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ABSTRACT

STATs signalling in human bladder cancer:

Potential chemopreventive role for indoles

Yiyang Sun

While the transcription factors, signal transducers and activators of transcription (STATs) 
have been implicated in the development of cancer in a variety of tissues, no such information 
exists for bladder cancer. In patient tissues, STAT1, STAT3 and STAT5 were observed in 
normal bladder epithelium, while expression of phosphorylated proteins was essentially 
absent. In contrast, phospho-STAT3 in superficial tumours and phospho-STATl, 3 and 5 in 
muscle invasive tumours were present. Thus their increased expression, activation and 
nuclear localisation, may be associated with bladder tumour progression. Three epithelial 
bladder cancer lines (RT112, RT4, HT1376) had constitutive phospho-STAT5, while three 
mesenchymal lines (J82, T24, UMUC3) had activated STAT3. Constitutive expression and 
activation of STATs was EGF-independent. Specific knockdown of STAT3 in J82 cells 
increased STAT1 expression and phosphorylation. STAT1 and/or STAT3 knockdown led to 
inhibition of cell-matrix adhesion to fibronectin or collagen and suppression of cell migration. 
The dietary molecules, Indole-3-carbinol (I3C) (>100/zM) or 3, 3’-diindolylmethane (DIM) 
(>50/iM) induced apoptosis in J82 and RT112 cells by 48 hours. DEM-induced apoptosis in 
J82 cells was accompanied by downregulation of STAT1, 5a and 5b and inhibition of 
phospho-STATl and phospho-STAT3. In RT112 cells, DEM inhibited STAT5a, 5b and 
phospho-STAT5, but had no effect on STAT3. DEM ( >10/iM) inhibited J82 cell adhesion to 
fibronectin and collagen, accompanied by decreased N-cadherin, P-cadherin and /3-catenin 
expression. Furthermore, DEM (1/iM) was able to significantly decrease cell adhesion 
following STAT1 and/or STAT3 knockdown, suggesting inhibition of cell adhesion by DIM 
may involve the STAT pathway. This investigation in vivo and in vitro has provided an 
indication that phosphorylated STATs may be a potential marker of invasiveness in human 
bladder cancer. Elucidation of the effects of indoles and DEM in particular, at a molecular 
level has given an insight as to how these dietary agents may be useful in the therapy and/or 
prevention of bladder tumours.
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INTRODUCTION



L I Bladder cancer 4

Bladder cancer is the fifth most common cancer in North America, Northern and Western 

Europe, and other developed countries (www.who.int/cancer/resources/incidences/en/. Li et 

al., 2005). In the UK, bladder cancer is the fourth most common cancer in men and the ninth 

most common cancer in women, affecting around 10,000 people each year (based on 

www.bupa.co.uk).

Studies (Brandau and Bohle, 2001; Feng et al., 2002) have found that the risk factors for 

developing bladder cancer include tobacco, occupation in the rubber, chemical and leather 

industries, certain parasitic infections and exposure to arsenic. In addition, the median age at 

diagnosis of bladder cancer is 70, and men are two to three times more likely than women to 

develop bladder cancer (Hayat et al., 2007).

The common symptoms of bladder cancer include blood in the urine, pain during urination 

and frequent urination. Tumours are staged according to how far they have spread within the 

bladder, to nearby tissues and to other organs (based on www.cancerhelp.org.uk. fisure 1.1).

The wall of the bladder is lined with transitional and squamous cells. More than 90% of 

bladder cancers begin in transitional cells and are therefore called transitional cell carcinomas 

(TCCs), whereas only 8% are squamous cell carcinomas. Noninvasive transitional cell 

carcinomas of the bladder have two distinct forms. Papillary transitional cell carcinomas, 

accounting for approximately 70-80% of bladder cancers, often tend to recur locally, but 

rarely progress to the muscle-invasive and metastatic stages, whereas flat carcinoma in situ, a 

more dangerous lesion, is known to frequently progress to invasive disease (Knowles, 2001).

Clinical data indicate that invasive transitional cell carcinomas may develop either from 

superficial papillary tumours, which progress relatively infrequently, or from carcinoma in 

situ (CIS), which may act as the major precursor (Spruck III et al., 1994). Williams and Stein 

(2004) reported that more than 50% of the muscle-invasive transitional cell carcinomas that 

grow through the lining and into the muscular wall of bladder eventually metastasise to 

distant organs. The major progression of bladder cancer is shown in figure 1.2.
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Fat 

Muscle 

Lamina propria

adder lining/epithelium 

CIS 

Ta 
T1

Figure 1.1 Diagram showing the relationship between the location and depth o f the tumour 
and the stage.
Ta: non-invasivepapillary carcinoma
Tis: carcinoma in situ (CIS); non-invasive flat carcinoma
Tl: tumour invades lamina propria but not as deep as the muscle tissue
T2: tumour invades muscle
T3: tumour invades fatty tissue that surrounds the bladder
T4: tumour invades prostate, uterus, vagina, pelvic wall or abdominal wall

Tumour progression is thought to occur through the accumulation of multistep genetic 

alterations, including constitutive activation of oncogenes, loss of tumour suppressor genes 

and distinct chromosomal regions (Chatteijee et al., 2004a). Many genetic alterations that are 

currently believed to be important for bladder cancer development and progression have been 

reported {figure 1.2, Wolff et al., 2005; Mo et al., 2007).

As several studies have shown (Cappellen et al., 1999; Bakkar et al., 2003; van Rhijn et al., 

2004; Wolff et al., 2005), activating mutations in the gene occur in approximately 70-85% of 

the low grade, noninvasive papillary TCCs (stage Ta). These mutations are also found in 21% 

and 16% of lamina propria TCCs (stage Tl) and muscle invasive TCCs (stage T2-T4), 

respectively, but not in CIS tumours, indicating that, although the progression of noninvasive
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papillary tumours occurs infrequently, when it happens, it goes through a different pathway 

than CIS (Billerey et al., 2001). FGFR3 and Ras gene mutations, which possibly affect the 

same pathway, are discovered to be mutually exclusive (Jebar et al., 2005). Bladder tumours 

with FGFR3 mutations show a lower rate of recurrence than those without, which enables 

FGFR3 to be the first marker linked to a positive prognosis for bladder cancer (van Rhijn et 

al., 2004).

Ras low-level 
activation Normal urothelium

70-80% 
FGFR3

INK4A
Ras

hyperactivation

Ta

Papillary 
Low grade 

noninvasive

Papillary 
High grade 
noninvasive

Dysplasia

I ® "

Carcinoma 
in situ

INK4A

Lamina propria invasive

I
T2-T4 Muscle invasive

1 >50%

CIS

Metastasis

Figure 1.2 Model for bladder cancer progression showing important genetic events 
associated with tumourigenesis. Values for bladder cancer progression frequencies are 
obtained from Dinney et al., 2004, Knowles, 2001, Williams and Stein, 2004. FGFR2, 
fibroblast growth factor receptor 3; Rb, retinoblastoma; INK4A, encoding p i4 and p i 6; 9', 
deletion ofpart or all o f chromosome 9.

The most common genetic change in human tumours is mutation in the TP53 gene (Hollstein 

et al., 1991). Mutations in p53 are frequently found in invasive and high grade superficial 

TCCs including CIS, but rarely in low grade papillary lesions (Bakkar et al., 2003). It has 

been reported that p53 mutation is observed in 51% (25 out of 49) of muscle invasive tumours 

and 65% (15 out of 23) of dysplasias and CIS, compared to only 3% (1 out of 36) of Ta
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tumours (Spruck III et al., 1994). Point mutations of p53 result in an altered protein, resistant 

to degradation by ubiquitin (Dowell et al., 1994), which enables accumulation of p53 in the 

nucleus, which can be detected by immunohistochemistry (Esrig et al., 1993; Cordon-Cardo 

etal., 1994).

Alterations in FGFR3 and p53 describe almost 80% of urothelial cell carcinomas. However, 

they concur in only 5.7%, revealing that these two markers are almost always mutually 

exclusive (van Rhijn et al., 2004). In addition, the clinical outcome linked to each of these 

two molecular markers indicates two distinct genetic pathways: a noninvasive and papillary, 

FGFR3-associated pathway and an invasive p53-associated pathway (Bakkar et al., 2003; van 

Rhijn et al., 2004).

Patients with bladder tumours exhibiting either loss or overexpression of retinoblastoma- 

associated protein (Rb) have an equally poor prognosis (Cote et al., 1998), as tumours with 

Rb alterations tend to metastasis more significantly (Cote et al., 2003). Together alterations in 

both Rb and p53 pathways and loss of the INK4A locus (encoding pl4 and pi 6) are associated 

with a greater risk of recurrence (Orlow et al., 1999). On the basis of the combined p53, pRb 

and p21 status, patients whose tumours have alterations in any two or all three determinants 

show 57% and 93% recurrence rates (Chatteijee et al., 2004a), indicating a synergistic effect 

of tumourigenesis among these proteins.

The epidermal growth factor receptor (EGFR) is a member of the tyrosine kinase family 

encoded by c-erbB oncogenes. EGFR is the protein product of c-erbB-l, one of the four 

known c-erbB oncogenes, and c-erbB-l protooncogene has been reported to be associated 

with poor prognosis in patients with bladder cancer (Nicholson et al., 2001). Colquhoun and 

Mellon (2002) have reviewed that many studies show overexpressed EGFR in bladder cancer 

which is associated with high tumour stage, tumour progression and poor prognosis. 

However, the mechanism of the association between EGFR expression and poor clinical 

outcome is still not clear.

Molecular epidemiological studies in different races and tumour stages/grades have shown 

that activated HRAS is observed in up to 84% of bladder TCCs (Hong et al., 1996; Vageli et 

al., 1996; Saito et al., 1997; Przybojewska et al., 2000), and more than 50% of human bladder 

tumours overexpress RAS mRNA and protein (Vageli et al., 1996). A recent study has shown
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that hyperactivation o f HRAS is necessary and sufficient to initiate bladder tumourigenesis 

(Mo et al., 2007), and the latency of RAS-induced bladder tumours is significantly shortened 

by the loss of p53 (Gao et al., 2004).

Table 1.1 Oncogenes and tumour-suppressor genes relevant to bladder cancer

Genes Alterations Excludes Clinical association with bladder tumours
Oncogenes
FGFR3 Activating mutation HRAS

TP53

Ta and low grade, low recurrence of Ta

HRAS Activating mutation 

or overexpression

FGFR3 None

E2F Gene amplification 

and overexpression

Higher stage and grade

Tumour-suppressor genes

RASSF1A Hypermethylation Higher stage

Rb Deletion or 

hyperphosphorylation

Higher stage and grade

TP53 Inactivating mutation 

or deletion

FGFR3 T ls and high stage and high grade

p!4/pl6 Homozygous deletion 

or hypermethylation

Higher stage and grade

Adapted from Wolff et ah, 2005

Another common event occurring early on in bladder tumourigenesis is deletion of part or all 

of chromosome 9 (Hartmann et al.9 2002). The loss of heterozygosity (LOH) of chromosome 

9 is observed in 34% of low and high grade papillary tumours compared to 12% in CIS and 

dysplasias, whereas loss of a chromosome allele is detected in 59% of invasive tumours 

(Spruck III et al.9 1994). The genetic alterations and clinical association of oncogenes and 

tumour-suppressor genes relevant to bladder cancer are shown in table 1.1.

Therefore, urothelial cell carcinomas are described by a number of specific genetic defects, 

including mutations in FGFR3, alterations in p53 and Rb tumour-suppressor genes, frequent 

LOH, and constitutive activation of RAS-MAPK pathway (Wolff et al., 2005).

6



1.2 Signal Transducers and Activators o f Transcription (STATs)

1.2.1 The STAT family o f  proteins

When cytokines and growth factors bind to their cognate receptors on the cell surface, they 

trigger specific intracellular events which transmit critical biological signals through the 

cytoplasm to the nucleus. STAT proteins are at the centre o f these signal transduction 

pathways, activated by many cytokines and growth factors. As their name suggests, STATs 

serve a dual function of signal transduction and gene regulation (Catlett-Falcone et al., 1999a).

Since their identification 15 years ago (Schindler et al., 1992), STATs have been recognised as 

latent cytoplasmic transcription factors required for cell growth, survival, differentiation, and 

motility. This family now has seven different members, designated as STAT1, STAT2, STAT3, 

STAT4, STAT5a, STAT5b and STAT6. In addition, two variants (a  and 0) of STATs 1 and 3 

have been identified (Darnell, 1997).

1.2.2 Structures o f  STATs

Currently, the seven different STAT proteins are known to be encoded in three chromosomal 

clusters in mammals. Statl and Stat4 map to the proximal region of mouse chromosome 1 

(human chromosome 2q32.2-q32.3), Stat2 and Stat6 map to the distal region o f mouse 

chromosome 10 (human chromosome 12ql3), and Stat3, StatSa and Stat5b map to the distal 

region of mouse chromosome 11 (human chromosome 17q21.31, 17qll.2) (Copeland et al.,

1995).

Each STAT molecule contains a central DNA binding domain, a src-homology 2 (SH2) 

domain critical for homo- or heterodimerisation, and a transactivation domain (TAD) 

containing a conserved tyrosine residue necessary for tyrosine phosphorylation. Some STAT 

proteins also have a conserved serine residue in their transactivation domain in the C-terminal 

region, which is required for the maximal transcriptional activity (Catlett-Falcone et al., 

1999a).

As previous studies have shown, STAT1, 3, 4, 5a and 5b are 750-795 amino acids long, and, 

STAT2 and 6 are -850 amino acids long (Schindler and Darnell, 1995; Hou et al., 1994) 

(Figure 1.3).
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Figure 1.3 Generic structures of STAT molecules. The diagram illustrates common 
functional regions shared by STAT family members. The site o f phosphotyrosine (pY) is 
contained in all activated STATs, whereas, the site o f phosphoserine (pS) which is located in 
the C-terminal TAD is only contained in activated STATs 1, 3, 4, 5a and 5b (Darnell, 1997).

