B-catenin was also performed to see whether FAK
and B-catenin bind together and may be Cten, FAK and B-catenin form a tri-

molecular bond. But FAK and B-catenin didn’t show any binding (Figure 6-

14).
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Figure 6-12.1P of Cten and Src(A) shows westernblot in RKO and HCT116 with IP of
Cten blotted with Cten and Src after transfection with GFP-Cten, GFP-Cten "*"*F and
PEGFP. Cten IP gives bands at right size of 110kDa. But no visible bands for Src at
60kDa. Multiple bands at the bottom of the plot represent heavy and light chain of I1gG
coated on to the beads. (B) western blot for IP with Src in RKO and HCT116 blotted with
Src and Cten. Input is positive for both antibodies however faint with Src. There are no
bands when blotted with Cten in IP of Src.
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SW620
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Figure 6-13.Immunoblot of Cten and Src in SW620 with IP of Cten and Src blotted with
Cten and Src antibodies respectively. Input gives bands for both Cten and Src, the beads
(negative control) lane is empty. There is no band visible in IP Src blotted with Cten and
IP Cten blotted with Src showing no physical interaction endogenously.
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Figure 6-14.western blot for immunoprecipiation of FAK in HCT116 after transfection
with GFP-Cten and pEGFP.Same blot is botted for FAK to check efficency of IP and
blotted for p-catenin (left) giving a band at 89kDa in input but no vibily clear bands with
GFP-Cten and pEGFP expession and IP with FAK. (Right) immunoblotting with Src
gives bands at 60kDA in input and IP with FAK in both GFP-Cten and pEGFP
expression.

6.4Discussion

In this study we have shown for the first time that Cten is being tyrosine
phosphorylated in colorectal cancer cells. However we could not find the exact
tyrosines which are phosphorylated. As there are multiple proposed

phosphorylation sites in Cten which are independently phosphorylated(12).
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Thus even if one is knocked out the others still get phosphorylated. This could
be one reason why we were unable to show which tyrosine was getting
phosphorylated. So the tyrosines within the SH2 domain of Cten are either not
being phosphorylated or are one of the many which are phosphorylated as their
mutation did not affect tyrosine phosphorylation of Cten. This is in contrast to
a study done in tensin 3 where residues Y1173, Y1206, and Y1256,
corresponding to our Tyrosine 449, 479 and 530 through mutational analysis
were shown to be necessary for SH2-PTB domain phosphorylation and critical
for binding FAK, p130cas, Src, sam68, ILK and DLC1 although DLC1 and
ILK were less tyrosine phosphorylation dependant (122). In our study we did
not find a physical interaction between ILK and Cten as previously shown. In
this chapter we looked at Src and Cten immunoprecipitation and found no
interaction. However, we did find that GFP-Cten increases levels of Src and
GFP-Cten"*"*F causes a decrease in its levels. In the tensin3 study they also
claimed that these residues are important in regulating adhesion and migration.

In our study we found only the GFP-Cten*"*

to be responsible for regulating
cell motility function of Cten. In the same study mentioned earlier it was seen
that Tensin 3 was phosphorylated by Src which is something we didn’t look at
in our study and is something that should be explored further(122). There are
other studies about growth factor EGF causing tyrosine phosphorylation of
Tensin 3 and Tensin 1 as well (11,123). However the tyrosine phosphorylation
status of Cten had not been studied till now.

We also looked at levels of Paxillin and B-catenin. There are two cell lines in

which Cten appears to inhibit paxillin (HCT116) using different. However in

RKO cell line there was no effect seen. It can be concluded that Cten is a
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negative regulator of paxillin. B-catenin is only expressed in HCT116, where
its levels were inducedwith GFP-Cten expression and reduced with GFP-
Cten"*"*Fand completely vanish with GFP-Cten™"*. It could be that GFP-
Cten™"* is causing a degradation of B-catenin. p-catenin is known to be
physically bound to Cten in HCT116 in the nucleus but its levels haven’t been
reported upon(6). Here it is noteworthy that levels of Src, B-catenin and

Paxillin were maximally affected with GFP-Cten™*"**

rendering it more
important in the signalling function of Cten as compared GFP-Cten"*"*". But
the effect on motility was significant with both these mutations. It could be
argued that GFP-Cten”**F might be important for signalling through
downstream targets just as GFP-Cten"*"** but because of its position in the
SH2 domain may affect its specificity of binding leading to change in its
function. This has been described for Threonine residue in Src(118). In other
studies it has been shown that some amino acids which might be irreplaceable
in certain SH2 domains may not be as important in others for their
function(124).

As we know that FAK binds to Src, which we have also shown through IP in
our study and FAK is bound to Cten. We have explored binding of Cten with
Src but this interaction hasn’t emerged. It is known that FAK after its auto
phosphorylation into an active state causes activation of Src at the focal
adhesions and also its phosphorylation(30). Cten has emerged as upstream to
FAK in our study previously and increasing the level of FAK as well as the

activated FAK. Here we show it also induces level of Src leading us to believe

that it is effecting Src levels via FAK. But when FAK was knocked down after
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Cten overexpression Src levels went up suggesting a negative effect of FAK on
Src which hasn’t been reported in literature.

A contrasting effect of Cten on paxillin in HCT116 and RKO was seen in this
study. However action is consistent between HCT116 and SW620 using two
different methods i.e. Cten inhibits levels of paxillin. Paxillin is a part of focal
adhesion and said to bind to FAK. There are contrasting studies about the
function of paxillin in motility(125) and we haven’t seem to identified any
concrete evidence of paxillin in colorectal cancer cell lines either.

In summary we have identified that Cten is tyrosine phosphorylated and Y479
in the SH2 domain is important for cell motility, however, it isn’t as effective
on the downstream targets as R474. Further experiments are warranted to

pinpoint the exact nature of its role on Cten’s function.
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7.1Introduction
One of the interesting things to come out in recent years regarding signal

transduction is the concept of lipid rafts(126). Lipid rafts consist of dynamic
microdomainsin the cell membrane, enriched in sphingolipids and
cholesterol.(127). The most important property of lipid rafts is that they can
include or exclude proteins, acting as signaltransduction platforms. The
proteinswith raft affinity include, glycosylphosphatidylinositol (GPI) anchored
proteins, Src- family kinases, cholesterol binding protein, like caveolins and
hetrodimeric G proteins etc. (126-128).Among the (GPI) anchored proteins

with raft affinity, CD24 is an emerging new molecule.

CD24 has been identified as a marker for poor prognosis in several tumours,
like ovarian cancer (129), breast (130), pancreas(131), non-small cell lung
cancer(132) and colorectal cancer(133).1t has been suggested that CD24 acts as
a gate keeper for lipid rafts. It exerts its function by regulating the entry of
different proteins in lipid rafts, which serve as signalling platforms. CD24 is a
stimulator of transmigration and invasion, as is seen by CD24- mediated
increase in cell migration, by controlling the lateral localisation of 1 integrin
within lipid rafts (134).CD24 was discovered in mice by Springer (135).In
humans it’s found in a variety of haematopoietic and non-haematopoietic cells
including cancer cells(136,137). It islocated on chromosome 6g21.And the
gene codes for a heavily glycosylated cell surface protein that is linked to
membrane by a GPI anchor (138,139).CD24 protein has a molecular weight
ranging from 20-70 kDa, owing to its variable glycosylation in different cell

types as reviewed in (136).

133



Chapter 7 CD24 and other molecules interacting with Cten

CD24 mediates signal transduction by recruiting Src family kinases through the
lipid rafts and activates mitogen activated protein kinase pathway in B and T
cells(136).1t is also involved in cell motility, tumour progression and
metastasis. Several Phosphorylated proteins have been seen to co-
immunoprecipitate with CD24 (140). It is also seen that CD24 causes increased
activity of Src and recruits Bl integrins into lipid rafts (141). CD24 also
stabilises and phosphorylates FAK, which been associated with cell adhesion,
motility and migration (125,142). CD24 is a GPIl anchored protein and
therefore does not extend into the cytoplasm although there is evidence that
these molecules can transduce signals to the nucleus (140). In our group we
have also shown that CD24 shows immunostaining in the nucleus in colorectal
cancer(143). Given the effect of CD24 on cell motility, there may be a link
between CD24 and the intracytoplasmic actin cytoskeleton machinery. Since
Cten attaches to 1 integrin and there is a link between Cten, FAK and Src
shown in our study. We there may be a link between Cten and CD24. Given
the similarities between CD24 and Cten we hypothesised that Cten might
mediate its function through Cten. In addition in this chapter we look at various

molecules within focal adhesion apparatus and their binding with Cten.

7.2Aims
To look at the effect of Cten on CD24 and vice versa

To look at binding of Cten with proteins identified as targets in this

study in endogenous state.
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7.3Results

7.3.1 CD24 is a positive regulator of Cten

Our group has preliminary data showing CD24 may be a regulator of Cten. In
order to confirm this and ascertain whether CD24 mediated its function
through Cten, we sought to forcibly express CD24 and concomitantly knock
down Cten. Cten levels were seen to go up in HCT116 following CD24
transfection thus confirming that it is a regulator of Cten Figure 7-1. However,
no Cten protein was seen on western blot in RKO. The reason could be that
RKO has absolutely no endogenous Cten. HCT116 however does express very
low levels of Cten. As Src is found to be a potential downstream target of Cten
we decided to look at its levels as well. Here we see that Src levels are almost
similar in CD24/GFP-Cten- and CD24/GFP-Cten. In RKO although there was
no Cten expression seen the Src levels still show an increase with CD24 levels
(Figure 7-1). CD24 plasmid and its empty vector has been used before by our

group and shows good transfection efficiency(144).
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Figure 7-1.Western blot in HCT116 and RKO. Cotransfection of CD24and knock down
Ctenwas perfomed with EV(empty vector) and Luciferase (Luc) as controls. Cten
expression go up with CD24 forced expression. Src levls also mimick levels of CD24. Note
a big airbubble in the CD+/CtenKD lane in HCT116.Cten knockdown is not complete but
this cab be the result of upregulation of Cten byCD24. CD24 levels in the top blot are
variable due to inconsistent transfection effieciency during cotransfection.

7.3.2 Cten physically binds with B-integrin in the endogenous state
in SW620

A variety of molecules were identified and studied as potential targets of Cten
in this study. To explore whether they physically bind to Cten we used a
colorectal cell line SW620 with high levels of Cten endogenously. A number
of immunoprecipitation experiments were performed with one protein being
precipitated out and blotted with antibody against the same protein to confirm
IP and blotted against another antibody/protein of interest to confirm their

physical binding together. Out of all the experiments performed a few are

136



Chapter 7 CD24 and other molecules interacting with Cten

shown in Figure 7-2 and Figure 7-3. As it is commonly known that tensin gene
family genes bind to the intracytoplasmic tail of B1-integrin making them part
of the focal adhesion complex. We decided to do an IP with B1-integrin. It only
worked when Cten was precipitated out and blotted with B1-integrin and not
the other way around and that too gave a faint band as shown in 7-2(A). FAK
is seen to bind Cten when it’s over expressed by transfection with Cten GFP
plasmid. However when IP was performed in SW620 there was no interaction
seen. IP was performed both ways by blotting with FAK and Cten after both

proteins were successfully precipitated out (Figure 7-2 B).
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Figure 7-2.1P of Cten with Bl-integrin and FAK in SW620. (A) IP with Cten and B1-
integrin showed physical binding only in one direction when Cten was
immunopreciptated out and blotted with pl-integrin (faint band was seen which is of
suboptimal quality and needs further work). (B) IP with FAK and Cten blotted with same
antibodies did not show any physical binding.
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Figure 7-3.1P of Cten and FAK with Paxillin (PXN) and Vincullin in SW620.(A) Western
blot of IPFAK, IPPXN and IPVinculinblotted with FAK shows no physical binding.
Similarly IP of FAK and immunoblotted with Vincullin shows no binding (B) IP of Cten,
PXN, pFAK, ILK and Vinculin blotted with Cten shows no physical interaction.

IP of Cten with Paxillin, ILK, Vinculin and pFAK(Tyr 397) as also performed
but there was no physical interaction identified as shown in Figure 7-3 (B). IP
of FAK with Paxillin was also performed, as it is a well-known fact that FAK
and Paxillin bind together at the focal adhesions but this interaction was not
found in our set of experiments (Figure 7-3). It could very well be because
levels of endogenous Cten and other proteins are not enough to elicit a positive
binding which is not a problem when Cten is being forcefully expressed by
transfection. This reason can be backed by the fact that the concentration of
antibodies required to get a positive band in western blot for Cten in SW620 is

higher as compared to HCT116 where Cten is overexpressed by transfection.

7.4Discussion
CD24 is known to increase cell migration, invasion and colony formation in

colorectal cell lines (144,145). It has been shown in to effect proliferation, cell

138



Chapter 7 CD24 and other molecules interacting with Cten

adhesion and migration in a number of other tumour cell lines including
ovarian, lung cancer, pancreatic and glioblastoma (146). As the positive effect
of CD24 on cell motility has already been established by our group and other
studies we looked at the relationship between Cten and CD24. Cten is also a
positive regulator of cell motility, colony formation and invasion in colorectal
cancer. Cten is seen to be a downstream target of Kras and CD24 and Cten

form a part of the same signalling pathway(147).

In our study we have shown that Cten is a downstream target of CD24 in
HCT116. This is a just a reiteration further establishing the fact that Cten is
affected by CD24. Cten is also shown to bind to B1 integrin. As CD24 is
known as a “gatekeeper” of lipid rafts and it has been shown that it recruits p1
integrin to lipid rafts (134,139). It could be a mechanism by which Cten is also
recruited within the rafts and could be a mechanism by which Cten levels are
increased via CD24. In our study we have also shown that CD24 causes
increase in Src levels which also correlates to findings by other studies
(146,148,149). But we have reported for the first time that these levels are
dependent on Cten in HCT116 but not in RKO as the levels of Cten could not
be shown on western blot. Although CD24 has been shown to increase
phosphorylation of Src(146) but it has never been shown to be dependent on
Cten. Cten as we know by our previous experiments causes increase in not only
levels of Src but also FAK and pFAK(Tyr397) which are also effected by Src
and CD24 (30,146) This further connects CD24 and Cten with the Src, Src and

integrin pathway of cell motility.

Another novel finding in our study is that not only does CD24 regulate levels

of Cten but Cten in turn regulates levels of CD24. Knocking down of Cten and

139



Chapter 7 CD24 and other molecules interacting with Cten

forced expression of Cten in HCT116 and RKO show that Cten levels cause an
increase in CD24 levels. This indicates a regulatory feedback loop between
Cten and CD24 which has not been discovered before. It means that Cten and
CD24 are important for keeping each other levels elevated and one is
dependent on the other. This fits CD24 into the focal adhesion cascade. To fit
Cten in the puzzle of focal adhesion machinery we looked at the binding of
Cten with other members like paxillin, vinculin, FAK, ILK but there was no
evidence of a physical binding among them, including FAK and paxillin which
is a well-established linking(150). However we have used only one cell line
that is SW620 which is a shortfall of this study. In future we hope to use a
panel of cell lines to establish linkage between these molecules in endogenous

state within colorectal cancer.

In summary our study shows a novel relationship between CD24 and Cten.
Cten and CD24 levels are shown for the first time to be dependent on each
other. CD24 is shown to regulate Src levels which might be dependent on Cten.
Our novel insight into CD24/Cten pathway may lead to development of new
therapeutic agents and further investigation may lead to better understanding of

the motility pathway within the lipid rafts.
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8.1Introduction
Cten is part of Tensin gene family. It is the smallest members which lacks the

N terminal actin binding domain (8,73) and is an integral part of focal
adhesions. It binds to NPXY of Pl-integrin via its PTB domain (49)
independent of tyrosine phosphorylation. Its expression in the tissue varies.
Normally it is present in prostate and placenta. In prostate it is considered as a
tumour suppressor(12). In other tissues including colon, stomach, breast, skin,
pancreas, lung and ovaries, it is considered as an oncogene
(6,7,39,41,49,71,151). This discrepancy can be due to the fact that it’s not
normally present in those tissues.Despite low levels of Cten in kidney it is still

down regulated in tumours of kidney(152).

In our study we have looked at role of Cten in colorectal cancer motility in
detail. Cten is considered as an oncogene in colorectal cancer whose levels are
up regulated in advanced Duke staging and metastasis. Not only do Cten levels
increase in metastasis but there is also a shift from cytoplasmic to nuclear
localisation in metastatic deposits (7). Continuing from all the previous
findings of our group we decided to further investigate role of Cten in cell
motility focussing on its 1) localisation in the nucleus; 2) Its downstream
signalling via SH2 domain and binding partners; 3) Its possible up stream

regulating by Calpain and CD24.

8.2Cten signalling
Downstream signalling via Cten is an important for cell motility. Its

downstream targets include ILK and E-cadherin which was discovered by our
group (7,52). In this study we identified a number of downstream targets

including the previously mentioned ILK, FAK, Snail, Src, B-catenin and
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paxillin. We discovered that SH2 domain of Cten is not only important for its
function in cell motility and colony formation. It’s also important for
interacting with its downstream targets. The Arginine at 474 to Alanine is a
known mutation for SH2 domain dormancy. It has been employed in a number
of studies(53,54). Similar effect was seen in a study by Hong et al.(55)In
addition to its effect on reduction of Cten function it also diminished the
positive effect of Cten on its targets like ILK, FAK, Src and B-catenin levels.
Besides the critical Arginine at 474 we identified another important residue
Tyrosine 479 within the SH2 domain of Cten which is essential for its function.
We have also for the first time revealed that Cten is tyrosine phosphorylated in

colorectal cancer cell lines in endogenous as well as forcibly transfected state.