1.2.3 Activation mechanisms of STATs
STATs are ligand-induced transcriptional factors. So far, it is known that more than 35 

different polypeptide ligands can activate one or more different STATs, which indicates the 

STAT family participates in a range of biological events (Darnell, 1997). According to their 

response to different ligands, STATs can be divided into two groups. One group includes 

STATs 2, 4 and 6, which has a narrow activation profile, only activated by interferon-a (IFNa) 

and a few interleukins (ILs) (Schindler and Darnell, 1995; Hou et al., 1994; Cho et al., 1996). 

In contrast, STATs 1, 3 and 5 are activated by a series of ligands and are involved in a broad 

range of biological processes, including embryogenesis, apoptosis and development 

(Bromberg, 2002). Some activating cytokines and phosphorylation sites of each STAT 

member are shown in table 1.2.

The latter group of STAT proteins becomes activated by tyrosine phosphorylation induced by 

cytokine receptors, receptor tyrosine kinases (TK), or non-receptor tyrosine kinases. Growth 

factor receptors, such as epidermal growth factor (EGF), hepatocyte growth factor (HGF), 

platelet-derived growth factor (PDGF) and colony-stimulating factor-1 (CSF-1) receptors, 

which possess intrinsic tyrosine kinase activity, can activate STAT proteins either directly or 

indirectly, by means of Janus Kinase (JAK) proteins. In contrast, phosphorylation of STAT 

proteins by cytokine receptors, which have no intrinsic enzymatic activity, must depend on 

receptor-associated tyrosine kinases JAK. The JAK family of cytoplasmic tyrosine kinases 

consists of four members: JAK1, JAK2, JAK3 and TYK2, which can be activated by 

dimerisation or oligomerisation of receptors. Activation of these tyrosine kinases results in 

phosphorylation on the receptor cytoplasmic tails to provide docking sites for the recruitment
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of monomeric STATs. Once recruited, STATs are subsequently phosphorylated, thus 

becoming activated. Activated STATs dimerise through their SH2 domains and translocate to 

the nucleus, where they bind to specific DNA-response sequences in promotors called IFN- 

stimulated response elements (IRSE) and activate transcription (Calo et al., 2003). 

Phosphorylation of a conserved C-terminal serine residue is required for maximal STAT 

transcriptional activity by increasing interaction with some important proteins in STAT- 

mediated transcription (Decker and Kovarik, 2000).

Table 1,2 Main features o f STATs

STAT Activated by
Phosphorylation

sites
Functions

STAT1 IFNs, IL-6, GF iyr 701, Ser 727 Response to type I and II IFNs, IL-2,

IL-6, EGF, PDGF, GM-CSF

STAT2 IFNs Tyr 690 Response to type I IFN

STAT3 IL-6 family, PRL, Tyr 705, Ser 727 Embryogenesis, involution of the post-

GH, GF, Src lactating mammary gland

STAT4 IL-12, IFN Tyr 722, Ser 721 Response to IL-12 for the development

of type I T-helper cells

STAT5a PRL, EPO, Tyr 694, Ser 726 Development of the mammary gland

GH, GF and lactogenesis

STAT5b PRL, EPO, Tyr 694, Ser 731 Response to the GH, regulation of

GH, GF sexual dimorphism and development of

NK cells

STAT6 IL-4, IL-13 Tyr641 Response to IL-4 and IL-13 for the

development of type II T-helper cells

IFN, interferon; IL, interleukin; GF, growth factors; GH, growth hormone; PRL, prolactin; 
EPO, erythropoietin; NK, natural killer (adaptedfrom Calo et al., 2003).

Unlike receptor TKs, non-receptor tyrosine kinases, such as src and bcr-abl (a fusion of the 

breakpoint-cluster region and abl (Abelson leukaemia protein) proteins), can also activate 

STAT proteins independently of receptor engagement. A close correlation between STAT3 

activation and the oncogenic transformation of src has been reported (Turkson et al., 1998). 

STAT3 is constitutively activated in mammalian cells transformed by oncogenic src, and the
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transforming ability of src can be blocked by dominant-negative forms of STAT3. Figure 1.4 

shows the activation mechanisms and downstream targets of STATs.

Growth Factors Cytokines
(EGF. PDGF. etc) (IFNs. ILs. etc)

000000000000000
000000000000000

Non-receptor 
TKs r

STAT 1SH2I ISH2I STATSTAT 1SH2I ISH2I STAT

Cyclin D1/D2
STAT ^ § 0 2  STAT w  isH2rg;n—

STAT SH2I c t a t  
S W  SH2;" S l “ '

Survivin

VEGF

Figure 1.4 Activation mechanisms and downstream targets o f STAT proteins.
Downstream targets shown in brown are downregulated by STATs, whereas those in blue are 
upregulated (these molecules are targets o f mainly STAT1, 3 and 5) (Yu and Jove, 2004). 
Abbreviations: Bcl-xi, B-cell lymphoma/leukaemia; MCL1, Myeloid cell leukemia sequence 1; 
VEGF, Vascular endothelial growth factor; HIF1, Hypoxia-inducible factor 1.

1.2.4 Normal physiological role of STATs
The role of individual STAT proteins under normal physiological conditions has been defined 

by using Stat knockout mice.

.Story-deficient mice show no gross developmental defects, but display a lack of 

responsiveness to IFN7 which has growth inhibitory effects (Durbin et al., 1996; Meraz et al.,

1996). Also, these mice develop tumours more rapidly and with greater frequencies 

compared with wild-type mice (Kaplan et al., 1998). Lymphocytes derived from Stat I'1' mice 

display increased proliferation and reduced apoptosis in vitro, revealing an essential role of 

STAT1 in lymphocyte survival (Lee et al., 2000). In colon carcinoma HT29 cells, targeted
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disruption of STAT1 leads to the reduction of the growth inhibitory effect of IL-4, whereas 

reconstitution of STAT1 can restore this effect. Additionally, dominant negative-STATl 

expressing HT29 cells lose the growth inhibition in response to IL-4 (Chang et al., 2000). 

Endogenous STAT1 is demonstrated as a suppressor of tumours and a modulator of immune 

responses (Shankaran et al., 2001).

STAT3 is essential for normal embryonic development, because targeted deletion of this 

family member results in embryonic lethality (Takeda et al., 1997), and it is also required for 

gastrulation (Duncan et al., 1997). Studies have shown that in bone marrow cells, STAT3 acts 

as a negative regulator in granulopoiesis (Lee et al., 2002), and deletion of STAT3 during 

hematopoiesis results in abnormalities in myeloid cells and overactivation of innate immune 

responses (Welte et al., 2003). In addition, STAT3 is involved in IL-6-dependent T cell 

proliferation and prevention of apoptosis (Takeda et al., 1998). This is in contrast to the pro- 

apoptotic role of STAT3 in epithelial cells which is required for normal mammary gland 

involution (Chapman et al., 1999). Depending on cell type and context, active STAT3 can 

either promote or suppress cell survival. These studies suggest STAT3 has critical roles in the 

development, regulation of innate immunity and apoptosis.

STAT5a and STAT5b are encoded by different genes which are chromosomally linked. StatSa 

knockout female mice have no ability to develop normal breast tissue or to lactate. Stat5b is 

not able to compensate for the absence of Stat5a, although these two proteins have more than 

90% identity in amino acid sequences (Liu et al., 1997). However, Stat5b'1' female mice still 

can lactate, and StatSb'1' males have serum levels of liver-produced proteins, characteristic of 

female mice (Udy et al., 1997). Also, Stat5b'/' mice have decreased numbers of NK cells 

which mediate proliferation and cytolytic activity (Imada et al., 1998). Consistent with the 

phenotype of mice lacking either Stat5a or Stat5b, mice doubly deficient in both Stat5a and 

Stat5b have defective immune system function and impaired mammary gland development 

(Ivashkiv and Hu, 2004).

So far, studies have shown that Stat2 deficient mice display increased susceptibility to viral 

infections (Park et al., 2000), and Stat4 deficiency results in impaired T helper (Th) 1 cell 

function (Kaplan et al., 1996) whereas Stat6-null mice exhibit defective Th2 cell function 

(Shimoda et al., 1996).
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Overall, these findings have demonstrated that STAT is critical for normal cellular processes, 

including growth, apoptosis, immune function, embryonic and mammary development. Table

1.2 shows the main function of each individual STAT.

In normal physiological conditions, activation o f STAT proteins is a tightly regulated, 

transient process which normally lasts a few minutes, up to several hours. Therefore, the 

persistent STATs expression could be associated with oncogenesis.

1.2.5 STAT activation in oncogenesis

Increasing evidence has shown that STATs are frequently constitutively activated in a wide 

range of human cancers (Turkson and Jove, 2000; Catlett-Falcone et al., 1999a; Bowman et 

al., 2000). As shown in table 1.3, STAT3, STAT5 and to a lesser extent, STAT1 are found to 

be overactive in a variety of human tumours and cell lines.

Enhanced tyrosine-kinase activity is closely linked to many proliferative diseases, such as 

cancer (Levitzki, 1999). Oncogenic tyrosine kinases, including src, EGFR, JAK and many 

others, are often persistently activated due to genetic or epigenetic alterations in tumours. 

STATs become constitutively activated as a result of one or more overactive upstream tyrosine 

kinases (Buettner et al., 2002). The role o f STATs in oncogenesis is mediated through the 

expression of genes involved in apoptosis, such as Mcl-1 (Epling-Bumette et al., 2001), Bcl- 

xl (Zushi et al., 1998) and survivin (Aoki et al., 2003); proliferation, such as c-myc (Bowman 

et al., 2001) and cyclin D1 (Masuda et al., 2002); invasion, such as matrix metalloproteinase- 

9 (MMP-9) (Dechow et al., 2004) and angiogenesis, such as VEGF (Niu et al., 2002).

As noted previously, depending on the different stimulus and cell type, STATs can act either 

as suppressors or promoters of apoptosis. In general, STAT3 and STAT5 are important for 

transducing anti-apoptotic signals, whereas STAT1 has been implicated in suppressing cell 

survival under most circumstances. The first finding showing a direct link between STATs 

and human cancer was that inhibition of constitutively activated STAT3 in myeloma cells 

decreased expression of the anti-apoptotic gene B c1 -x l and induced apoptosis (Catlett-Falcone 

et al., 1999b). Blocking either STAT3 or STAT5 resulted in downregulation of Mcl-1 and 

induction of apoptosis in lymphocytes (Epling-Bumette et al., 2001). Consistently, 

expression of survivin, a member of the inhibitor of apoptosis family, is induced by activated 

STAT3 (Aoki et al., 2003). Also, a constitutively activated mutant form, Stat3C has been
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shown to transform fibroblasts and allow them to form tumours in mice (Bromberg et al., 

1999).

Recent studies have indicated that STAT1 can regulate apoptosis either through a 

transcriptional mechanism, by activating genes which encode proteins that mediate or initiate 

the cell death process, as caspases, cell death receptors and their ligands, or via a non- 

transcriptional mechanism by inhibiting anti-apoptotic proteins, such as NF-kB (Battle and 

Frank, 2002). The findings of gene targeting experiments have shown that the primary role of 

STAT1 in vivo is regulating IFN signalling (Durbin et al., 1996; Meraz et al., 1996). IFN-a 

and 7 have been known to delay human neutrophil apoptosis, accompanied by activation of 

STAT1 and STAT3 (Sakamoto et al., 2005), and also in human lymphocytes decreased cell 

proliferation and phosphorylated STAT1 was observed in response to IFN-a treatment 

(Cousens et al., 2005).

In contrast, both STAT3 and STAT5 induce the expression o f c-myc, a regulator of cell 

proliferation. Transformation by src is dependent upon STAT3-induced c-myc expression in 

normal cells (Bowman et al., 2001). Moreover, constitutive activation of STAT3 and STAT5 

has been shown to accelerate cell cycle progress by promoting the expression of cyclin D1/D2 

(Martino et al., 2001; Masuda et al., 2002).

Mutations in p53 are considered to be the most common event in cancer (Hollstein et al., 

1991). However, they mostly occur at a late stage in tumour development, and many 

clinically detectable cancers exhibit reduction of p53 expression without mutations. STAT3 is 

involved in downregulation of p53 in normal growth and oncogenic signalling pathways via 

inhibiting p53 promoter activity, and inhibition of STAT3 can restore p53 function in some 

cancer cells (Niu et al., 2005). Townsend et al., (2004) have shown that STAT1 interacts with 

p53 directly which enhances DNA damage induced apoptosis. Correspondingly, both basal 

p53 levels and the induction of those p53 responsive genes, such as Bax and Fas were reduced 

in cells lacking STAT1.

Dechow et al., (2004) have demonstrated that the activity of MMP-9 is required for STAT3C- 

mediated transformation of immortalised human mammary epithelial cells, and a positive 

correlation between MMP-9 expression and activated STAT3 has been shown in breast cancer 

specimens. The most potent signalling molecule involved in angiogenesis is VEGF which

13



binds to transmembrane receptor tyrosine kinases of endothelial cells (Plate et al., 1992). In 

cancer cells, endothelial cell migration and proliferation, which is required for the formation 

o f new blood vessels, is activated by increased levels o f VEGF (Veikkola et al., 2000).