[-catenin levels were shown to go up with Cten. It is already known that Cten
binds to B-catenin in the nucleus(6) and nuclear expression of Cten is increased
in metastatic deposits of colorectal cancer. Since in the cytoplasm B-catenin
binds to E-cadherin it could be a mechanism by which Cten reduces
cytoplasmic interaction of B-catenin and E-cadherin and causes an EMT
switch. As our lysates were of whole cell extracted protein this increase could
be in the nuclear instead of the cytoplasm. Further experiments are needed to
determine whether this increase is localised to the nucleus. In this study we
have shown for the first time binding of Cten with FAK and this binding was
partly lost with the GFP-Cten™*"**mutant. FAK is known to locate in the
nucleus (79) as does Cten ((6). In our study we have shown that Cten binds to
FAK not only in the cytoplasm but in the nucleus too. This would provide an

explanation for our recent data showing association of nuclear FAK and
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nuclear Cten in metastatic CRC (153). The functional significance of this

nuclear localization remains uncertain.

We have shown that not only does Cten up regulate FAK levels but also
increases pFAK (the activated form of FAK). Src is known to bind FAK at the
focal adhesions and promotes its further phosphorylation(30). This occurs at
the focal adhesion site with FAK bound to the integrins. Since we know that
Cten binds to integrin and FAK it is possible that it binds to Src too in a
trimolecular complex. However we were not able to show a physical
interaction between Src and Cten but FAK and Src binding was apparent in our
experiments. It is known that integrin stimulated FAK phosphorylation at
Tyrosine 397 causes binding with Src family kinases (120,154). Cten may play
a role here by increasing the levels pf phosphorylated FAK which may in turn
cause increase in Src levels which was seen in our study(120). Integrins
although are part of focal adhesions but they do not possess intrinsic signalling
capabilities. They require the help of kinases like FAK and Src which transmit
the messages form the ECM to the cell machinery.(27) It is interesting to note
here that Tensin are considered as part of the scaffold/adaptor proteins at focal
adhesions like talin and paxillin whose function is to alter cell morphology by
controlling the actin cytoskeleton with the cell by changing its shape and
generating traction force which helps propel the cells. In our study for the first
time Cten has emerged as a potential signalling molecule inducing levels of
FAK and Src (kinases involved in cell motility, at focal adhesions). This
discovery renders Cten as a signalling as well as scaffolding protein important

for cell motility and survival.
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Src family kinases also affect E-cadherin internalisation via integrin activation
as well as by endocytosis which brings us to the role of Cten in decreasing
levels of E-cadherin which could be through Src, ILK, FAK and Snail All of
the mentioned are downstream targets of Cten which are involved in E-
cadherin regulation. However Snail is known to represses E-cadherin levels at
transcriptional level(155) which isn’t the case with Cten in our study. Snail
levels were on the other hand affected on mMRNA level with Cten
overexpression but not with knockdown. This over expression in Snail levels

was also SH2 domain dependent.

Trying to piece together the puzzle of functioning of Cten at the focal
adhesions we have uncovered a number of signalling partners for Cten in the
nucleus and the cytoplasm in context of cell motility. A summary can be found

in Figure 8-1.
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Figure 8-1.Summary of the signaling partners of Cten discovered in this study.EGF
stimulation causes increase in Cten levels. Increased Cten results in increase in levels of
FAK, ILK, Snail, Src and B-catenin. This increase is dependent on the SH2 domain of
Cten. Cten is bound to FAK and goes in the nucleus where it binds to B-catenin and FAK.
CD24 causes increase in Cten levels and vice versa. Snail causes increase in LEF
(lymphocyte enhancer binding factor 1) and Vimentin levels and also causes a decrease in

E-cadherin. All this leads to EMT and increase cell motility. Cten regulation

Cten is said to be regulated by a number of different pathways. One of which
has been identified by our group as the Epidermal growth factor (EGF) through
Kras and Braf in colorectal cancer(43). In addition our group has shown that
Stat3 negatively regulates Cten (156) Since then a number of Cten regulators
have been discovered like FGF2 (fibroblast growth factor 2), PDGF (platelet
derived growth factor), NGF (nerve growth factor), TGFB (transforming
growth factor beta), IL6 (interleukin 6), IL13, IGF1 ( insulin growth factor 1)
(51). In this study we have found 2 new regulators that are CD24 and calpain.
CD24 is seen to up regulate levels of Cten in HCT116 cell line. It is a well-
known stem cell marker which is located in the lipid rafts in the cell membrane
and has no intracytoplasmic connections (136). It increases cell motility in
colorectal cancer(144) through Akt pathway but its downstream targets are not

very well known and Cten can be a possible target. However this warrants

further study.

Cten level was shown to be affected by Calpain inhibition in this study. This
could mean that Cten is a Calpain substrate directly or it is affected indirectly.
Calpains have been an important part of cell motility in the literature and their
substrates include most of the important focal adhesion molecules involved in
cell motility including Src, Paxillin, FAK, vinculin and talin.(90,95,107).
Calpains are known to cleave B1-integrin as well leading to disruption of focal
adhesions and causing rounding of cells and leading to increased cell

motility(157,158). However Cten cleavage should lead to decrease motility.
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This raises a debate about Cten and Calpain and its role in cell motility. Our
study mainly focuses on Cten in colorectal cancer setup whereas the studies
about Calpain have mostly been conducted in muscles and endothelial cells
which could be a cause of discrepancy. Another interesting study in murine
fibroblasts shows that EGF activates m-Calpain (159) which would suggest
that Cten levels should go up as EGF is a positive regular of Cten. This also
contrasts with our findings but again the settings of the experiments differ in
this case as well. On the other hand another study describes Tensinl as a
substrate of calpain Il which is also located in the focal adhesions leading to
rounding of cells and inhibition of cell spreading. Tensinl has also been
described to be cleaved by caspases another calcium dependent enzyme
(104,160). It will be interesting to further study the role of Calpain in colorectal
cancers and investigate effect of EGF on Calpain levels and Cten and effect on
motility. Calpeptin, the inhibitor used in our study has also been shown to have
independent effecton tyrosine phosphatases and other molecules like TGF-p, so
we cannot rule out the possibility of a calpain independent effect here
either(99,105).0ne more unusual finding in our study was increase in Tensin3
levels with rise in Cten levels after Calpain inhibition, which was surprising
since it has been established that Cten expression causes a Tensin switch
shifting Tensin3 away from focal adhesion giving way to Cten. These findings
was reported in breast cell lines (49) and a recent study by Hung et.al refutes
this idea in colorectal cancer cells(51) suggesting that this mechanism might be
variable depending on cell context. These findings provide a new dimension in

regulation of Cten in colorectal cancer and its role in cell motility and raises
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new questions which could lead to further investigations into its function in

future.

Cten has been implicated as oncogene in a number of tumours like pancreatic
tumours, ovarian, breast, lung to name a few. It increases motility in pancreatic
and lung cancer cell lines (46). Where there are some similarities in Cten
function in these tumours and colorectal cancer, there lie some discrepancies as
well. Cten’s been shown to be induced by EGF stimulation through Kras in
pancreas as well as colon(43) and Stat3 plays a positive effector in lung and
breast and serves as a negative regulator in colon (47,48,156). It is also known
to negatively affect DLC1 in breast cell lines(50) which in ase of colon
couldn’t be seen as DLC1 was not expressed in the colorectal cell lines(data
not shown). It would be interesting to look at the downstream effectors
identified in our study in other tumour cell lines and find a common role of
Cten in all tumours in which Cten plays a role of oncogene.

8.4Conclusions
(All conclusions are valid in colorectal cancer cell lines only)

1) Cten when localised to nucleus induces cell maotility significantly.

2) Cten function depends on its SH2 domain. The intact Arginine at 474 is
important for its function and its effect on downstream targets like FAK, ILK
and Snail.

3) Cten binds FAK in HCT116 in the nucleus and cytoplasm.

4) Cten binds to B1-integrin. (needs further work)

5) Cten is being tyrosine phosphorylated in colorectal cancer cell lines.
6)  GFP-Cten"*"*leads to significant reduction in Cten motility enhancing
function.
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7) Calpain inhibition by Calpeptin leads to increase in Cten and Tensin 3
levels.

8) New downstream targets of Cten identified are Snail, Src, B-catenin and
paxillin.

9) CD24 expression induces levels of Cten.

8.5Strengths of the study
1) Experiments are done in 2 cell lines mostly.

2) Most of the experiments are done using 2 techniques i.e., knockdown and
forced expression.

3) This is the first study that explores the role of Cten into the nucleus by
constructing a vector tagging it to the nucleus.