Table 1.3 STAT activation in human tumours and cell lines

Cancer type Activated STATs References

Breast cancer (tumours) STAT1, STAT3 Watson et al., 1995

STAT5a Cotarla et al., 2004

Breast cancer (cell lines) STAT3 Garcia et al., 1997 

Sartor et al., 1997

Brain cancer (tumours) STAT1, STAT3 Schaefer et al., 2002

Colon cancer (tumours) STAT3 Ma et al., 2004

Head and neck cancer (cell lines) STAT1, STAT3 Grandis et al., 1998

Leukemia STAT1, STAT3 Migone et al., 1995

STAT5 Gouilleux-Gruart et al., 1996 

Shuai et al., 1996 

Liu et al., 1999

Lung cancer (cell lines) STAT3, STAT5 Liby et al., 2006

Lymphoma STAT1, STAT3 Weber-Nordt et al., 1996

STAT5 Yu etal., 1997 

Lund et al., 1999

Mutiple myeloma (cell lines) STAT1, STAT3 Catlett-Falcone et al., 1999b

STAT5 Hodge et al., 2004 

Liby et al., 2006

Nasopharyngeal cancer (tumours) STAT3, STAT5 Hsiao et al., 2003

Ovarian cancer (tumours) STAT3, STAT5 Chen et al., 2004

Pancreatic cancer STAT3 Calo et al., 2003

Prostate cancer (tumours) STAT3 Ni et al., 2002

STAT6 (selectively) Mora et al., 2002

Prostate cancer (cell lines) STAT3 Mora et al., 2002

Thyroid cancer (papillary tumours) STAT3 Trovato et al., 2003
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Additionally, constitutively activated STAT3 has been shown to increase VEGF expression 

and induce angiogenesis (Niu et al., 2002), and blocking of STAT3 signalling in endothelial 

cells results in inhibition of migration and proliferation (Yahata et al., 2003).

Furthermore, STAT3 has been shown to inhibit inflammation in various immune cells. In 

Stat3''' macrophages and neutrophils, the expression of pro-inflammatory mediators is 

significantly upregulated (Takeda et al., 1999). Overproduction o f inflammatory cytokines 

and expansion of myeloid cells result from the loss of STAT3 in bone marrow cells during 

haematopoiesis (Welte et al., 2003). Consistently, persistent STAT3 signalling decreases the 

production of pro-inflammatory mediators in tumour cells (Wang et al., 2004). These data 

indicate that constitutively activated STAT3 leads to the promotion o f immune evasion.

1,2,6 Role o f  STAT signalling in oncogenesis

STATs are activated by cytokine/growth factor interactions with their cognate receptors, and 

increasing evidence has shown that activation of STATs may be mediated by JAK and Src 

family members following ligand stimulation.

Constitutively activated STAT3 has been found in cell lines transformed with v-src and v-abl 

(Garcia et al., 1997), such as in a human gallbladder adenocarcinoma cell line (Murakami et 

al., 1998) and in mammary epithelial cells (Smith and Crompton, 1998). In addition, it has 

been demonstrated that JAK1 and PDGF receptor are required for maximal STAT3 activation 

in v-src transformed fibroblasts (Zhang et al., 2000). Moreover, the transforming potential of 

v-src can be increased by wild-type STAT3 and reduced by dominant negative mutants, which 

suggests a critical role o f STAT3 in cell transformation by v-src (Turkson et al., 1998). Both 

during src transformation and following PDGF-induced mitogenesis, STAT3 promotes the 

expression of c-myc and exhibits oncogenic potential (Bowman et al., 2001).

In breast cancer cells, the activation of HGF transcription, which promotes survival and 

growth during progression and metastasis, is induced by co-operatively activated src and 

STAT3 (Hung and Elliott, 2001). Furthermore, EGF stimulation further increases STAT 

DNA-binding activity, and biological effects of src and JAK family tyrosine kinases are 

transmitted at least partially via STAT3 signalling in mammary tumour cells (Garcia et al., 

2001).
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Similar to STAT3, STAT5a/b can also be constitutively activated by JAK, or bcr-abl (Shuai et 

al., 1996). Aberrant JAK activation, induced by TEL (translocation-ETS-leukemia) /JAK 

fusion oncoproteins, dramatically activates STAT5 and causes fatal myelo- and lympho- 

proliferative diseases (Schwaller et al., 1998). In addition to STAT3, STAT5 has been found 

to play a role in cell transformation by bcr-abl in leukemia cells, and the use of dominant 

negative mutants o f STAT5 reduces the expression of B c1 -x l and suppresses cell growth (de 

Groot et al., 1999). In line with the fact that STAT1 is generally considered a tumour 

suppressor, it has been shown that this family member can reduce the expression of c-myc in 

response to IFNs and PDGF (Ramana et al., 2000).

Based on the above studies, high levels of constitutive STAT3 and 5 activation appear to be 

important for maintaining malignant properties. The data imply that blocking STAT 

signalling will not only suppress tumour growth, but may also increase the tumour response to 

radiotherapy and chemotherapy.

1.2.7 Regulation o f  STAT signalling

As described in section 1.2.4, STAT proteins play an important role in normal cellular 

processes such as cell growth, apoptosis, differentiation and embryonic development. 

Nevertheless, aberrant activation of STATs has been found in a large number o f human 

cancers. In this case, disruption of aberrant JAK/STAT signalling exhibits minimal effects on 

normal cell growth (Turkson et al., 1998; Bromberg et al., 1998), which suggests that STATs 

and STAT-signalling could represent effective molecular targets for therapeutic intervention.

Tyrosine kinases involved in aberrant activation of STAT, such as JAK, src and bcr-abl, can be 

considered as possible targets for interrupting STAT signalling in human cancers. Tyrosine 

phosphatases are known to regulate JAK/STAT pathway by reversing the activity of the JAKs. 

One of the most detailed studies of phosphatases is SH2-domain phosphatase-1 (SHP-1) 

which has been shown to directly associate with and dephosphorylate JAK2, and the 

mechanism by which SHP-1 is also thought to function by binding directly to cytokine 

receptors to dephosphorylate signaling components (Jiao et al., 1996). Other tyrosine 

phosphatises, such as CD45, appear to interact with JAKs thus regulating JAK/STAT 

signalling. Upon IL-3 stimulation, JAK2 is hyperphosphorylated in the absence of CD45 

with enhanced JAK2 kinase activity. Consistently, in vitro studies showed that CD45 could 

directly dephosphorylate JAK2 (Greenhalgh and Hilton, 2001).



The suppressor of cytokine signalling (SOCS) family now comprises eight proteins, SOCS-1 

to SOCS-7 and cytokine inducible SH2-containing protein (Greenhalgh and Hilton, 2001). 

Expression of SOCS proteins is induced in response to cellular activation, and SOCSs then 

inhibit cytokine signalling through a negative feedback loop (Chen et al., 2000). SOCS-1 has 

been shown to bind to activated JAKs and inhibit their catalytic activity, and SOCS-3 also 

inhibits JAK activity by binding to the activated receptors. A kinase inhibitor region, which is 

essential for JAK inhibition, is located in the N-terminal region of both SOCS-1 and SOCS-3 

(Chen et al., 2004). Furthermore, the tyrphostin AG490, a JAK2 inhibitor, inhibits cell growth 

and induces apoptosis by blocking the STAT3 pathway in leukemias (Meydan et al., 1996).

Cytokines or growth factors which bring about STAT activation could also be therapeutic 

targets. Sant7, an IL-6 antagonist, which is structurally similar to the physiological ligand, 

but has greater affinity for the receptor, can inhibit STAT3 activation and suppress tumour 

growth (Dalton and Jove, 1999). Therapeutic antibodies, anti-EGFR (C225) or anti-HER2 

(Herceptin) are now used to neutralise specific epitopes on receptors, thus inhibiting 

interaction with their physiological ligand (Baselga, 2000a, 2000b). Furthermore, 2D1839, 

also known as Iressa, an orally active, selective EGFR-tyrosine kinase inhibitor, has 

antitumour activity (Baselga and Averbuch, 2000).

In addition, another effective way is negative regulation of STAT proteins. Phosphorylation 

and dimerisation of STATs are critical for STAT activation and function. Small 

phosphotyrosyl-peptides have been reported to block STAT phosphorylation and dimerisation 

by interacting with SH2 domain of STAT3 (Turkson et al., 2001). Other negative regulators, 

such as the protein inhibitor of activated STAT (PLAS) family, appear to specifically associate 

with STAT molecules, thus blocking DNA binding activity (Betz et al., 2001). PLAS proteins 

possibly function either by interfering with STAT dimerisation, or causing dissociation of 

activated STAT dimers. Furthermore, cytokine inducible SH2-containing protein, a member 

of the SOCS family, can compete with STAT5 for binding to the receptors by interacting with 

phosphorylated receptors (Matsumoto et al., 1997).

Given the important central role of STATs in diverse human cancers and biological processes, 

increasing attention has focused on negative regulation o f STAT signalling pathway. 

Receptors, JAKs and STATs, are three intermediates in STAT signalling considered as sites for 

therapeutic intervention.



1.3 STATs in bladder cancer

Studies to date have shown that constitutive activation of STATs is frequently found in a wide 

variety of human primary tumours. However, none have investigated the status of STATs 

activation in bladder tumours. Only a few relevant studies have been published, as discussed 

below.

EGF stimulation can inhibit the growth of T24 human bladder cancer cells, probably via 

induction of p21wafl mediated by STAT1, but does not affect RT4 cells (Kawamata et al.,

1999). Itoh et al., (2006) have recently demonstrated that STAT3 activation is required for 

MMP induction and malignant characteristics in T24 cells. It has been shown that STAT3, 

activated by EGF via phosphorylation, is then able to induce MMP1 transcription in T24 

human bladder cancer cells. STAT3-deficient cells show an inhibition of cell migration and 

invasion with reduction of MMP (1, 10) levels. Furthermore, blocking of STAT3 with a 

dominant negative form significantly suppresses tumour formation in mice.

A very recent in vivo study has shown that dining urothelial tumorigenesis, activation of 

STAT3 and STAT5 is detected in homozygous Ink4a/Arf "A mice, which occurs via AKT 

signalling and is strongly associated with HRAS hyperactivation (Mo et al., 2007).

Despite these studies, a role for STATs in human bladder cancer is not well established. The 

molecular changes occurring in TCCs lead to the loss of cell growth regulation, and STATs 

are known to mediate genes expression involved in cell proliferation. One particular interest 

in this thesis is the possible involvement of STAT signalling in cell cycle and apoptosis.

1.4 Cell cycle

Cell division is a critical process in the development from a single-cell fertilised egg into a 

mature organism and in the renewal of some internal organs and cells. The series o f events 

which take place during the formation and replication of a eukaryotic cell constitute the cell 

cycle. This consists o f four distinct phases: Gi (gapl), S (synthesis), G2 (gap2) (collectively 

known as interphase, the interlude between two M phases) and M (mitosis) (Norbury and 

Nurse, 1992). In M phase, the cell’s chromosomes and cytoplasm are divided between the 

two identical daughter cells. After M phase, each daughter cell begins a new cycle by
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entering interphase, during which the cell is constantly producing RNA, synthesising protein 

and increasing in size. During S phase, all o f the chromosomes are replicated. At the end of 

the Gi, G2 and the middle of M phase, checkpoints are designed to ensure that cells are ready 

to proceed to the next stage o f cell division. When cells temporarily or permanently stop 

dividing, they will quit the cycle and enter a state of quiescence called Go phase.

Progression through the cell cycle is regulated by the complexes between cyclins and cyclin- 

dependent kinases (CDKs). Cyclins are the regulatory subunits and CDKs form the catalytic 

subunits of the heterodimers. Binding of cyclins to the well-conserved CDKs results in the 

phosphorylation of CDKs, and the active complexes subsequently activate the target proteins 

involved in cell cycle progression (Pine, 1995). In contrast to the rise and fall of cyclin 

protein levels, CDKs remain at stable levels and so far, six of nine identified CDKs are active 

during the cell cycle. The associations between three D-cyclins and CDK4 or CDK6 are 

required during Gi phase. The complex between cyclin E and CDK2 can promote entry into 

S phase. Additionally, cyclin A in complex with CDK2 further regulates S phase. Driving 

progression of G2 to M phase relies on cyclin A interaction with CDK1. The CDK1-cyclin B 

complex is essential for the entry and continuation through the M phase. Furthermore, 

transcriptional CDKs, including CDK7, a serine-threonine kinase known as the catalytic 

subunit of the CDK-activating kinase (CAK) complex, in association with cyclin H and 

CDK9 in complex with cyclin T, are constitutively expressed throughout the cell cycle (table 

1.4) (reviewed in Vermeulen et al., 2003; Shapiro, 2006).

The cell cycle is also regulated by the E2F transcription factors, Rb and Rb-associated 

proteins. As a nuclear phosphoprotein, Rb exists as a hypophosphorylated form in its resting 

state, and its deregulation is associated with tumourigenesis (Hickman et al., 2002). The 

formation of CDK-cyclin complexes results in phosphorylation and inactivation of Rb, thus 

releasing the E2F family members which lead to complexing of cyclin E with CDK2. This 

complex is required to further phosphorylate Rb and fully activate E2F family members 

(Jones and Kazlauskas, 2001).
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Table 1.4 Cyclin-CDK complexes are activated at specific points o f the cell cycle

CDK Cyclin Cell cycle phase activity

CDK4 Cyclin D1,D2, D3 Gi phase

CDK6 Cyclin D l, D2, D3 Gi phase

CDK2 Cyclin E Gi/S phase transition

CDK2 Cyclin A S phase

CDK1 Cyclin A, B G2/M phase transition

CDK1 Cyclin B Mitosis

CDK7 Cyclin H CAK, all cell cycle phases

CDK9 Cyclin T All cell cycle, phases

CDKs can be inactivated by CDK inhibitors (CDI) which regulate CDK activity by either 

binding to CDK directly or binding to the CDK-cyclin complex. Two CDI families have been 

identified (reviewed in Vermeulen et al., 2003). The INK4 family includes pl5 (INK4b), p l6 

(INK4a), p i8 (INK4c) and pl9 (INK4d). This family complexes with CDK before cyclin 

binding and specially inactivates Gi CDKs. The CIP/KIP family includes p21 (WAF1, CIP1), 

p27 (CIP2) and p57 (KIP2). In contrast with the INK4 family, these CDIs inactivate the 

CDK-cyclin complexes. The major cyclins, associated CDKs and their regulators are shown 

in figure 1.5.