4) In this study FAK has been shown to bind to Cten for the first time in the
cytoplasm as well as the nucleus.

5) Cten has been shown to be a substrate for Calpains.

6) Four separate mutations have been successfully introduced in Cten and
their roles explored individually.

7) Tyrosine phosphorylation of Cten has been reported for the first time.

8.6 Limitations of the study
1) All of the work is done in only colorectal cancer cell lines.

2) Calpain inhibition study is only done in SW620.

3) Only one inhibitor was employed for calpain inhibition.

4) Effect of calpain on Cten levels should also have been explored by its
effect on cell motility function.

5) NLSCten construct should have been shown to express in the nucleus in
more than one way.

6) The function of NLSCten construct in increasing cell motility should have

been studied in more detail.
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7)

8)

Y449F constructs should have been

Transfection efficiency of GFP-Cten
improved upon to rule out its augmenting effect of cell motility.
Slight changes in protein expression can be due to transcription efficiency

which should be accounted for.

8.7 Future directions and suggestions

1)

2)

3)

4)

5)

6)

7)

The role of Cten in the nucleus and its targets should be explored in detail.
The mutations identified to be important for functioning of SH2 domain of
Cten should be combined together in one construct to see whether their
pooled effect completely reverses functions in Cten on motility and colony
formation and the levels of its downstream targets.

Role of Snail should be explored further and its effect on ILK, E-cadherin
and Src studied in detail.

All downstream targets of Cten like ILK, FAK, Snail and Src should be
studied as immunohistochemical markers for patient samples and their
levels should be compared to Cten levels. Their expression should also be
correlated to the grading and staging of the tumour. This will help to
identify potential markers for tumour progression and metastasis.

To look for potential therapeutic molecules which could targets and inhibit
SH2 domain of Cten and study its effect on cell motility caused by Cten
overexpression in colorectal cancer lines and possibly develop drugs which

could eventually be used for therapeutic purposes.

Study the effects of all modified Cten expression vector in mouse tumour
models.
Stable cell lines should be generated to study the effects on constructs in

detail and study effect in mouse model.
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8) It will be interesting to link all this data with other tumour cell lines (lung
cancer, ovary and pancreatic cancer) by overexpression of Cten mutant
expression vectors and effect on upstream regulators and downstream

targets of Cten identified in this study.

151



CRAPLET 9. oe e e e et e e et e e e e ettt e et e ten et vt e et e e e e 1en e s - RESOTERCES

9 References

152



Chapter 9 References

10.

11.

12.

13.

14.

15.

Boyle, P., and Langman, J. S. (2000) Epidemiology. BMJ : British
Medical Journal 321, 805-808

Ponz de Leon, M., and Percesepe, A. (2000) Pathogenesis of colorectal
cancer. Digestive and Liver Disease 32, 807-821

Haggar, F. A., and Boushey, R. P. (2009) Colorectal Cancer
Epidemiology: Incidence, Mortality, Survival, and Risk Factors. Clinics
in Colon and Rectal Surgery 22, 191-197

Wu, J. S. (2007) Rectal Cancer Staging. Clinics in Colon and Rectal
Surgery 20, 148-157

Jass, J. R. (2002) Pathogenesis of colorectal cancer. Surgical Clinics of
North America 82, 891-904

Liao, Y.-C., Chen, N.-T., Shih, Y.-P., Dong, Y., and Lo, S. H. (2009)
Up-regulation of C-Terminal Tensin-like Molecule Promotes the
Tumorigenicity of Colon Cancer through B-Catenin. Cancer Research
69, 4563-4566

Albasri, A., Al-Ghamdi, S., Fadhil, W., Aleskandarany, M., Liao, Y. C.,
Jackson, D., Lobo, D. N., Lo, S. H., Kumari, R., Durrant, L., Watson,
S., Kindle, K. B., and llyas, M. (2011) Cten signals through integrin-
linked kinase (ILK) and may promote metastasis in colorectal cancer.
Oncogene 30, 2997-3002

Lo, S. H. (2004) Tensin. The International Journal of Biochemistry
&amp; Cell Biology 36, 31-34

Davis, S., Lu, M., Lo, S., Lin, S., Butler, J., Druker, B., Roberts, T., An,
Q., and Chen, L. (1991) Presence of an SH2 domain in the actin-
binding protein tensin. Science 252, 712-715

Chen, H., Duncan, I. C., Bozorgchami, H., and Lo, S. H. (2002)
Tensinl and a previously undocumented family member, tensin2,
positively regulate cell migration. Proceedings of the National
Academy of Sciences 99, 733-738

Cui, Y., Liao, Y.-C., and Lo, S. H. (2004) Epidermal Growth Factor
Modulates Tyrosine Phosphorylation of a Novel Tensin Family
Member, Tensin311Supported in part by the Shriners Hospitals
Research Award and NIH CA102537. Molecular Cancer Research 2,
225-232

Lo, S. H., and Lo, T. B. (2002) Cten, a COOH-terminal tensin-like
protein with prostate restricted expression, is down-regulated in
prostate cancer. Cancer Research 62, 4217

Lo, S. H., Janmey, P. A., Hartwig, J. H., and Chen, L. B. (1994)
Interactions of tensin with actin and identification of its three distinct
actin-binding domains. The Journal of Cell Biology 125, 1067-1075
Chen, H., and Lo, S. H. (2003) Regulation of tensin-promoted cell
migration by its focal adhesion binding and Src homology domain 2.
Biochem. J. 370, 1039-1045

Calderwood, D. A., Fujioka, Y., de Pereda, J. M., Garcia-Alvarez, B.,
Nakamoto, T., Margolis, B., McGlade, C. J., Liddington, R. C., and
Ginsberg, M. H. (2003) Integrin B cytoplasmic domain interactions
with phosphotyrosine-binding domains: A structural prototype for

153



Chapter 9 References

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

diversity in integrin signaling. Proceedings of the National Academy of
Sciences 100, 2272-2277

Bockholt, S. M., and Burridge, K. (1993) Cell spreading on
extracellular matrix proteins induces tyrosine phosphorylation of tensin.
Journal of Biological Chemistry 268, 14565-14567

Lo, S. H. (2006) Focal adhesions: What's new inside. Developmental
Biology 294, 280-291

Huttenlocher, A., and Horwitz, A. R. (2011) Integrins in Cell
Migration. Cold Spring Harbor Perspectives in Biology 3

Gumbiner, B. M. (1996) Cell Adhesion: The Molecular Basis of Tissue
Architecture and Morphogenesis. Cell 84, 345-357

Albelda, S., and Buck, C. (1990) Integrins and other cell adhesion
molecules. The FASEB Journal 4, 2868-2880

Weber, G. F., Bjerke, M. A., and DeSimone, D. W. (2011) Integrins
and cadherins join forces to form adhesive networks. Journal of Cell
Science 124, 1183-1193

Wary, K. K. (2005) Recognizing scientific excellence in the biology of
cell adhesion. Cell communication and signaling : CCS 3, 7-7
Harburger, D. S., and Calderwood, D. A. (2009) Integrin signalling at a
glance. Journal of Cell Science 122, 1472-1472

Hynes, R. O. (2002) Integrins: Bidirectional, Allosteric Signaling
Machines. Cell 110, 673-687

Calderwood, D. A. (2004) Integrin activation. Journal of Cell Science
117, 657-666

Zaidel-Bar, R., Itzkovitz, S., Ma'ayan, A., lyengar, R., and Geiger, B.
(2007) Functional atlas of the integrin adhesome. Nat Cell Biol 9, 858-
867

Nagano, M., Hoshino, D., Koshikawa, N., Akizawa, T., and Seiki, M.
(2012) Turnover of Focal Adhesions and Cancer Cell Migration.
International Journal of Cell Biology 2012

Liu, S., Calderwood, D. A., and Ginsberg, M. H. (2000) Integrin
cytoplasmic domain-binding proteins. Journal of Cell Science 113,
3563-3571

Mitra, S. K., Hanson, D. A., and Schlaepfer, D. D. (2005) Focal
adhesion kinase: in command and control of cell motility. Nat Rev Mol
Cell Biol 6, 56-68

Mitra, S. K., and Schlaepfer, D. D. (2006) Integrin-regulated FAK-Src
signaling in normal and cancer cells. Current opinion in cell biology 18,
516-523

Zamir, E., and Geiger, B. (2001) Molecular complexity and dynamics
of cell-matrix adhesions. Journal of Cell Science 114, 3583-3590

Katz, B.-Z., Zamir, E., Bershadsky, A., Kam, Z., Yamada, K. M., and
Geiger, B. (2000) Physical State of the Extracellular Matrix Regulates
the Structure and Molecular Composition of Cell-Matrix Adhesions.
Molecular Biology of the Cell 11, 1047-1060

van Roy, F. (2014) Beyond E-cadherin: roles of other cadherin
superfamily members in cancer. Nat Rev Cancer 14, 121-134