The loss of normal cell cycle control is a consequence o f alterations in various genes 

including inactivation o f tumour suppressor genes such as pRb and p53 involved in cell 

division, and results in tumourigenesis via uncontrolled cell proliferation (Vermeulen et al., 

2003). Normal urothelium contains wild type p53, pRb, p21 and p27, whereas alterations in 

each of these four cell cycle regulators are observed in at least 34% of TCCs (Shariat et al., 

2007a). Those bladder cancers with alterations in pRb exhibit poor prognosis (Cote et al., 

1998). Moreover, the number of markers altered is associated with the increased risk of 

bladder cancer recurrence and progression, indicating that p53, pRb, p21 and p27 have a 

cooperative effect in bladder cancer and their combined status can be evaluated as prognostic 

markers (Shariat et al., 2007b). One of the specific genetic defects in urothelial cell 

carcinoma is the loss of chromosome 9 where the CDKN2A/ARF gene is located and which 

encodes the p i6 protein. It has been shown that p i6 expression is statistically and inversely

20



associated with disease stage (Raspollini et al., 2006). Patients with invasive bladder cancer 

exhibit significantly higher rate of pl6 (INK4a) and pl4 (ARF) methylation causing gene 

silencing than those with superficial bladder cancer (Kawamoto et al., 2006).
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Figure 1.5 Stages o f the cell cycle. The activation o f phase-specific CDK-cyclin complexes 
and major regulators are indicated. The formation o f CDK-cyclin complexes and the 
activation o f CDKs by site specific phosphorylation trigger progression o f the cell cycle. The 
active complexes subsequently activate target proteins involved in cell cycle progression, and 
the complexes can be inactivated by CDIs resulting in cell cycle arrest.

In addition, amplification of CDKs, cyclins, abnormal activity of CDK activating enzymes, 

inactivation of CDIs, as well as mutations in checkpoint proteins, have also been reported in 

cancer ( McDonald and Deiry, 2000). Expression of cyclin D1 and El are significantly lower 

in specimens with advanced TCCs than in normal bladder urothelium. Low cyclin El (but 

not cyclin Dl) expression is markedly associated with bladder cancer invasion, progression 

and metastasis (Shariat et al., 2006). In contrast, overexpression of cyclin Dl has also been 

found in bladder cancer (Chatteijee et al., 2004b). Recently, cyclin D3 overexpression was 

reported in Ta/Tl bladder cancers, correlated with larger tumour size and high proliferation 

rates (Lopez-Beltran et al., 2006).
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Cell studies have shown that convergence of many cellular signalling pathways ultimately 

provides the stimulus for cells to proliferate or die. Cell cycle and apoptosis are closely 

linked with these pathways and play an important role in proliferation control.

1.5 Apoptosis

Apoptosis is crucial in immune response, embryonic development and tissue differentiation. 

It is a major form of cell death, marked by a number of morphological changes such as 

chromatin condensation, DNA degradation, cytoplasmic shrinkage, nuclear fragmentation, 

membrane blebbing and apoptotic body formation (Cohen, 1997). In contrast to apoptosis, 

necrosis is characterised by the loss of cell membrane integrity, no formation of apoptotic 

body, damage to adjacent cells and an inflammatory response (Kroemer et al., 1998).

The apoptotic process can be activated in response to many stimuli, including UV, 

chemotherapeutic drugs, DNA damage and death receptor activation (Shehata, 2005). So far, 

two major pathways have been recognised to trigger apoptosis, the mitochondrial pathway 

(intrinsic) and the death receptor pathway (extrinsic) (figure 1.6). Both pathways ultimately 

depend on the activation of members of the cysteine aspartate specific proteases (caspases) 

family (Bratton et al., 2000). As key components in the apoptotic process, caspases consist of 

initiator caspases (such as caspases 8 and 9) and effector caspases (such as caspases 3, 6, 7) 

(Chen and Wang, 2002). The effector caspases can be activated by either an initiator caspase 

or an apoptosome complex between a pro-caspase and apoptosis protease activating factor-1 

(Apaf-1) (Zhivotovsky et al., 1999). Caspases exist as inactive zymogens before they become 

fully activated. The pro-caspase zymogen contains an N-terminal prodomain, a large subunit 

and a small subunit. The zymogen requires cleaving at a specific aspartic site between large 

and small subunit to remove the prodomain for caspase activation. A fully active caspase 

protein exists as a tetramer containing two heterodimers each of which consists of one large 

and one small subunit (Cohen, 1997).
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Figure 1.6 Induction of apoptosis by mitochondrial and death receptor pathways. In the
mitochondrial pathway, cellular stress such as DNA damage causes the translocation o f pro- 
apoptotic proteins (such as Bax, Bid, Bad) to the mitochondria where cytochrome c and 
Smac/Diablo are released. Cytochrome c then recruits and activates caspase 9. Once 
activated, caspase 9 triggers the activation o f effector caspases. The release o f Smac/Diablo 
can inhibit IAPs which counteract caspase9. In the death receptor pathway, death ligands 
such as FasL, TNF and TRAIL bind to death receptors, thus recruiting and activating caspase 
8. Active caspase 8 either signals to mitochondria through Bid cleavage or activates effector 
caspases leading to apoptosis.

The mitochondrial apoptosis pathway is induced by cellular stress such as DNA damage and 

cytotoxicity. These stimuli result in mitochondrial damage, leading to cytochrome c release 

into the cytosol. This is associated with the formation of an apoptosome complex by 

recruitment of pro-caspase via Apaf-1. The apoptosome complex activates pro-caspase into 

its mature form, in turn activating an effector caspase. The release of cytochrome c is 

regulated by Bcl-2 family members which consist of pro-apoptotic members (such as Bad, 

Bax and Bid) and anti-apoptotic members (such as Bcl-2, Bcl-xL and Bcl-W). Additionally, 

other molecules are released from damaged mitochondria, such as Smac/Diablo which 

counteracts the effect of inhibitor of apoptosis proteins (IAPs) (Bratton et al., 2000).
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In a second major mechanism of apoptosis, binding of ligands to their death receptors 

activates the death receptor apoptosis pathway. Ligands include Fas ligand (FasL), tumour 

necrosis factor (TNF) and TNF-related apoptosis inducing ligand (TRAIL). The ligand- 

receptor interaction results in the recruitment of an adaptor molecule, which binds the 

cytoplasmic tail o f a death receptor via its death domain. Pro-caspases are then recruited to 

adaptors, leading to the formation of the death-inducing signalling complex which results in 

the autocatalysis and activation of pro-caspases. Once activated, initial caspases trigger the 

activation of effector caspases which execute the apoptotic process (Bratton et al.y 2000). 

Two apoptosis pathways converge at the level of effector caspases which cleave several 

proteins, including poly (ADP ribose) polymerase (PARP), lamins and histone HI. Both 

caspase 3 and caspase 7 are known to cleave PARP, whereas only caspase 6 can cleave lamins 

(Cohen, 1997).

The dys-regulation of apoptosis has been implicated not only in early stages of 

tumourigenesis but also in tumour progression. It has been shown that x chromosome-linked 

inhibitor of apoptosis (XIAP) is expressed in more than 60% of superficial bladder cancers, 

and its level apparently increases in poorly differentiated tumours (Li et al., 2007). The 

methylation frequencies of Apaf-1 and death-associated protein kinase-1 (DAPK-1) in TCC of 

the bladder have recently been observed to be dramatically higher than those in normal 

bladder tissues (Christoph et al., 2006). Alterations in Bcl-2, p53 and MDM2 have been 

observed in at least 37% of patients with muscle-invasive TCC of the bladder, and patients 

with all three markers aberrantly expressed have shown short-term survival (Maluf et al.,

2006).

Another molecular event associated with tumourigenesis and progression of bladder cancer is 

metastasis. The more deeply tumours spread within the bladder, the more aggressive and 

invasive the disease becomes.
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1.6 Metastasis

Metastasis is the spread to distant sites o f malignant cells detached from the primary tumour, 

and is the major cause of death from cancer. Metastasis involves a series of discrete events 

occurring in sequence: cellular transformation and primary tumour growth is followed by 

extensive vascularisation, which supplies nutrients for cell expansion and establishes a 

capillary network as a migratory route from the primary tumour for cancer cells. Tumour 

cells then locally invade the host stroma, as well as blood vessels or lymphatics 

(intravasation), which have little resistance to penetration by tumour cells, thus providing the 

most common entry of tumour cells into the circulation. After surviving in the circulation, 

tumour cells arrest in capillaries, then either proliferate in these vessels or invade into adjacent 

organ parenchyma (extravasation) which completes the metastatic process (Gupta and 

Massague, 2006). Figure 1.7 shows the main steps in metastasis.

Cell migration is essential for normal physiology such as embryonic development, 

homeostasis o f the immue system and in response to pathological events like wound healing. 

Cell motility relies on the cell's ability to sense chemoattractants such as chemokines and 

growth factors. Such factors, in complex with their specific receptors on the cell membrane, 

activate pathways which alter the cell cytoskeleton and motility, thus regulating cell migration 

(Kedrin et al., 2007).

To migrate, cells undergo a physically integrated molecular process, involving polarisation 

and elongation of cells; formation of cell protrusions (pseudopods) via membrane extension; 

attachment to the extracellular matrix (ECM) and the use of contractile forces and traction, 

leading to the gradual forward gliding o f cells (Lauffenburger and Horwitz, 1996).
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Figure 1.7 The main steps in the formation of metastasis. After extravasation, tumour cells 
must develop a micro-vascular network within the organ to continue growth, thus invading 
blood vessels, entering circulation and forming further metastasis (Fidler, 2003).

Intravasation

In both normal and cancer cells, cell extension is essential for the initiation and maintenance 

of cell motility. Cell protrusions, diverse in morphology and dynamics, can initiate ECM 

recognition and interaction. Actin polymerisation at filament ends leads to the propulsion and 

elongation of pseudopods. Cell protrusions then dynamically interact with ECM via the 

integrin family of adhesion molecules, which are clustered in the cell membrane. Integrins 

recruit actin-binding proteins, such as a-actinin, talin, tensin and the focal adhesion kinase 

(FAK), via direct association with their intracellular domain, and vinculin and paxillin thus 

forming focal adhesions. In the vicinity of cell-ECM contacts, cleavage of ECM components 

by surface proteases induces the formation of active soluble MMPs which are able to further 

degrade small ECM fragments cleaved by MT1 (membrane-type) -MMP. Cell contraction is 

driven by actomyosin which is the complex between active myosin II and actin filaments. 

Ca2+, calmodulin and the small G protein Rho have been reported to regulate the function of
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actomyosin. At the trailing edge, a series of events can lead to the disassembly of focal 

adhesions, including the breakage of actin filaments by actin-capping proteins, the inhibition 

of cytoskeletal protein assembly by phosphatases, the cleavage o f focal contact components 

by sheddases (Moss and Lambert, 2002) and the accumulation of ECM fragments, thus 

allowing cells move forward. Integrins are subsequently either recycled towards the leading 

edge within cells or stably attached onto ECM for further migration (Friedl and Wolf, 2003). 

Figure 1.8 shows the model for cell migration and the main molecules involved.

Currently, a number o f proteins have been shown to affect metastatic capacity via cell-cell 

adhesions, cell-matrix adhesions and/or angiogenesis formation. One major family of such 

proteins is the integrins, transmembrane ECM receptors which cluster at focal adhesions, 

forming a mechanical link from the cytoskeleton to the ECM. Integrins are heterodimers of 

non-covalently linked a  and 0 subunits, each of which contains a long extracellular domain 

constituting most of the polypeptide, a single transmembrane domain and a short cytoplasmic 

domain (Zamir and Geiger, 2001). So far, 18 a  and 8 0 subunits have been identified, which 

assemble into 24 distinct integrins (Hynes, 2002). Depending on the cell type, focal 

adhesions form via specific integrin-matrix complexes, such as a501- fibronectin, 0201- 

collagen, av03- fibronectin/vitronectin and o601/o604- laminin (Friedl and Wolf, 2003). In a 

wide variety o f cells, fibronectin is expressed and exists as a dimer consisting of two 

covalently linked, nearly identical subunits. There are 20 variants of human fibronectin due 

to the alternative splicing of a single pre-mRNA. Fibronectin is known to be a ligand for a 

twelve integrin receptors (reviewed in Pankov and Yamada, 2002). Collagens are triple 

helical proteins which exist throughout the body. Among 28 different types of collagens 

occurring in vertebrates, the majority are homotrimers. However, they can be heterotrimeric, 

such as collagen I containing two identical a  chains and a third different chain (reviewed in 

Kadler et al., 2007).
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Figure 1.8 Model for cell migration and the main molecules involved. Step 1 -protrusion at 
the leading edge. Step 2 -  formation offocal adhesions and interaction o f cell-matrix. Step 3 
-  proteolysis o f ECM components. Step 4 -  contraction by actomyosin. Step 5 -  release o f 
the trailing edge (Friedl and Wolf, 2003).

Integrins occur as inactive molecules, neither binding ligands nor transducing signals at the 

cell surface, but their activation can be induced by either ligand binding or effects on their 

intracellular domain, indicating bi-directional signalling (Hynes, 2002). It has been shown 

that integrin signals are involved in broader functions in cell behaviour in addition to 

cytoskeleton anchorage, including cell survival, proliferation, cell cycle and differentiation. 

Detachment from the ECM results in cell death by aniokis via activation of pro-apoptotic 

proteins and inhibition of anti-apoptotic proteins by integrins. Additionally, it has been found 

that modulation of the activation of several CDKs involved in Gi/S phase is integrin-
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dependent (Miranti and Brugge, 2002).

Besides integrins, there are two critical components recruited to focal adhesions, FAK and 

integrin-linked kinase (ILK). FAK, a non-receptor tyrosine kinase, localises to focal 

adhesions and links integrins to intracellular signals. Like FAK, ILK also acts as a 

multifunctional adaptor in focal adhesions and is important for actin cytoskeleton assembly, 

cell adhesion and spreading (Schatzmann et al.9 2003).