(2011) E-Cadherin/&#x3b2;-Catenin Complex and the Epithelial
Barrier. Journal of Biomedicine and Biotechnology 2011

154



Chapter 9 References

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

von Schlippe, M., Marshall, J. F., Perry, P., Stone, M., Zhu, A. J., and
Hart, I. R. (2000) Functional interaction between E-cadherin and
alphav-containing integrins in carcinoma cells. Journal of Cell Science
113, 425-437

Gottardi, C. J., Wong, E., and Gumbiner, B. M. (2001) E-Cadherin
Suppresses Cellular Transformation by Inhibiting {beta}-Catenin
Signaling in an Adhesion-Independent Manner. J. Cell Biol. 153, 1049-
1060

Conacci-Sorrell, M., Simcha, 1., Ben-Yedidia, T., Blechman, J.,
Savagner, P., and Ben-Ze'ev, A. (2003) Autoregulation of E-cadherin
expression by cadherin—cadherin interactions. The Journal of Cell
Biology 163, 847-857

Lo, S. H,, and Lo, T. B. (2002) Cten, a COOH-Terminal Tensin-like
Protein with Prostate Restricted Expression, Is Down-Regulated in
Prostate Cancer. Cancer Research 62, 4217-4221

Sasaki, H., Moriyama, S., Mizuno, K., Yukiue, H., Konishi, A., Yano,
M., Kaji, M., Fukai, I., Kiriyama, M., Yamakawa, Y., and Fuijii, Y.
(2003) Cten mRNA expression was correlated with tumor progression
in lung cancers. Lung Cancer 40, 151-155

Sasaki, H., Yukiue, H., Kobayashi, Y., Fukai, I., and Fujii, Y. (2003)
Cten mRNA Expression Is Correlated with Tumor Progression in
Thymoma. Tumor Biology 24, 271-274

Sakashita, K., Mimori, K., Tanaka, F., Kamohara, Y., Inoue, H.,
Sawada, T., Hirakawa, K., and Mori, M. (2008) Prognostic Relevance
of Tensind Expression in Human Gastric Cancer. Annals of Surgical
Oncology 15, 2606-2613

Katz, M., Amit, |., Citri, A., Shay, T., Carvalho, S., Lavi, S., Milanezi,
F., Lyass, L., Amariglio, N., Jacob-Hirsch, J., Ben-Chetrit, N., Tarcic,
G., Lindzen, M., Avraham, R., Liao, Y.-C., Trusk, P., Lyass, A,
Rechavi, G., Spector, N. L., Lo, S. H., Schmitt, F., Bacus, S. S., and
Yarden, Y. (2007) A reciprocal tensin-3-cten switch mediates EGF-
driven mammary cell migration. Nat Cell Biol 9, 961-969

Al-Ghamdi, S., Albasri, A., Cachat, J., Ibrahem, S., Muhammad, B. A.,
Jackson, D., Nateri, A. S., Kindle, K. B., and llyas, M. (2011) Cten Is
Targeted by Kras Signalling to Regulate Cell Motility in the Colon and
Pancreas. PLoS ONE 6, e20919

Sjoestroem, C., Khosravi, S., Zhang, G., Martinka, M., and Li, G.
(2013) C-Terminal Tensin-Like Protein Is a Novel Prognostic Marker
for Primary Melanoma Patients. PLoS ONE 8, e80492

Albasri, A., Seth, R., Jackson, D., Benhasouna, A., Crook, S., Nateri, A.
S., Chapman, R., and llyas, M. (2009) C-terminal Tensin-like (CTEN)
is an oncogene which alters cell motility possibly through repression of
E-cadherin in colorectal cancer. The Journal of Pathology 218, 57-65
Al-Ghamdi, S., Cachat, J., Albasri, A., Ahmed, M., Jackson, D.,
Zaitoun, A., Guppy, N., Otto, W. R., Alison, M. R., Kindle, K. B., and
llyas, M. (2013) C-Terminal Tensin-Like Gene Functions as an
Oncogene and Promotes Cell Motility in Pancreatic Cancer. Pancreas
42, 135-140

Bennett, D. T., Reece, T. B., Foley, L. S., Sjoberg, A., Meng, X.,
Fullerton, D. A., and Weyant, M. J. C-terminal tensin-like protein

155



Chapter 9 References

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

mediates invasion of human lung cancer cells and is regulated by signal
transducer and activator of transcription 3. The Journal of Thoracic and
Cardiovascular Surgery 149, 369-375

Barbieri, 1., Pensa, S., Pannellini, T., Quaglino, E., Maritano, D.,
Demaria, M., Voster, A., Turkson, J., Cavallo, F., Watson, C. J.,
Provero, P., Musiani, P., and Poli, V. (2010) Constitutively Active
Stat3 Enhances Neu-Mediated Migration and Metastasis in Mammary
Tumors via Upregulation of Cten. Cancer Research 70, 2558-2567
Katz, M., Amit, I., Citri, A., Shay, T., Carvalho, S., Lavi, S., Milanezi,
F., Lyass, L., Amariglio, N., and Jacob-Hirsch, J. (2007) A reciprocal
tensin-3—cten switch mediates EGF-driven mammary cell migration.
nature cell biology 9, 961-969

Cao, X., Voss, C., Zhao, B., Kaneko, T., and Li, S. S. (2012)
Differential regulation of the activity of deleted in liver cancer 1
(DLC1) by tensins controls cell migration and transformation.
Proceedings of the National Academy of Sciences of the United States
of America 109, 1455-1460

Hung, S.-Y., Shih, Y.-P., Chen, M., and Lo, S. H. (2014) Up-regulated
cten by FGF2 contributes to FGF2-mediated cell migration. Molecular
Carcinogenesis 53, 787-792

Albasri, A., Seth, R., Jackson, D., Benhasouna, A., Crook, S., Nateri, A.
S., Chapman, R., and llyas, M. (2009) C-terminal Tensin-like (CTEN)
is an oncogene which alters cell motility possibly through repression of
E-cadherin in colorectal cancer. The Journal of Pathology 218, 57-65
Kwon, S.-H., Nedvetsky, P. 1., and Mostov, K. E. (2011)
Transcriptional Profiling Identifies TNS4 Function in Epithelial
Tubulogenesis. Current biology : CB 21, 161-166

Liao, Y. C., Si, L., deVere White, R. W., and Lo, S. H. (2007) The
phosphotyrosine-independent interaction of DLC-1 and the SH2
domain of cten regulates focal adhesion localization and growth
suppression activity of DLC-1. The Journal of Cell Biology 176, 43-49
Hong, S.-Y., Shih, Y.-P., Li, T., Carraway, K. L., and Lo, S. H. (2013)
CTEN Prolongs Signaling by EGFR through Reducing Its Ligand-
Induced Degradation. Cancer Research 73, 5266-5276

Lo, S.-S,, Lo, S. H., and Lo, S. H. (2005) Cleavage of cten by caspase-3
during apoptosis. Oncogene 24, 4311-4314

Lim, S.-T. S. (2013) Nuclear FAK: a New Mode of Gene Regulation
from Cellular Adhesions. Molecules and Cells 36, 1-6

Wang, Y., and Gilmore, T. D. (2003) Zyxin and paxillin proteins: focal
adhesion plagque LIM domain proteins go nuclear. Biochimica et
Biophysica Acta (BBA) - Molecular Cell Research 1593, 115-120

Kaur, 1., Schramm, G., Everts, B., Scholzen, T., Kindle, K. B., Beetz,
C., Montiel-Duarte, C., Blindow, S., Jones, A. T., Haas, H., Stolnik, S.,
Heery, D. M., and Falcone, F. H. (2011) Interleukin-4-Inducing
Principle from Schistosoma mansoni Eggs Contains a Functional C-
Terminal Nuclear Localization Signal Necessary for Nuclear
Translocation in Mammalian Cells but Not for Its Uptake. Infection and
Immunity 79, 1779-1788

Shuman, S. (1991) Recombination mediated by vaccinia virus DNA
topoisomerase | in Escherichia coli is sequence specific. Proceedings of

156



Chapter 9 References

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

the National Academy of Sciences of the United States of America 88,
10104-10108

Shuman, S. (1994) Novel approach to molecular cloning and
polynucleotide synthesis using vaccinia DNA topoisomerase. Journal
of Biological Chemistry 269, 32678-32684

Aagaard, L., and Rossi, J. J. (2007) RNAI Therapeutics: Principles,
Prospects and Challenges. Advanced drug delivery reviews 59, 75-86
Suzuki, K., and Sorimachi, H. A novel aspect of calpain activation.
FEBS Letters 433, 1-4

LaCasse, E. C., and Lefebvre, Y. A. (1995) Nuclear localization signals
overlap DNA- or RNA-binding domains in nucleic acid-binding
proteins. Nucleic Acids Research 23, 1647-1656

Schlessinger, J., and Lemmon, M. A. (2003) SH2 and PTB Domains in
Tyrosine Kinase Signaling. Sci. STKE 2003, rel2-

Sadowski, 1., Stone, J. C., and Pawson, T. (1986) A noncatalytic
domain conserved among cytoplasmic protein-tyrosine kinases
modifies the kinase function and transforming activity of Fujinami
sarcoma virus P130gag-fps. Molecular and Cellular Biology 6, 4396-
4408

Filippakopoulos, P., Muller, S., and Knapp, S. (2009) SH2 domains:
modulators of nonreceptor tyrosine kinase activity. Current Opinion in
Structural Biology 19, 643-649

Kaneko, T., Joshi, R., Feller, S. M., and Li, S. S. C. (2012)
Phosphotyrosine recognition domains: the typical, the atypical and the
versatile. Cell Communication and Signaling : CCS 10, 32-32
Wavreille, A.-S., and Pei, D. (2007) A Chemical Approach to the
Identification of Tensin-Binding Proteins. ACS Chemical Biology 2,
109-118

Bradshaw, J. M., Mitaxov, V., and Waksman, G. (1999) Investigation
of phosphotyrosine recognition by the SH2 domain of the Src kinase. J
Mol Biol 293, 15-15

Al-Ghamdi S1, C. J., Albasri A, Ahmed M, Jackson D, Zaitoun A,
Guppy N, Otto WR, Alison MR, Kindle KB, llyas M. (2013) C-
terminal tensin-like gene functions as an oncogene and promotes cell
motility in pancreatic cancer.Pancreas 42, 5

Liao, Y.-C., Si, L., deVere White, R. W., and Lo, S. H. (2007) The
phosphotyrosine-independent interaction of DLC-1 and the SH2
domain of cten regulates focal adhesion localization and growth
suppression activity of DLC-1. The Journal of Cell Biology 176, 43-49
Lo, S. H. (2014) C-terminal tensin-like (CTEN): A promising
biomarker and target for cancer. The International Journal of
Biochemistry & Cell Biology 51, 150-154

Cary, L., and Guan, J. (1999) Focal adhesion kinase in integrin-
mediated signaling. Front Biosci 15, 11

Guan, J.-L. (1997) Role of focal adhesion kinase in integrin signaling.
The International Journal of Biochemistry & Cell Biology 29, 1085-
1096

Hall, E. H., Balsbaugh, J. L., Rose, K. L., Shabanowitz, J., Hunt, D. F.,
and Brautigan, D. L. (2010) Comprehensive Analysis of

157



Chapter 9 References

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Phosphorylation Sites in Tensinl Reveals Regulation by p38MAPK.
Molecular & Cellular Proteomics 9, 2853-2863

Yamashita, M., Horikoshi, S., Asanuma, K., Takahara, H., Shirato, 1.,
and Tomino, Y. (2004) Tensin is potentially involved in extracellular
matrix production in mesangial cells. Histochemistry and Cell Biology
121, 245-254

Flinder, L. I, Timofeeva, O. A., Rosseland, C. M., Wiergd, L.,
Huitfeldt, H. S., and Skarpen, E. (2011) EGF-induced ERK-activation
downstream of FAK requires racl-NADPH oxidase. Journal of
Cellular Physiology 226, 2267-2278

Stewart, A., Ham, C., and Zachary, 1. (2002) The focal adhesion kinase
amino-terminal domain localises to nuclei and intercellular junctions in
HEK 293 and MDCK cells independently of tyrosine 397 and the
carboxy-terminal domain. Biochemical and Biophysical Research
Communications 299, 62-73

Dedhar, S., Williams, B., and Hannigan, G. (1999) Integrin-linked
kinase (ILK): a regulator of integrin and growth-factor signalling.
Trends in cell biology 9, 319-323

Delcommenne, M., Tan, C., Gray, V., Rue, L., Woodgett, J., and
Dedhar, S. (1998) Phosphoinositide-3-OH kinase-dependent regulation
of glycogen synthase kinase 3 and protein kinase B/AKT by the
integrin-linked kinase. Proceedings of the National Academy of
Sciences 95, 11211-11216

Norvak, A., Hsu, S., Leung-Hagesteijn, C., Radiva, G., Parkoff, J.,
Montesano, R., Roskelley, C., Grosschedl, R., and Dedhar, S. (1998)
Cell adhesion and the integrin-linked kinase regulate the LEF-1 and b-
catenin signaling pathways. Proc. Natl. Acad. Sci. USA 95, 5

Gravdal, K., Halvorsen, O. J., Haukaas, S. A., and Akslen, L. A. (2007)
A Switch from E-Cadherin to N-Cadherin Expression Indicates
Epithelial to Mesenchymal Transition and Is of Strong and Independent
Importance for the Progress of Prostate Cancer. Clinical Cancer
Research 13, 7003-7011

Shih, W., and Yamada, S. (2012) N-cadherin-mediated cell-cell
adhesion promotes cell migration in a three-dimensional matrix.
Journal of Cell Science 125, 3661-3670

Lara, D. M., Bracke, M. E., and D., B. (2004) N-cadherin in the
spotlight of cell-cell adhesion, differentiation, embryogenesis, invasion
and signalling. Int. J. Dev. Biol 48, 13

Fan, F., Samuel, S., Evans, K. W., Lu, J., Xia, L., Zhou, Y., Sceusi, E.,
Tozzi, F., Ye, X.-C.,, Mani, S. A, and Ellis, L. M. (2012)
Overexpression of Snail induces epithelial-mesenchymal transition and
a cancer stem cell-like phenotype in human colorectal cancer cells.
Cancer Medicine 1, 5-16

Peinado, H., Quintanilla, M., and Cano, A. (2003) Transforming
Growth Factor B-1 Induces Snail Transcription Factor in Epithelial Cell
Lines: MECHANISMS FOR EPITHELIAL MESENCHYMAL
TRANSITIONS. Journal of Biological Chemistry 278, 21113-21123
Sorimachi, H., and Suzuki, K. (2001) The Structure of Calpain. Journal
of Biochemistry 129, 653-664

158



Chapter 9 References

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Frances, C. P., Conde, M. C., Saez, M. E., Diez, S. F., Rey, C. M,,
Ramirez-Armengol, J. A., Pascual, M. H., Gonzalez-Perez, A., Torres,
P. P., Real, L. M., Serrano-Rios, M., Lépez, J. L. G., Ruiz, A., and
Royo, J. L. (2007) Identification of a protective haplogenotype within
CAPN10 gene influencing colorectal cancer susceptibility. Journal of
Gastroenterology and Hepatology 22, 2298-2302

Goll, D. E., Thompson, V. F., Li, H., Wei, W., and Cong, J. (2003) The
calpain system. Physiol. Rev. 83, 731-801

Storr, S. J., Carragher, N. O., Frame, M. C., Parr, T., and Martin, S. G.
(2011) The calpain system and cancer. Nat Rev Cancer 11, 364-374
Lakshmikuttyamma, A., Selvakumar, P., Kanthan, R., Kanthan, S. C.,
and Sharma, R. K. (2004) Overexpression of m-calpain in human
colorectal adenocarcinomas. Cancer Epidemiol. Biomarkers Prev. 13,
1604-1609

Lee, S. J. (2007) Increased expression of calpain 6 in uterine sarcomas
and carcinosarcomas: an immunohistochemical analysis. Int. J.
Gynecol. Cancer 17, 248-253

Glading, A., Lauffenburger, D. A., and Wells, A. Cutting to the chase:
calpain proteases in cell motility. Trends in Cell Biology 12, 46-54
Chan, K. T., Bennin, D. A., and Huttenlocher, A. (2010) Regulation of
adhesion dynamics by calpain-mediated proteolysis of focal adhesion
kinase (FAK). J. Biol. Chem. 285, 11418-11426

Bhatt, A., Kaverina, I, Otey, C., and Huttenlocher, A. (2002)
Regulation of focal complex composition and disassembly by the
calcium-dependent protease calpain. Journal of Cell Science 115, 3415-
3425

Wendt, A., Thompson, V. F., and Goll, D. E. (2004) Interaction of
calpastatin with calpain: a review. Biol. Chem. 385, 465-472

K.K, W. (1990) Developing selective inhibitors of calpain. Trends
Pharmacol. Sci 11, 139-142

Schoenwaelder, S. M., and Burridge, K. (1999) Evidence for a
Calpeptin-sensitive Protein-tyrosine Phosphatase Upstream of the Small
GTPase Rho: A NOVEL ROLE FOR THE CALPAIN INHIBITOR
CALPEPTIN IN THE INHIBITION OF PROTEIN-TYROSINE
PHOSPHATASES. Journal of Biological Chemistry 274, 14359-14367
Tsujinaka, T., Kajiwara, Y., Kambayashi, J., Sakon, M., Higuchi, N.,
Tanaka, T., and Mori, T. (1988) Synthesis of a new cell penetrating
calpain inhibitor (calpeptin). Biochemical and Biophysical Research
Communications 153, 1201-1208