Cadherins are a large family of transmembrane cell adhesion molecules which mediate Ca2+- 

dependent intracellular adhesion, actin cytoskeleton anchoring and signalling. The cadherin 

family includes E, N and P-cadherin, which are linked to the actin cytoskeleton by 

cytoplasmic catenins (a, 0 and y). Cadherins, especially E-cadherin, are known to stablise 

cell-cell interactions in epithelial cells via adherens junctions, where the actin cytoskeleton is 

closely linked to cadherin-mediated cell adhesion, similar to the association with integrins at 

focal adhesions, suggesting an inside-out signalling by cadherins occurring in an analogous 

way to that by integrins (Gumbiner, 2005).

Changes of cell behaviour involving epithelial-mesenchymal transition (EMT) in normal 

physiological and pathological events involve the loss o f cell-cell contacts, accompanied by 

increased cell motility on ECM, indicating crosstalk between cadherins and integrins (Chen 

and Gumbiner, 2006). Three mechanisms for integrin-cadherin coordination have been 

reported. Firstly, growth factor-induced scattering o f epithelial cells is associated with 

increased integrin-mediated adhesion and the loss of cadherins at the cell periphery, but with 

no effect on cadherin adhesion activity. Actomyosin contractility induced by integrin-ECM 

adhesion has been shown to be responsible for the disruption of cadherin-mediated adhesion 

(de Rooij et al., 2005). Secondly, several transcription factors such as Twist, Snail and Slug 

induce EMT by inhibition of cell-cell adhesion protein expression and induction o f genes 

mediating cell migration (Kang and Massague, 2004). Expression of SIP1 (Smad interacting 

protein-1) in human epithelial A431 cells results in EMT, which is accompanied by cadherin 

switching, resulting in repression of E-cadherin and induction of N-cadherin (Vandewalle et 

al.f 2005). Also, it has been shown that Slug (Bolos et al., 2003) and Zeb-1 (Aigner et al.,

2007) downregulate E-cadherin expression and induce EMT. Snail has been known to be 

involved not only in E-cadherin downregulation but also in repression of tight junction
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proteins, such as Claudin -1 and ZO-1 (Zonula occludens-1) (Ohkubo and Ozawa, 2004). 

Moreover, there is evidence that induction of N-cadherin results from integrin-dependent 

nuclear translocation of Twist (Alexander et al., 2006), suggesting that integrin-induced 

changes in cell differentiation lead to effects on cadherins and cell-cell contacts. Thirdly, 

cadherins and cell-cell adhesion are also known to be regulated by integrin-mediated adhesion 

via a signalling pathway involving FAK and src. It has been shown that FAK decreases cell 

motility, leading to accumulation of N-cadherin at cell-cell contacts through integrin 

signalling (Yano et al., 2004). In addition, Src induced adhesion to collagen I triggers the 

recruitment of FAK to E-cadherin complexes, resulting in the loss of E-cadherin expression 

and adhesion (Koenig et al., 2006). Furthermore, many studies have shown that Src and FAK 

are critical in integrin-cadherin cross-regulation (Avizienyte and Frame, 2005).

In human normal bladder tissues, E-cadherin and various catenins show homogeneous 

membrane localisation (Syrigos et al., 1998), and loss of E-cadherin has also been viewed as a 

dominant factor in bladder cancer progression (Imao et al., 1999). Studies have shown an 

important role in tumourigenesis of 096/54 integrin, which is the most commonly expressed 

integrin located at the basel layer of normal urothelium (Grossman et al., 2000). However in 

bladder cancer cells significant reduction of integrin /34 has been observed accompanied by 

overexpression of gj6/31 integrin (Harabayashi et al., 1999). Interestingly, inhibition of 01 

integrin causes marked reduction of adhesion and migration in T24 bladder line (Heyder et al.,

2005).

Invasive bladder cancer, which can develop either from superficial papillary tumours or CIS, 

exhibits a significant metastatic potential, so identification of molecules that initiate 

metastasis in cancer cells may be useful in prevention therapy.

Currently, the existing therapies, whether they are surgical, radiological or drug based, 

generally have little success in many cases. Chemoprevention, using natural or synthetic 

chemicals to reverse the onset, suppress or prevent the development of carcinogenesis process 

(Gescher et al., 1998) therefore constitutes a novel approach to cancer therapy.
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1.7 Cancer chemoprevention

In the last a few decades, the incident and cure rates of cancer have not improved, despite a 

much better understanding of the process of tumourigenesis (Reddy et al., 2003). With some 

conventional treatments (such as surgery, radiotherapy or chemotherapy) seemingly 

approaching their limit, chemoprevention strategies are becoming increasingly seen as a 

promising approach to reducing the incidence of cancer.

Dietary habits and tobacco smoke are the two leading causes of cancer, and as such, a 

healthier lifestyle may contribute significantly to prevention o f cancer. Epidemiological 

evidence has shown that a high intake o f fruits and vegetables can decrease the risk of some 

common cancers and may also be associated with improved survival of patients (Reddy et al., 

2003; Tsugane and Sasazuki, 2007; Pierce et al., 2007). Fruits and vegetables are rich sources 

of many bioactive compounds including vitamins, polyphenols, alkaloids and terpenes. 

Dietary phytochemicals, such as indole-3-carbinol (I3C), 3,3’-diindolylmethane (DIM), 

curcumin, (-)- epigallocatechin-3-gallate (EGCG), resveratrol and genistein, have shown 

protective effects, suggesting a role as chemopreventive agents in various stages of cancer as 

well as for other chronic diseases (Howells et al., 2007).

Tumourigenesis is a multistep process, characterised by three stages:

1) Initiation is triggered by mutations in DNA which if not repaired, can eventually disrupt the 

normal balance between proliferation and cell death. Chemopreventive agents that can 

prevent or reduce DNA damage at this stage are called blocking agents. These dietary agents 

can act as antioxidant molecules, able to scavenge reactive oxygen species (ROS), as well as 

altering the metabolism of pro-carcinogenic molecules. The physiological homeostasis of 

ROS maintains important cellular processes in normal cells, while increased ROS production 

has been observed in cancer cells and is associated with DNA damage and multistep 

carcinogenesis. The rationale behind the protective effects o f blocking agents includes: 

modifying phase I/II drug metabolishing enzymes by which a pro-carcinogen is converted to 

an ultimate carcinogen, scavenging ROS and other oxidative species, and altering DNA repair 

rates (Manson, 2003; Russo, 2007). Initiation is the earliest stage of carcinogenesis in the 

absence of adequate DNA repair. If prevention at this stage does not succeed, carcinogenesis 

will progress with the accumulation of DNA damage.
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Figure 1.9 Chemoprevention during carcinogenesis. Possible stages in carcinogenesis 
targeted by blocking or suppressing agents and some molecular mechanisms involved (Surh, 
2003).

2) Promotion is considered to be an ongoing and reversible process, in contrast to initiation. 

The accumulation of actively proliferating initiated cells offers a cellular population for 

further progression of tumourigenesis.

3) Progression, a further clonal expansion procedure, may subsequently result in the 

formation of tumour with invasive and metastatic potential. Chemopreventive agents which 

inhibit the malignant transformation of initiated cells in either promotion or progression stage 

are called suppressing agents. Suppressing agents can not only block or reverse the 

progression of initiated cells into pre-neoplastic ones, but also halt or slow down the 

development of malignant stages (promotion to progression). Suppressing mechanisms 

include alterations in key oncogenes and tumour suppressors, induction of apoptosis, cell 

cycle arrest and inhibition of angiogenesis and invasion (Manson et al., 2000). Taken together,
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chemopreventive phytochemicals have the possibility of interfering with all three stages of 

carcinogenesis, contributing to prevention of tumour development (figure 1.9).

It has been described that dietary agents exert chemopreventive effects via several potential 

signalling pathways, such as mitogen-activated protein kinases (MAPKs), phosphoinositide- 

3-kinase (PI3K), nuclear factor-/cB (NF- kB) and JAK/STAT, involved in modulation of genes 

key to apoptosis, cell cycle, angiogenesis and metastasis (Manson, 2003, 2005; Aggarwal and 

Shishodia, 2006. Refer to figure 1.10).
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Figure 1.10 Molecular targets of dietary agents. The diagram illustrates some o f the 
proteins modulated by dietary agents (but does not imply that these molecules are direct 
targets o f dietary agents). Blue/Pink denotes an increase/decrease in the levels, 
phosphorylation status or activity o f the various components.
Abbreviations: AP-1, activator protein-1; COX2, cyclooxygenase 2; ERK, extracellular
regulated kinase; HER2, EGFR family member ERBB2; ICAM-1, intercellular adhesion 
molecule 1; iNOS, inducible nitric oxide synthase; JNK, c-jun N-terminal kinase; Nrf2, 
nuclear erythroid 2 p45-related factor 2; ODC, ornithine decarboxylase.
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1.8 Indoles

Characteristics for good chemopreventive potential include: nontoxic, efficacious, 

inexpensive and available in ingestible form. The Cruciferae family is one group of 

vegetables which has been widely regarded as having potential anticarcinogenic activity. 

Cruciferous vegetables, particular those of the Brassica genus such as broccoli, cabbage, 

Brussels sprouts and cauliflower, have been found to possess chemopreventive properties. 

Increased consumption of cruciferous vegetables or active compounds present in these 

vegetables has shown a positive influence on carcinogenesis and against cancer recurrence in 

humans (Murillo and Mehta 2001; Thomson et al., 2007).

It has been proven that high levels of glucobrassicins (also known as glucosinolates) 

contribute to this protective effect on cancer. All glucobrassicins have a common basic 

chemical structure containing a thioglucose group with a sulphonated oxime group and a 

variable side chain (R) (Verhoeven et ah, 1997) {figure 1.11).

S -  0 -  D glucose
/

R - C  

^  n - o s o 3_

R= alkyl, alkenyl, arylalkyl, alkylthioalkyl or indolylmethyl 

Figure 1,11 Chemical structure o f glucobrassicins,

1,8.1 Chemistry o f  I3C and DIM
Once cruciferous vegetables are physically damaged by cutting or chewing, the enzyme 

myrosinase is released to initiate the glucobrassicin hydrolysis. The products of hydrolysis 

mainly depend on the side chain of the glucobrassicin, and as such, glucobrassicins with an 

indole side chain, which are predominant in brassica vegetables, form indoles. At neutral pH 

glucobrassicin hydrolysis forms an unstable isothiocyanate, which degrades to a thiocyanate 

ion and indole-3-carbinol (I3C). I3C may then form condensation products at acid pH, such
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as 3, 3’-diindolylmethane (DIM) (Verhoeven et al., 1997) (figure 1.12). The beneficial 

properties of glucobrassicins are possibly in part due to 13C and/or its acid condensation 

products.

Figure 1,12 Chemical structures o f 13C and its acid condensation product DIM.

1.8.2 Indoles and chemoprevention

Indoles have been described as powerful inducers of both phase I (drug-metabolising) and II 

(conjugating) biotransformation enzymes, which are involved in metabolism of carcinogenic 

compounds. The modulation of carcinogen metabolism consists of inhibition of pro

carcinogen activation, increased detoxification and blocking of reactive metabolites. Phase I 

activities include oxidation, reduction and hydrolysis reactions which make xenobiotics more 

hydrophilic and susceptible to detoxification, whereas phase II involves conjugation reactions, 

thereby making phase I metabolites readily excretable (Verhoeven et al., 1997; Manson et al.,

Many studies have demonstrated that I3C shows chemopreventive activity in different animal 

models. The incidence of carcinogen-induced mammary tumours in rodents can be reduced 

by 13C (Stoner et al., 2002), and administration of 13C during either initiation or promotion 

phase is protective against chemically-induced mammary tumours in rats (Grubbs et al., 

1995). It has been shown that I3C also has anticarcinogenic effects on other tumours in 

animal models, such as bone marrow (Agrawal et al., 1999), colon (Wargovich et al., 1996; 

Xu et al., 1996), lung (Arif et al., 2000), skin (Srivastava and Shukla, 1998) and liver 

(Manson et al., 1998; Oganesian et al., 1997; Kassie et al., 2003). Additionally, in vitro 

studies have demonstrated that I3C can induce apoptosis in human breast cancer cells 

(Howells et al., 2002; Rahman et al., 2004; Moiseeva et al., 2007), human pancreatic tumour 

cell lines (Lian et al., 2004) and human prostate cancer cell lines (Chinni and Sarkar, 2002).

I3C DIM

2000).
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Some in vivo studies have shown that effects of I3C may be attributed to its acid condensation 

products, such as DIM, and not to I3C itself (reviewed in Verhoeven et al., 1997). 

Additionally, it has been demonstrated that DIM is a more potent inhibitory agent compared 

with I3C in C33A, human cervical cancer cells (Chen et al.,2001) and DU145, human 

prostate cancer cells (Garikapaty et al., 2006).

In mice, DIM, which is produced in the stomach after consumption of cruciferous vegetables, 

has an inhibitory effect on prostate cancer (Nachshon-Kedmi et al., 2004a) and cervical 

cancer (Chen et al., 2001). Many in vitro studies have shown anti-proliferative and pro- 

apoptotic effects o f DIM in human breast cells (Rahman and Sarkar, 2005; Rahman et al., 

2006), prostate cancer cell lines (Nachshon-Kedmi et al., 2004b; Li et al., 2007), colon cancer 

cells (Kim et al., 2007), pancreatic cancer cells (Abdelrahim et al., 2006), hepatoma HepG2 

cells (Gong et al., 2006) and thyroid cancer cell lines (Tadi et al., 2005). Table 1.5 shows a 

summary of in vivo and in vitro studies undertaken with I3C and DIM acting as inhibitory 

agents, demonstrating that the role as tumour inhibitors is not cell-type specific.

During the past two or three decades, there has been a better understanding of how certain 

dietary agents can alter carcinogenesis. Using cDNA microarray, the effect of DC and DIM 

on gene expression has been investigated in PC3 human prostate cancer cells (Li et al., 2003). 

After 24 hours o f DIM treatment, 738 genes show a greater than two-fold change, with 

downregulation of 677 genes and upregulation of 61 genes. Similarly, a total of 727 genes 

have a greater than two-fold change in expression after 24 hours of I3C treatment, among 

which 685 are downregulated and 42 are upregulated. More importantly, molecules found to 

be specifically modulated by I3C and DIM are critically involved in the regulation of 

proliferation, cell cycle, apoptosis, angiogenesis and metastasis.

I3C can significantly inhibit NF-kB DNA binding activity and induce apoptosis in human 

prostate cancer cells (Chinni et al., 2001), and has also been found to suppress NF-kB 

activation, leading to the inhibition of NF-kB regulated gene expression (including cyclin D l, 

COX2, MMP9, survivin, IAP1, XIAP, Bcl-2) and the potentiation of apoptosis in myeloid and 

leukemia cells (Takada et al., 2005). Similarly, DIM induces apoptosis of breast cancer cells 

by inactivation of NF-kB (Rahman and Sarkar, 2005), and represses NF- kB downstream 

target genes, MMP9 and urokinase-type plasminogen activator (uPA), which in turn inhibits 

invasion and angiogenesis (Kong et al., 2007).
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Table 1.5 Summary o f studies using 13 C and DIM as cancer chemopreventive agents

Agent In vivo/ 
in vitro

Model Cancer type References

I3C
in vivo Rodents Breast Stoner et al., 2002

in vivo Rat Breast Grubbs et al., 1995

in vivo Mouse Bone marrow Agrawal et al., 1999

in vivo Rat Colon Wargovich et al., 1996; 

Xu e ta l . ,1996

in vivo Rat Lung Arif et al., 2000

in vivo Mouse Skin Srivastava and Shukla, 1998

in vivo Rat Liver Manson et al., 1998; 

Kassie et al., 2003

in vivo Mouse Liver Oganesian et al., 1997;

in vitro Human Breast Howells et al., 2002; 

Rahman et al., 2004

in vitro Human Pancreas Lian et al., 2004

in vitro Human Prostate Chinni and Sarkar, 2002

in vitro Human Melanoma Kim et al., 2006

in vitro Human Myeloid Takada et al., 2005

in vitro Human Leukemia Takada et al., 2005

DIM

in vivo Mouse Prostate Nachshon-Kedmi et al., 2004a

in vivo Mouse Cervix Chen et al., 2001

in vitro Human Breast Rahman and Sarkar, 2005; 

Rahman et al., 2006

in vitro Human Colon Kim et a l 2007

in vitro Human Prostate Nachshon-Kedmi et al., 2004b; 

Li et al., 2007

in vitro Human Cervix Chen et al., 2001

in vitro Human Pancreas Abdelrahim et al., 2006

in vitro Human Thyroid Tadi et al., 2005

in vitro Human Liver Gong et al., 2006
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Akt has also been shown to be an important target for DC and DIM, with a decrease in 

phosphorylated Akt in DC-treated prostate cancer cells, (Li et al., 2003). In breast cancer 

cells, inactivation o f Akt and induction o f apoptosis are induced by DIM (Rahman and Sarkar,

2005). Additionally, I3C and DIM exert an inhibitory effect on MAPK pathway in prostate 

cancer cells (Li et al., 2003).

In addition to inactivation of N F -k B , Akt and MAPK, upregulation of caspase 3, 7, 8, 9, 

cleavage of PARP, inhibition of Bcl-2 and repression of survivin have been shown to be 

involved in apoptosis induced by I3C or DIM in many different human cancer cells (Kim et 

al., 2006; Kim et al., 2007; Nachshon-Kedmi et al., 2004b; Rahman et al., 2006).

In human LNCaP prostate cancer cells, I3C selectively inhibits both the transcripts and 

protein levels o f CDK6, markedly reduces CDK2 enzymatic activity and strongly increases 

the expression of pi 6 CDK inhibitor (Zhang et al., 2003), and similar observations were also 

made in MCF7 human breast cancer cells (Cover et al., 1998). It also induces p21 CDK 

inhibitor and Gi cell cycle arrest which require p53 activation (Hsu et al., 2006). Similarly, 

I3C treatment causes p53-dependent Gi arrest and upregulation of p21 in human breast cancer 

cells (Brew et al., 2006). However, DIM treated breast cancer cells show a Gi arrest and 

activation of p21 (WAF1/CIP1) expression independently o f p53 (Hong et al., 2002). The 

expression of cell cycle-related proteins, such as cyclin E, p27 (KIP1), and CDK2 are 

modulated by I3C in breast cancer cell lines (Garcia et al., 2005). EGFR and src are shown to 

be involved in DC-induced cell death and cell cycle in human breast cancer cells (Moiseeva 

et al., 2007). Firestone and Bjeldanes (2003) have shown that DIM accumulates in the 

nucleus of DC- treated cells, suggesting a role in the transcriptional activities o f DC. It 

induces a Gi cell cycle arrest, accompanied by inhibition o f CDK6 and stimulation of p21 

(WAF1/CIP1) gene expression.

The androgen receptor (AR) which is expressed in nearly all human prostate cancers plays an 

important role in mediation of proliferation and differentiation in prostate. 13C treatment 

inhibits AR expression and responsiveness (Hsu et al., 2005). Moreover, it has also been 

found that DIM has an inhibitory effect on AR phosphorylation, expression and nuclear 

translocation, suggesting that it is also an androgen antagonist (Bhuiyan et al., 2006).
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Table 1.6 Summary o f cell signalling components modulated by 13 C and DIM

Agent Cancer type Altered molecules References

I3C

Prostate NF- kB 4 Chinni et ah, 2001

Myeloid NF-kB 4 Takada et al., 2005

Leukemia NF-kB 4 Takada et al., 2005

Prostate Akt 4 MAPK 4 U e ta l., 2003

Prostate p53 tp21 t Hsu et al., 2006

Prostate CDK2,64pl6t Zhang et al., 2003

Breast p53 tp21 t Brew et al.f 2006

Breast Cyclin E T p211 p271 Moiseeva et al., 2007

Breast CDK24 Garcia et al., 2005

Prostate AR 4 Hsu et al., 2005

Breast ER 4
Meng et al., 2000; 

Fan et al., 2006

Pancreas STAT3 4 Lian et al., 2004

Melanoma Bcl-2 4 Kim et al., 2006

DIM

Breast NF-kB 4Akt 4 Rahman and Sarkar, 2005

Breast Survivin 4 Bcl-2 4 

cdc25a 4 p21 t
Rahman et al., 2006

Breast p21 t Hong et al., 2002

Prostate Akt 4 Garikapaty et al., 2006

Prostate MAPK 4 Li et al., 2003

Prostate MMP9 4 uPA 4 Kong et a l, 2007

Prostate Caspase (3,6,9) t 

PARP cleavage f
Nachshon-Kedmi et al., 2004a

Prostate AR 4 Bhuiyan et al., 2006

Colon Caspase (3,7,8,9) t 

Fas t tBid t
Kim et al., 2007
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I3C is known as a negative regulator o f estrogen due to its repression o f estrogen receptor (ER) 

transcription activity and estrogen-responsive gene expression (Meng et al., 2000; Fan et al.,

2006). On the other hand, I3C can induce Gi cell cycle arrest independently o f ER signalling 

in human breast cancer cells (Cover et al., 1998).

STAT3 is also target molecule of I3C (Lian et al., 2004). However, since very few published 

papers indicate that members of the STAT family are downregulated by chemopreventive 

compounds, more in depth studies are needed to fully elucidate the mechanisms of actions. 

Table 1.6 shows a summary of modulation by I3C and DIM of cell signalling components 

taken from recent studies.

Besides anticarcinogenic properties, indoles have also shown some adverse effects. In rats, 

I3C treatment (10 days with 50mg/kg body weight) caused hepatotoxicity via upregulating 

plasma alanine aminotransferase and ornithine transcarbamylase activities and produced 

neurological impairment (Shertzer and Sainsbury, 1991). Also excessive glucobrassicin 

intake resulted in thyroid gland hypertrophy and inhibiting uptake I3C by the thyroid in 

animals, but this was not observed in humans (Heaney and Fenwick, 1995). There are also a 

few in vivo studies indicating I3C as a tumour promoter when given after a carcinogen {table 

1.7).

Table 1.7 Summary o f studies indicating I3C as a tumour promoter

Agent Cancer type Animal Reference

Colon Rat Pence et al., 1986

Thyroid Rat Kim et al., 1997

I3C
Pancreas Hamster Birt et al., 1987

Liver Trout Dashwood et al., 1991

Liver Rat Kim et al., 1997

Liver Rat Ito et al., 1989

However, data from Manson et al., (1998) has shown that I3C exhibits an inhibitory effect on 

aflatoxin Bi-induced hepatocarcinogenesis in rats whether administrated before or after the 

carcinogen. Although glutathione ^-transferase (GST-P)-positive liver cell foci were
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significantly increased after 13 weeks I3C treatment in this study which is in agreement with 

the results of Kim et al., (1997), after 43 weeks all animals were protected from liver tumour 

formation by I3C, suggesting that some surrogate endpoint markers sometimes may not truly 

assess the chemopreventive effect of I3C. Long-term exposure (up to 12 months) to DIM 

(daily dose up to 20mg/kg) in rats produced no observed toxicity (Leibelt et al., 2003).

1.8.3 Dietary agents and bladder cancer

The latent period of most cancers, which is normally around 10-20 years, provides ample time 

for preventive measures. Although papillary TCCs account for approximately 70-80% of 

bladder cancers with relatively low progression frequency, the recurrence rates are 60% 

within 3 years after resection (Lutzeyer et al., 1982). Carcinogens that can be concentrated in 

urine, thus prolonging exposure to bladder lining, may be responsible for the high risk of 

recurrence. However, there is also the possibility for chemopreventive agents to be 

concentrated and held in bladder for longer times. Kamat and Lamm (1999) have reviewed 

several dietary components as chemopreventive agents in bladder cancer. The antioxidant 

Vitamin C, also known as ascorbic acid, acts as a free radical scavenger, and is abundant in 

citrus fruits, blackcurrants, tomatoes and potatoes. There is evidence to demonstrate that it is 

protective against bladder carcinogenesis in rats. The reduced formation in vivo of 

carcinogenic N-nitroso compounds, which may act as potential causative agents in bladder 

cancer, has been attributed to the cancer preventive ability o f vitamin C. Similarly, vitamin E 

is also an antioxidant and free radical scavenger, rich in wheat germ, cereals, nuts and spinach. 

Vitamin E is also indicated as a potential chemopreventive agent in bladder cancer due to its 

inhibition of N-nitroso compound formation. In addition, vitamin A, vitamin B6, soy protein 

and garlic extract have been reported to suppress bladder tumours.

A recent study has shown that curcumin, an active compound in turmeric, acts as an 

apoptosis-inducer in human bladder cancer cells (Tong et al., 2006). EGCG, major 

phytochemical in green tea, inhibits cell growth and suppresses migration of bladder cancer 

cells via downregulation of N-cadherin and inactivation of Akt. In mice, reduction of bladder 

tumour volume has been observed following EGCG continuous administration with no 

detectable toxicity (Rieger-Christ et al., 2007). Shan et al., (2006) have investigated the 

chemopreventive effect of sulforaphane (an isothiocyanate from cruciferous vegetables) in 

human bladder cancer cells, showing inhibition of proliferation, Go/Gi cell cycle arrest and 

induction of apoptosis. So far, no studies on the effectiveness o f I3C or DIM in the



chemoprevention of bladder cancer have been published and this is another major focus 

within this thesis.

1.8,4 Bioavattability o f Indoles

A wide range of dietary constituents exhibit a preferential inhibitory effect on tumour cell 

lines compared with cells from non-tumour tissue (reviewed in Aggarwal and Shishodia,

2006). Besides their chemopreventive properties, the safety o f these dietary phytochemicals 

has to be defined. Considering the recipients in chemopreventive trials are probably in good 

health, dietary compounds can only be administered at doses which are free of any unwanted 

side effects (Russo, 2007).

Using an HPLC method, DC and its derivatives have been identified and quantified in mice 

following DC oral administration of a dose of 250mg/kg (Anderton et al., 2004a). The 

maximal level in plasma of DC was 28/iM observed at 15 minutes and no longer detectable 

by 1 hour. DC was also distributed in liver, kidney, lung, heart and brain, as was DIM, but at 

a lower concentration and more persistent. In another study (Anderton et al., 2004b), mice 

were orally administered with DIM at 250mg/kg. The maximum level of DIM in plasma was 

around 24/iM during 0.5 to 1 hour and the tissue distribution was similar to that following I3C 

administration. Due to lack of data for the achievable levels o f I3C or DIM in humans, the 

physiological relevant concentrations of DC and DIM have to be extrapolated from animals 

studies. The maximum concentrations of I3C achieved in animals are 28/iM (plasma) and 

170/xM (liver), whereas maximum plasma and tissue concentrations o f DIM achieved in mice 

are 24/iM and 200/xM following DIM administration.

A very recent review (Howells et al., 2007) summarises outcomes of many in vitro studies 

using low doses of I3C or DIM, showing significant effects on many signalling molecules key 

to cell growth, cell cycle and apoptosis. It is therefore important to use achievable doses of 

dietary agents, thus helping to determine which of the many reported mechanisms of action 

are clinically relevant.
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AIMS
The aims of this study were to investigate the role of STATs in human bladder cancer and the 

potential chemopreventive mechanisms of action of indoles. In order to achieve this, the 

following areas were addressed:

• Determination of STATs status in a panel of human bladder tumours

• Determination of STATs expression and localisation in a panel of human bladder 

cancer cells

• Investigation of the upstream activators by which STATs are phosphorylated

• Investigation of the effects of STATs on cell proliferation

• Investigation of the effects o f STATs on cell adhesion and migration

• Investigation of the effects of indoles on cell proliferation of a panel of human bladder 

cancer cells

• Investigation of the effects of indoles on cell adhesion of a panel of human bladder 

cancer cells

• Investigation into the mechanisms by which indoles elicts their effect on adhesion
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CHAPTER 2

MATERIALS AND METHODS



2.1 Materials

2.1.1 Chemicals

Unless otherwise stated, all chemicals were purchased from Sigma-Aldrich Company 

Limited, Poole, Dorset, U.K., and solvents from Fisher Scientific, Loughborough, 

Leicestershire, U.K.