Lebart, M. C., and Benyamin, Y. (2006) Calpain involvement in the
remodeling of cytoskeletal anchorage complexes. FEBS J. 273, 3415-
3426

Beckerle, M. C., Burridge, K., DeMartino, G. N., and Croall, D. E.
(1987) Colocalization of calcium-dependent protease Il and one of its
substrates at sites of cell adhesion. Cell 51, 569-577

Glading, A., Lauffenburger, D. A., and Wells, A. (2002) Cutting to the
chase: calpain proteases in cell motility. Trends Cell Biol. 12, 46-54
Chen, H., Ishii, A., Wong, W. K., Chen, L. B., and Lo, S. H. (2000)
Molecular characterization of human tensin. Biochem. J. 351, 403-411

159



Chapter 9 References

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Tabata, C., Tabata, R., and Nakano, T. (2010) The calpain inhibitor
calpeptin prevents bleomycin-induced pulmonary fibrosis in mice.
Clinical & Experimental Immunology 162, 560-567

Schaller, M. D. (2001) Paxillin: a focal adhesion-associated adaptor
protein. Oncogene 20, 6459-6472

Cortesio, C. L., Boateng, L. R., Piazza, T. M., Bennin, D. A., and
Huttenlocher, A. (2011) Calpain-mediated proteolysis of paxillin
negatively regulates focal adhesion dynamics and cell migration. J.
Biol. Chem. 286, 9998-10006

Serrano, K., and Devine, D. V. (2004) Vinculin is proteolyzed by
calpain during platelet aggregation: 95 kDa cleavage fragment
associates with the platelet cytoskeleton. Cell Motil. Cytoskeleton 58,
242-252

Hossain, M. 1., Roulston, C. L., Kamaruddin, M. A., Chu, P. W. Y., Ng,
D. C. H,, Dusting, G. J., Bjorge, J. D., Williamson, N. A., Fujita, D. J.,
Cheung, S. N., Chan, T. O., Hill, A. F., and Cheng, H.-C. (2013) A
Truncated Fragment of Src Protein Kinase Generated by Calpain-
mediated Cleavage Is a Mediator of Neuronal Death in Excitotoxicity.
Journal of Biological Chemistry 288, 9696-9709

P Cooray, Y. Y., S M Schoenwaelder, C A Mitchell, H H Salem, S P
Jackson. (1996) Focal adhesion kinase (ppl25FAK) cleavage and
regulation by calpain. Biochem J. 318, 41-47

Carragher, N. O., Westhoff, M. A., Fincham, V. J., Schaller, M. D., and
Frame, M. C. (2003) A Novel Role for FAK as a Protease-Targeting
Adaptor Protein. Current Biology 13, 1442-1450

Cortesio, C. L. (2008) Calpain 2 and PTP1B function in a novel
pathway with Src to regulate invadopodia dynamics and breast cancer
cell invasion. J. Cell Biol. 180, 957-971

Hwang, W. L., Yang, M. H., Tsai, M. L., Lan, H. Y., Su, S. H., Chang,
S.C., Teng, H. W, Yang, S. H., Lan, Y. T., Chiou, S. H., and Wang, H.
W. (2011) SNAIL Regulates Interleukin-8 Expression, Stem Cell-Like
Activity, and Tumorigenicity of Human Colorectal Carcinoma Cells.
Gastroenterology 141, 279-291.e275

Pawson, T., and Gish, G. D. (1992) SH2 and SH3 domains: From
structure to function. Cell 71, 359-362

Waksman, G., Kumaran, S., and Lubman, O. (2004) SH2 domains:
role, structure and implications for molecular medicine. Expert Reviews
in Molecular Medicine 6, 1-18

Pawson, T., Gish, G. D., and Nash, P. (2001) SH2 domains, interaction
modules and cellular wiring. Trends in Cell Biology 11, 504-511
Boggon, T. J., and Eck, M. J. (2004) Structure and regulation of Src
family kinases. Oncogene 23, 7918-7927

Kimber, M. S., Nachman, J., Cunningham, A. M., Gish, G. D., Pawson,
T., and Pai, E. F. (2000) Structural Basis for Specificity Switching of
the Src SH2 Domain. Molecular Cell 5, 1043-1049

Ullrich, A., and Schlessinger, J. (1990) Signal transduction by receptors
with tyrosine kinase activity. Cell 61, 203-212

Avizienyte, E., and Frame, M. C. (2005) Src and FAK signalling
controls adhesion fate and the epithelial-to-mesenchymal transition.
Current Opinion in Cell Biology 17, 542-547

160



Chapter 9 References

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Westhoff, M. A., Serrels, B., Fincham, V. J., Frame, M. C., and
Carragher, N. O. (2004) Src-Mediated Phosphorylation of Focal
Adhesion Kinase Couples Actin and Adhesion Dynamics to Survival
Signaling. Molecular and Cellular Biology 24, 8113-8133

Qian, X., Li, G., Vass, W. C., Papageorge, A., Walker, R. C., Asnaghi,
L., Steinbach, P. J., Tosato, G., Hunter, K., and Lowy, D. R. (2009) The
Tensin-3 Protein, Including its SH2 Domain, Is Phosphorylated by Src
and Contributes to Tumorigenesis and Metastasis. Cancer Cell 16, 246-
258

Zhu, T., Goh, E. L. K., and Lobie, P. E. (1998) Growth Hormone
Stimulates the Tyrosine Phosphorylation and Association of p125 Focal
Adhesion Kinase (FAK) with JAK2: FAK IS NOT REQUIRED FOR
STAT-MEDIATED TRANSCRIPTION. Journal of Biological
Chemistry 273, 10682-10689

Cohen, G. B., Ren, R., and Baltimore, D. (1995) Modular binding
domains in signal transduction proteins. Cell 80, 237-248

Wozniak, M. A., Modzelewska, K., Kwong, L., and Keely, P. J. (2004)
Focal adhesion regulation of cell behavior. Biochimica et Biophysica
Acta (BBA) - Molecular Cell Research 1692, 103-119

Simons, K., and Toomre, D. (2000) Lipid rafts and signal transduction.
Nat Rev Mol Cell Biol 1, 31-39

Brown, D. A, and London, E. (1998) FUNCTIONS OF LIPID RAFTS
IN BIOLOGICAL MEMBRANES. Annual Review of Cell and
Developmental Biology 14, 111-136

Gekara, N. O., and Weiss, S. (2004) Lipid rafts clustering and
signalling by listeriolysin O. Biochemical Society Transactions 32, 712-
714

Kristiansen, G., Denkert, C., Schlins, K., Dahl, E., Pilarsky, C., and
Hauptmann, S. (2002) CD24 Is Expressed in Ovarian Cancer and Is a
New Independent Prognostic Marker of Patient Survival. The American
Journal of Pathology 161, 1215-1221

Kristiansen, G., Winzer, K.-J., Mayordomo, E., Bellach, J., Schlins, K.,
Denkert, C., Dahl, E., Pilarsky, C., Altevogt, P., Guski, H., and Dietel,
M. (2003) CD24 Expression Is a New Prognostic Marker in Breast
Cancer. Clinical Cancer Research 9, 4906-4913

Jacob, J., Bellach, J., Gritzmann, R., Alldinger, 1., Pilarsky, C., Dietel,
M., and Kristiansen, G. (2004) Expression of CD24 in
Adenocarcinomas of the Pancreas Correlates with Higher Tumor
Grades. Pancreatology 4, 454-460

Kristiansen, G., Schluns, K., Yongweli, Y., Denkert, C., Dietel, M., and
Petersen, 1. (2003) CD24 is an independent prognostic marker of
survival in nonsmall cell lung cancer patients. Br J Cancer 88, 231-236
Weichert, W., Denkert, C., Burkhardt, M., Gansukh, T., Bellach, J.,
Altevogt, P., Dietel, M., and Kristiansen, G. (2005) Cytoplasmic CD24
Expression in Colorectal Cancer Independently Correlates with
Shortened Patient Survival. Clinical Cancer Research 11, 6574-6581
Runz, S., Mierke, C. T., Joumaa, S., Behrens, J., Fabry, B., and
Altevogt, P. (2008) CD24 induces localization of B1 integrin to lipid
raft domains. Biochemical and Biophysical Research Communications
365, 35-41

161



Chapter 9 References

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

Springer, T., Galfre, G., Secher, D. S., and Milstein, C. (1978)
Monoclonal xenogeneic antibodies to murine cell surface antigens:
identification of novel leukocyte differentiation antigens. European
Journal of Immunology 8, 539-551

Fang, X., Zheng, P., Tang, J., and Liu, Y. (2010) CD24: from A to Z.
Cellular & molecular immunology 7, 100-103

Kristiansen, G., Sammar, M., and Altevogt, P. (2004) Tumour
biological aspects of CD24, a mucin-like adhesion molecule. Journal of
molecular histology 35, 255-262

Pierres, M., Naquet, P., Barbet, J., Marchetto, S., Marics, I., Devaux,
C., Barad, M., Hyman, R., and Rougon, G. (1987) Evidence that murine
hematopoietic cell subset marker J11d is attached to a glycosyl-
phosphatidylinositol membrane anchor. European Journal of
Immunology 17, 1781-1785

Schabath, H., Runz, S., Joumaa, S., and Altevogt, P. (2006) CD24
affects CXCR4 function in pre-B lymphocytes and breast carcinoma
cells. Journal of Cell Science 119, 314-325

Sammar, M., Gulbins, E., Hilbert, K., Lang, F., and Altevogt, P. (1997)
Mouse CD24 as a Signaling Molecule for Integrin-Mediated Cell
Binding: Functional and Physical Association with src-Kinases.
Biochemical and Biophysical Research Communications 234, 330-334
Baumann, P., Thiele, W., Cremers, N., Muppala, S., Krachulec, J.,
Diefenbacher, M., Kassel, O., Mudduluru, G., Allgayer, H., Frame, M.,
and Sleeman, J. (2011) CD24 interacts with and promotes the activity
of c-src within lipid rafts in breast cancer cells, thereby increasing
integrin-dependent adhesion. Cellular and Molecular Life Sciences, 1-
14

Baumann, P., Cremers, N., Kroese, F., Orend, G., Chiquet-Ehrismann,
R., Uede, T., Yagita, H., and Sleeman, J. P. (2005) CD24 expression
causes the acquisition of multiple cellular properties associated with
tumor growth and metastasis. Cancer Research 65, 10783

Ahmed, M. A. H., Al-Attar, A., Kim, J., Watson, N. F. S., Scholefield,
J. H.,, Durrant, L. G., and llyas, M. (2009) CD24 shows early
upregulation and nuclear expression but is not a prognostic marker in
colorectal cancer. Journal of Clinical Pathology 62, 1117-1122

Ahmed, M. A. H., Kindle, K. B., Jackson, D., and llyas, M. (2010)
CD24 enhances cell migration and invasion in colorectal cancer
through AKT activation. European Journal of Cancer Supplements 8,
46

Ahmed, M. J., D; Seth, R; Robins, A; Lobo, DN;Tomlinson, IP; llyas,
M. (2010) CD24 is upregulated in inflammatory bowel disease and
stimulates cell motility and colony formation. Inflamm Bowel Dis. 16,
795-803

Bretz, N., Salnikov, A., Perne, C., Keller, S., Wang, X., Mierke, C.,
Fogel, M., Erbe-Hofmann, N., Schlange, T., Moldenhauer, G., and
Altevogt, P. (2012) CD24 controls Src/STAT3 activity in human
tumors. Cellular and Molecular Life Sciences 69, 3863-3879
Al-Ghamdi, S., Ahmed, M. A., Albasri, A., Ibrahim, S., Jackson, D.,
Kindle, K., and llyas, M. (2011) The CD24 and Kras Signalling

162



Chapter 9 References

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Pathways Converge on Cten to Promote Cell Motility in the Colon.
Journal of Pathology 224, S12-S13

Bretz, N., Noske, A., Keller, S., Erbe-Hofmann, N., Schlange, T.,
Salnikov, A., Moldenhauer, G., Kristiansen, G., and Altevogt, P. (2012)
CD24 promotes tumor cell invasion by suppressing tissue factor
pathway inhibitor-2 (TFPI-2) in a c-Src-dependent fashion. Clinical
and Experimental Metastasis 29, 27-38

Muppala, S., Mudduluru, G., Leupold, J. H., Buergy, D., Sleeman, J. P.,
and Allgayer, H. (2013) CD24 Induces Expression of the Oncomir
miR-21 via Src, and CD24 and Src Are Both Post-Transcriptionally
Downregulated by the Tumor Suppressor miR-34a. PLoS ONE 8,
€59563

Scheswohl, D. M., Harrell, J. R., Rajfur, Z., Gao, G., Campbell, S. L.,
and Schaller, M. D. (2008) Multiple paxillin binding sites regulate FAK
function. 2008 3

Sjoestroem C; Khosravi S; Zhang G, M. M. L. G. C. (2013) Terminal
Tensin-Like Protein Is a Novel Prognostic Marker for Primary
Melanoma Patients. PLoS ONE 8

Martuszewska D, L. B., Johansson M, Landberg G, Oslakovic C,
Dahlback B, Hafizi S. (2009) Tensin3 is a negative regulator of cell
migration and all four Tensin family members are downregulated in
human kidney cancer. PLoS ONE 4, 13

ALBASRI, A., FADHIL, W., SCHOLEFIELD, J. H., DURRANT, L.
G., and ILYAS, M. (2014) Nuclear Expression of Phosphorylated Focal
Adhesion Kinase Is Associated with Poor Prognosis in Human
Colorectal Cancer. Anticancer Research 34, 3969-3974

Schlaepfer, D. D., Mitra, S. K., and llic, D. (2004) Control of motile
and invasive cell phenotypes by focal adhesion kinase. Biochimica et
Biophysica Acta (BBA) - Molecular Cell Research 1692, 77-102

Cano, A., Perez-Moreno, M. A., Rodrigo, I., Locascio, A., Blanco, M.
J., del Barrio, M. G., Portillo, F., and Nieto, M. A. (2000) The
transcription factor Snail controls epithelial-mesenchymal transitions by
repressing E-cadherin expression. Nat Cell Biol 2, 76-83

AlGhamdi, S., and ILyas, M. (2014) Epidermal growth factor receptor
(EGFR) and Stat3 signal through Kras and have mutually opposite
effects on Cten. . BMC Genomics 15

Pfaff, M., Du, X., and Ginsberg, M. H. (1999) Calpain cleavage of
integrin 3 cytoplasmic domains. FEBS Letters 460, 17-22

Carragher, N. O., Levkau, B., Ross, R., and Raines, E. W. (1999)
Degraded collagen fragments promote rapid disassembly of smooth
muscle focal adhesions that correlates with cleavage of pp125(FAK),
paxillin, and talin. J. Cell Biol. 147, 619-630

Glading , A., Bodnar, R. J., Reynolds, I. J., Shiraha, H., Satish, L.,
Potter, D. A., Blair, H. C., and Wells, A. (2004) Epidermal Growth
Factor Activates m-Calpain (Calpain 1l), at Least in Part, by
Extracellular  Signal-Regulated Kinase-Mediated Phosphorylation.
Molecular and Cellular Biology 24, 2499-2512

Kook, S., Hoon Kim, D., Ryeol Shim, S., Kim, W., Chun, J.-S., and
Song, W. K. (2003) Caspase-dependent cleavage of tensin induces

163



Chapter 9 References

disruption of actin cytoskeleton during apoptosis. Biochemical and
Biophysical Research Communications 303, 37-45

164



Chapter 10 Appendix

10 Appendix

10.1 Appendix 1

MCS
(591-671)

Eco0109 |

(3856)
HSV TK
' v A EGFP
By pEGFP-N1
4.7 kb BsrG 1(1389)
Kan'/ 3‘(42\ < Not | (1402)
Neo' poly Xbal* (1212)
SV40 ori 0fr1
/) p on §
SV40
‘ , Afill 510
Dralll (1872

Stul

(2579)
591 601 611 621 631 641 651 661 N EGFP
. . . . . . . . . LAY
6 CTA GCG CTA CCG GAC TCA GAT CTC GAG CTC AAG CTT CGA ATT CTG CAG TC6 ACG GTA CCG CG6 GCC CGG GAT CCA CCG GTC GCC ACC ATG GTG
Nhel Ecod7Til B/l Xho! _\ Hindlll EcoRl Pstl Sall Kpnl Apal _ BamH| Agel

Sac| Accl Aspl81 \ Bsp1201 Xmal
Eclt36 1l Sacll Smal

165



Chapter 10 Appendix

10.2 Appendix 2

Nhel s2)
7 — Ecod7 1l (507)
MV IE Agel 601)

Eco01091 |
(3854) ~|

s 47 kb v \/strG 111323)
poly A

. MCS
™\ (1330-1417)
Miul (1642)
Dralll (1872)

(2577)

EGFP 1330 1340 120 1280 1370 1380 1220 1400
_—

STOPs

TAC AAG TCC GGA CTC AGATCT CGA GCT CAA GCT TCG AAT TCT GCA GTC GAC GGT ACC GCG G6C CC6 GGA TCC ACC GGATCT AGATAA CIG ATC A

BspEl  Bolll Xhol N \HindWl EcoRl Psti  Sall Kpml Apal N Bamil
a
EcN3 1l Accl AspTiBlol | BomIa0t el

Bell*

166



Chapter 10 Appendix

167