Acrylamide (30% acrylamide: bis acrylamide)

Agarose

Annexin V kit

Apo-ONE homogeneous Caspase 3/7 kit 

One Shot® Top 10 competent cells 

DAPI

DNA molecular weight marker 

ECL detection kit 

ECL-hyperfilm 

Epidermal growth factor 

Fetal calf serum (FCS)

Haematoxylin QS 

Hema gurr rapid staining set 

Hoechst 33258 

Human Fibronectin 

Hybond nitrocellulose 

Luciferase assay system 

Marvel (dried milk powder)

Nucleofection kit

Phalloidin

Piceatannol

Plasmid purification kit

Polyvinylidene difluoride (PVDF) membranes

PP2

Protein molecular weight markers 

Rat tail Collagen type I 

SOC medium 

Tissue staining kit

Anachem

Gibco BRL

Bender MedSystems

Promega

Invitrogen

Invitrogen

Gibco BRL

Amersham

Amersham

Gibco BRL/Peprotech UK

Gibco BRL/Hyclone Perbio

Vector

BDH/VWR

Gift from Dr. XM Sun

BD Biosciences

Amersham

Promega

Premier brands

Ambion/Amaxa

Molecular Probes

Calbiochem

Qiagen

Millipore

Calbiochem

Bio-Rad/Invitrogen

BD Biosciences

Invitrogen

Dako
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Trypsin/EDTA 

Tyrphostin AG490 

Versene

Western transfer buffer (for nitrocellulose membrane)

Gibco BRL

Upstate Biotechnology 

Gibco BRL 

Geneflow

2,1.2 Antibodies 

P -  Actin

Phospho - Akt (serine 473)

Total Akt

Alexa Fluor 488 goat anti-mouse/rabbit IgG 

Alexa Fluor 594 goat anti-mouse/rabbit IgG

Abeam

Biosource

Cell Signaling Technology 

Molecular probes 

Molecular probes

Caspase 3 

CyclinDl 

E -  cadherin 

N -  cadherin 

P -  cadherin 

/3 -  catenin

Phospho - EGFR (Tyrl 110)

Total EGFR (1005)

ERK 1/2

Phospho-ERK 1/2 

Fra-1

Lamin A/C 

PARP

Rat anti-human fibronectin antibody mAb 16G3

Rat anti-human integrin-/3i antibody mAb 13

Phospho - STAT1 (Tyr701) 

Total ST ATI

Phospho - STAT3 (Tyr705) 

Total STAT3 

Total STAT3 (F-2)

Gift from Dr. M. MacFarlane, MRC Toxiclogy Unit

Cell Signaling Technology 

BD Biosciences 

BD Biosciences 

BD Biosciences 

BD Biosciences 

Santa Cruz Biotechnology 

Santa Cruz Biotechnology 

Cell Signaling Technology 

Cell Signaling Technology 

Santa Cruz Biotechnology 

Santa Cruz Biotechnology 

Cell Signaling Technology 

Gift from Dr. Katherine Clark, 

Department of Biochemistry 

(Ref. Nagai et al, 1991) 

Gift from Dr. Katherine Clark 

(Ref. Akiyama et al., 1989) 

Cell Signaling Technology 

Cell Signaling Technology 

Cell Signaling Technology/Calbiochem 

Cell Signaling Technology 

Santa Cruz Biotechnology



Phospho - STAT5 (Tyr694) Cell Signaling Technology/Calbiochem

Total STAT5a (L-20) Santa Cruz Biotechnology

Total STAT5b (G-2) Santa Cruz Biotechnology

Survivin Novus Biologieals

2.1.3 Plasmids and oligos

pjSgal control Vector Clontech (BD Biosciences)

pSG5 Vector Gift from Dr. Christopher Dawson, University of Birmingham

(Originally made by Dr. R Jove’s group, Stratagene) 

pGRR5-Luc Gift from Dr. Christopher Dawson

(Originally made as a CAT-based reporter vector by Dr. DA Cantrell’s group,

Ref. Beadling et al., 1996)

pRc/CMV Stat3-C Flag Gift from Dr. Christopher Dawson

(Originally made by Dr. JE Darnell’s group, Ref. Bromberg et al., 1999) 

Scrambled siRNA Ambion

siRNAs to STAT1 (#42860) Ambion

siRNAs to STAT3 (#42861) Ambion

siRNAs to STAT5a (#138786,107004) Ambion

siRNAs to STAT5b (#108362) Ambion

2.1.4 Suppliers addresses 

Abeam pic, Cambridge, UK 

Ambion, Texas, USA

Amersham Pharmacia Biotech, Buckinghamshire, UK

Anachem, Bedfordshire, UK

Bender Medsystems, Vienna, Austria

BD Biosciences, Cowley, Oxford, UK

BDH, Darmstadt, Germany

Bio-Rad, Hertfordshire, UK

Biosource, California, USA

Calbiochem, Darmstadt, Germany

Cell Signaling Technology, Hertfordshire, UK

Dako, Glostrup, Denmark

Geneflow, Staffordshire, UK



Gibco-BRL (Invitrogen Life Technologies), Paisley, UK

Invitrogen, California, USA

Millipore, Massachusettes, USA

Molecular Probes, Leiden, Holland

Novus Biologicals, Colorado, USA

Promega, Mannheim, Germany

Qiagen, West Sussex, UK

Santa Cruz Biotechnology, California, USA

Upstate Biotechnology, Milton Keynes, UK

Vector Laboratories, California, USA

2,2 Buffers

Adhesion assay buffer

1)1% Heat-denatured BSA

lg  BSA was dissolved in 100ml medium without serum, filtered (0.22jLim) and heat-denatured 

in 85°C water bath for 10-12 minutes. The lOx stock was stored at -20°C and used at a final 

concentration of lx  diluted with serum-free medium.

2) 0,2% Crystal violet solution

0.2% (w/v) crystal violet was dissolved in 10% ethanol and filtered through a 0.22/xm 

filtration paper. The stock was stored at room temperature.

3) Solubilisation buffer

250ml 0.2M NaH2PC>4 (pH4.5) and 125ml ethanol made up to 500ml in distilled water. The 

stock was filtrated through a 0.22 fim filter and stored at room temperature.

Annexin Buffer

The Annexin buffer was supplied as a 4x stock and diluted to lx  in distilled water prior to use. 

The stock was consisted of lOmM HEPES (pH 7.4), 150mM NaCl and 2.5mM CaCL and 

stored at 4°C.

Cell lysis buffer

The lysis buffer consisted of 50mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, prepared in 

distilled water. The stock was stored at room temperature.
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Nonidet P40 buffer

150mM NaCl, 1% NP-40, 50mM Tris-HCl (pH8.0), and protease inhibitors (lmM DTT, 

lOmM /3-glycerophosphate, 5mM NaF, 0.1 mM Na3V0 4, lOug/ml leupeptin, 2ug/ml aprotinin, 

0.1 mM PMSF) added immediately prior to use. The stock was made up to 100ml in distilled 

water and stored at 4°C.

Nuclear protein buffer A

lOmM HEPES (pH7.9), lOmM KC1, lOmM EDTA, O.lmM EGTA, lmM DTT and 0.1% 

protease inhibitor cocktail added immediately priorto use. The stock was made up to 200ml 

in distilled water and stored at 4°C.

Nuclear protein buffer B

10% v/v Nonidet P40 made up to 100ml in distilled water and stored at 4°C.

Nuclear protein buffer C

20mM HEPES (pH7.9), 0.4M NaCl, lmM EDTA, lmM EGTA, lmM DTT and 0.1% 

protease inhibitor cocktail added immediately prior to use. The stock was made up to 100ml 

in distilled water and stored at 4°C.

Polyacrylamide stacking gel
A 10ml polyacrylamide stacking gel consisted of 6.8ml water, 1.7ml 30% acrylamide, 1.25ml 

1M Tris-HCl (pH 6.8), 100/d 10% SDS. Polymerisation was initiated upon addition of 100/d 

ammonium persulphate and 10/d TEMED.

Polyacrylamide resolving gel
Volumes o f water and acrylamide varied according to the percentage gel cast. A 10ml 

polyacrylamide resolving gel consisted of:

2.5ml 1.5M Tris-HCl (pH 8.8), 100/d 10% SDS and acrylamide solution (acrylamide and NN-

Methylenebisacrylamide 29:1) as follows

6% - 5.3ml water, 2ml 30% acrylamide mix

8% - 4.6ml water, 2.7ml 30% acrylamide mix

10% - 4ml water, 3.3ml 30% acrylamide mix

12% - 3.3ml water, 4ml 30% acrylamide mix
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15% - 2.3ml water, 5ml 30% acrylamide mix

Polymerisation was initiated upon addition of 100/zl ammonium persulphate and 10/d 

TEMED.

Protein loading buffer

Bromophenol blue (0.4%) and 50% v/v jS-mercaptoethanol were made up to an appropriate 

volume and stored at room temperature.

Protein running buffer (5x)

The 5x stock consisted of 125mM Tris, 2.5M glycine and 0.5% SDS and diluted to lx  with 

distilled water prior to use. The stock was stored at room temperature.

Reporter gene assay buffer (luciferase and f$-galactosidase)

1) Mg2* buffer

0.1M MgCl2, 4.5M j(3-mercaptoethanol, made up to an appropriate volume in distilled water 

and stored at -20°C.

2) Sodium phosphate buffer

The sodium phosphate (0.1M, pH7.5) buffer consisted o f 41ml 0.2M Na2HP04, 9ml 0.2M 

NaH2PC>4, made up to 100ml in distilled water and stored at room temperature.

3) Orth o-nitrophenyl-$-galactoside (ONPG)

4mg/ml ONPG made up to an appropriate volume in 0.1 M sodium phosphate (pH 7.5) buffer 

and stored at -20°C.

TAE buffer (50x stock)

The stock consisted of 242g Tris base, 57.1ml glacial acetic acid, and 100ml 0.5M EDTA (pH 

8.0), made up to 1L in distilled water and stored at room temperature. TAE buffer was 

diluted to a lx working solution prior to use.

TEST

The TBST buffer consisted of 20mM Tris-HCl (pH 8.0), 150mM sodium chloride and 0.1% 

Tween-20, made up to the appropriate volume in distilled water. It was stored at room 

temperature.
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Western stripping buffer

The stock consisted of 62.5mM Tris (pH 6.8) and 2% SDS in distilled water. Immediately 

prior to use, 0.7% v/v /S-mercaptoethanol was added. It was stored at room temperature.

Western transfer buffer (For PVDF membrane)

The buffer consisted of 47mM Tris, 37mM glycine, 20% methanol and 1% SDS, made up to 

the appropriate volume in distilled water and stored at room temperature.

2.3 Cell lines

Six human bladder cell lines RT4, RT112, HT1376, T24, J82, UMUC3 and human 

epidermoid carcinoma A431 cells were obtained from the American Type Culture Collection 

and the European Collection of Cell Culture.

Table 2.1 Information on bladder cell lines

Origin
Histological

Grade
Phenotype

RT4

Human, 

urinary bladder, 

transitional 

papillary tumour

GI
epithelial

RT112
Human, 

urinary bladder, 

transitional 

carcinoma

G2

HT1376

G3T24

mesenchymalUMUC3

J82

All cell culture was undertaken in a class II laminar flow cabinet. Cell lines tested negative 

for mycoplasma infection.
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2.3.1 Maintenance o f cell lines

Unless otherwise stated, all cell lines were routinely cultured in Dulbecco’s modified Eagle’s 

medium (DMEM), supplemented with 10% FCS and 1% non-essential amino acids. All cell 

lines were maintained at 37°C, 5% CO2 and 100% humidity.

2.3.1.1 Passaging of cells

Cells were routinely passaged at approximately 80% confluence and following resurrection 

from storage, bladder cells were not subcultured more than twenty times, and other cell lines 

no more than thirty times. Cells were gently washed twice in PBS to remove all medium, 

then l-5ml of lx  T/E added (depending on the size of flasks or dishes). The cells were 

incubated at 37°C until all the cells had just lifted off, whereupon the T/E was neutralised 

with the addition of 5-20ml of medium containing 10% FCS. Cells were pelleted at 200xg for 

3 minutes, resuspended in 10ml medium containing 10% FCS, and 2ml of cell suspension was 

then added to a fresh T150 flask containing 25ml of medium. Cells were not re-passaged 

within 2 days o f subculturing.

2,3,2 Treatment o f  cells

Cells were seeded at the required density and allowed to adhere overnight prior to treatment.

2.3.2.1 Treatment o f cells with serum starvation or EGF/serum stimulation

Cells were seeded in T25 flasks and gently washed three times in PBS to remove all medium 

containing FCS. Then serum-free medium was added overnight followed by replacement 

with fresh medium, with or without serum for a further 1 hour, or serum-free medium 

containing EGF (lOOng/ml) for a further 5 minutes.

2.3.2.2 Treatment o f cells with indoles or inhibitors

Cells were seeded on 6-well plates overnight, and treated with appropriate concentrations of 

I3C or DIM in fresh medium for appropriate time.

Cells were gently washed three times in PBS to remove all medium containing FCS, then 

treated with serum-free medium containing appropriate concentrations o f AG490 (50/aM), 

PP2 (10juM) or Piceatannol (50/xM) for appropriate time.
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An untreated control and an equivalent percentage DMSO control were included. In no 

experiment did the level of DMSO exceed 0.1%.

2.4 Preparation o f cell fractions

Cells were seeded at concentrations between 2xl04 cells and 2xl05 cells per well in 6-well 

plates depending upon the duration of treatment, and allowed to adhere overnight before 

commencing treatment.

2.4.1 Whole cell lysates

Plates or flasks were placed on ice, the medium was removed and cells were washed twice 

with ice-cold PBS. Cell lysis buffer (100-150/d) was added, and all cells were scraped into 

eppendorf tubes. The cell lysates were cleared by centrifugation at 13000xg for 5 minutes 

and stored at -20°C.

2.4.2 Nuclear protein

Cells were washed twice by ice-cold PBS and pelleted at 1500xg for 5 minutes at 4°C, then 

resuspended and lysed in buffer A (400/d for a large flask) by gentle pipetting in a yellow tip. 

Cells are incubated on ice for 15 minutes, after which buffer B (25/d) was added and vortexed 

vigorously for 10 seconds. The supernatant containing cytoplasm was collected after 

centrifugation at 13000rpm in microfuge for 30 seconds. The nuclear pellet was resuspended 

in buffer C (50/d) and mixed on a shaking platform for 15 minutes at 4°C. The nuclear 

extract was centrifuged for 5 minutes at 13000rpm in microfuge at 4°C and the supernatant 

stored in aliquots at -70°C.

2.4.3 BCA protein assay

Prior to use, protein concentration of cell lysates was determined in order that equal protein 

loading on gels could be achieved within each set of experiments.

The working reagent was prepared freshly by mixing 50 parts o f BCA™ reagent A with 1 

part of BCA™ reagent B. Each standard or unknown sample (25/xl) (diluted in cell lysis 

buffer if necessary) was added into 96-well plate, and was mixed with 200/d of working 

reagent. The microplate was placed on a plate shaker for 5 minutes, and then was incubated
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at 37°C for 30 minutes. After cooling down to room temperature, the absorbance at 550nm 

was determined using a Tecan GENios microplate reader and Magellan software.

Protein concentrations of samples were determined from a standard curve prepared for each 

experiment, using known concentrations of bovine serum albumin (BSA) prepared in the 

same diluent.

2,5 Western blotting

Samples of known protein concentration were added to protein loading buffer (unless stated 

otherwise), and were then boiled for 5 minutes prior to loading onto a polyacrylamide gel. 

Using the Bio-Rad Mini-PROTEAN Tetra electrophoresis vertical system, the samples were 

electrophoresed in lx  protein running buffer at 120V for 1-2 hours, depending upon the 

percentage of resolving gel, before being transferred.

The proteins were transferred in western transfer buffer, onto hybond-N nitrocellulose using a 

Bio-Rad wet blotting system or onto Immobilon-P membrane (polyvinylidene difluoride 

membrane) using Sigma semi-dry blotting system at 0.2A 100V for 2 hours. Once 

transferred, the membrane was either dried (Im-P) or washed in TBST and blocked, gently 

rocking in 5% non fat milk for 1 hour at room temperature. The membrane was then washed 

twice in TBST and incubated with primary antibody for 1 hour at room temperature or 

overnight at 4°C. Following 3 x 10 minute washes in TBST, the appropriate secondary 

antibody was added for 1 hour at room temperature, and the membrane was then washed for 5 

x 5 minutes in TBST.

The membrane was then developed in ECL reagent for 1 minute, and placed protein side up 

into an autoradiographic cassette. It was exposed to ECL-hyperfilm and the blot was 

developed in the dark using an X-ograph automated developer.

To re-probe the blot with an antibody against a constantly expressed protein as a loading 

control, the membrane was first placed in 50ml stripping buffer at 60°C for 60 minutes, then 

washed three times in TBST prior to re-blocking and addition of an appropriate primary 

antibody.
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2,5.1 Antibody binding

Unless otherwise stated, whole cell lysates (40fig) were loaded and all membranes were 

blocked in 5% milk in TBST, with primary antibodies diluted to 1:1000 in 5% milk/ TBST, 

and secondary antibodies diluted to 1:5000 in 5% milk/TBST.

Table 2.2 Antibodies: conditions fo r  m e

Primary and 
Secondary antibody Dilution of antibody

Antigen 

molecular weight
%

running
gel

p-Akt (Ser473) 
anti-rabbit IgG

60KDa 8%

Total Akt 
anti-rabbit IgG

60KDa 8%

Caspase3 

anti-rabbit IgG

Primary antibody 1:2000 in TBST 
and secondary antibody 1:5000 in 
TBST

Proform 32KDa 

Cleaved 18KDa 15%

CyclinDl 

anti-rabbit IgG
36KDa 12%

E-Cadherin 

anti-mouse IgG
Primary antibody 1:2000 in 5% 
milk 120KDa 8%

N-Cadherin 

anti-mouse IgG
Primary antibody 1:200 in 5% 
milk 120KDa 8%

P-Cadherin 

anti-mouse IgG
Primary antibody 1:250 in 5% 
milk 120KDa 8%

j8-Catenin 

anti-mouse IgG
Primary antibody 1:2000 in 5% 
milk 92KDa 8%

p-EGFR (Tyrl 110) Secondary antibody 1:1000 in 5% 170KDa 6%anti-goat IgG milk

EGFR Primary antibody 1:4000 in 5% 170KDa 6%anti-rabbit IgG milk

p-ERKl/2
(Thr202/Tyr204) 44/42KDa 10%
anti-rabbit IgG
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Total ERK 1/2 

anti-rabbit IgG
44/42KDa 10%

Fra-1
anti-rabbit IgG

Primary antibody 1:500 in 
milk

5% 46KDa 10%

Lamin A/C 

anti-mouse IgG
Primary antibody 1:1000 in 
BSA

2% A: 69KDa 

C: 62KDa 8%

PARP

anti-rabbit IgG

Primary antibody 1:800 in 5% 
milk and secondary antibody 
1:2000 in 5% milk

Proform 116KDa 

Cleaved 89/24KDa 8%

p-STATl (Tyr701) oc 91KDa
8%anti-rabbit IgG 0: 84KDa

STAT1
anti-mouse IgG

Primary antibody 1:100 
immunoprecipitation

for oc 91KDa 

j3: 84KDa 8%

P-STAT3 (Tyr705) 
anti-rabbit IgG 

( Cell signaling)

oc 86KDa 

0: 79KDa 8%

P-STAT3 (Tyr705) 

anti-mouse IgG 

( Calbiochem)

Primary antibody 1:500 in 
milk

5% oc 86KDa 

/?: 79KDa 8%

STAT3
anti-rabbit IgG

Primary antibody 1:100 
immunoprecipitation

for cc 86KDa 

0: 79KDa 8%

P-STAT5 (Tyr694)
anti-rabbit IgG 90KDa 8%
( Cell signaling)

P-STAT5 (Tyr694) 

anti-rabbit IgG 
( Calbiochem)

Primary antibody 1:1000 in 5% 
BSA and secondary antibody 
1:2000 in 1% milk

90KDa 8%

STAT5a (L-20) 
anti-rabbit IgG

Primary antibody 1:500 in 
milk

5% 92KDa 8%

STAT5b (G-2) 
anti-mouse IgG

Primary antibody 1:500 in 
milk

5% 94KDa 8%

Survivin 
anti-rabbit IgG

Secondary antibody 1:2000 in 
milk

5% 16KDa 15%
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2,5.2 Immunoprecipitation o f STATproteins

Cells were washed with ice-cold PBS and lysed in NP-40 buffer with protease inhibitors on 

ice. The extract was then transferred to prechilled eppendorf tubes and centrifuged at 2000xg 

for lOmins at 4°C. The supernatant was incubated for 1-2 hours at 4°C with indicated amount 

of primary antibody and then protein G sepharose added overnight at 4°C. After 

centrifugation at 300xg for 1 minute, supernatant was removed and the pellet was washed 

three times in NP-40 buffer. Samples were then resuspended in protein loading buffer, boiled 

for 5 minutes before loading on to a polyacrylamide gel and processed as for standard western 

blotting.

2.6 Assessment o f  cell proliferation and cell death

2.6.1 Cell cycle analysis

Flow cytometry of propidium iodide (PI) stained cells is able to identify the percentage of 

cells in different phases of cell cycle. In principle, PI intercalates with DNA, and the 

fluorescent staining of cells is therefore directly proportional to the total amount of DNA 

present, which will double during S phase.

Cells were seeded at concentrations between 2xl04 and 8xl04cells per well in 6-well plates 

depending upon the duration of treatment, left to adhere overnight and then treated with 

appropriate concentrations of DIM up to 96 hours. Adherent cells were trypsinised and 

washed in PBS, then resuspended in 200/il PBS. Cells were fixed by the addition of 2ml ice 

cold 70% ethanol, then vortexed vigorously and incubated at 4°C for a minimum of 2 hours. 

This step permeabilises the membrane to allow staining by PI in the next step. The fixed cells 

were pelleted by centrifugation at 600xg for 10 minutes and resuspended in 800/d PBS, 

whereupon RNase and PI were added to give a final concentration of 0.1 mg/ml and 5/ig/ml 

respectively. The cells were incubated at 4°C overnight before analysis of DNA content. 

This was carried out using the Becton Dickinson FACscan apparatus and Cell Quest software, 

with subsequent data analysis performed using Modfit LT software.
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2.6.2 Annexin V staining for apoptosis

(Based on the method described by Vermes et al., 1995)

Labelling with PI and a fluorescein isothiocyanate (FITC) labelled annexin V staining allows 

the determination of live, apoptotic and necrotic populations of cells. When cells undergo 

apoptosis, the perturbation of membranes results in phosphatidylserine (PS) of the inner 

leaflet becoming exposed on the outer leaflet of cells.

Annexin V has a high affinity for PS which allows apoptotic and necrotic cells to be 

distinguished from live cells. Live cells that have not been committed to the apoptotic 

process take up neither annexin V nor PI. Necrotic cells are distinguished from apoptotic 

cells via PI uptake into the nucleus.

Cells were plated at 4xl04 cells per well in 6-well plates, and treated with the appropriate 

concentrations of I3C or DIM. Floating cells in medium were reserved, whilst adherent cells 

were washed in PBS, trypsinised, then combined with the floating cells. After centrifugation 

for 5 minutes at 350xg at 4°C, cells were resuspended in 10ml fresh medium containing 10% 

FCS and incubated at 37°C for 30 minutes. Cell suspensions were pelleted at 200xg for 5 

minutes and resuspended in 1ml of annexin buffer and 1/xl o f annexin V FITC conjugate, then 

incubated at room temperature for 8 minutes. After the addition of PI to a final concentration 

of 1.5/xg/ml and 1 minute incubation at room temperature, the cells were placed on ice and the 

apoptotic status of the cells determined on a FACscan, using the Cell Quest software.

2.6.3 Hoechst 33258 staining for apoptosis

Hoechst stain is used to fluorescently label DNA for microscopy. It is also commonly used to 

visualise nuclei and mitochondria. The dye is excited by ultraviolet light and emits blue/cyan 

fluorescent light.

Cells were seeded at 4xl04 cells per well in 6-well plates, and treated with the appropriate 

concentrations of DIM for 48hours. After the addition of 5/zl Hoechst 33258 solution 

(50/ig/ml) and 40 minutes incubation at 37°C, the apoptotic status of the cells was analysed 

by viewing the morphology of the stained nuclei under a fluorescence microscope.
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2.6.4 Caspase3/7 assay

Cells were seeded at l-2xl04 per well on 96-well plates and allowed to adhere overnight 

before treatment with DIM for 16, 24 and 48hours. Samples consisted of a blank control (cell 

culture medium without cells, which was used as a measure of background fluorescence 

associated with the culture system), DMSO control (DMSO treated cells, used to determine 

the basal caspase activity of the cell culture system, because DIM was solubilised in DMSO), 

in the presence of 10, 50 and 80/dVl DIM. The cells were maintained in medium with 

appropriate treatment and at the end of the incubation period 100/xl of Apo-ONE Caspase 3/7 

reagent (with substrate diluted 1:100 in buffer provided in this kit) was added per well. 

Contents of wells were gently mixed using a plate shaker at 300-500rpm for lhour at room 

temperature. The fluorescence of each well was measured at an excitation wavelength of 

485nm and an emission wavelength of 535nm.

In brief, the principle of this assay is as follows (based on technical bulletin of Apo-ONE™ 

Homogeneous Caspase-3/7 assay kit provided by Promega). The Apo-ONE® Homogeneous 

Caspase-3/7 Buffer can permeabilise cultured mammalian cells rapidly and efficiently, and 

the caspase-3/7 substrate Z-DEVD-R110 (rhodamine 110, bis-N-CBZL-aspartyl-L-glutamyl- 

L-valyl-L-aspartic acid amide), exists as a profluorescent substrate prior to the assay. When 

the buffer and substrate are mixed and added to the sample, the DEVD peptide is cleaved by 

cellular caspase-3/7 activity, then the rhodamine 110 leaving group becomes intensely 

fluorescent {figure 2.1).

NH-DVED-ZZ-DEVD-NH

Caspase-3/7
OH

Non-fluorescent

Figure 2.1 Cleavage o f the non-fluorescent caspase substrate Z-DEVD-R110 by caspase- 
3/7 to create the fluorescent rhodamine 110 (Taken from www.Promega.com, instructions 
for use of Apo-ONE™ Homogeneous Caspase-3/7 Assay kit).
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2.7 Assessment o f  cell motility

2.7.1 Adhesion assay

The extracellular matrix components, fibronectin and collagen I were used as substrates for 

this assay. Working solutions of fibronectin were prepared in 0.1M NaHC(>3 to final 

concentrations of 10/xg/ml and 50/xg/ml, respectively, whilst collagen I was diluted in 0.02N 

acetic acid to a final concentration of 50/tg/ml.
I

96 well-plates were coated with 80/xl of substrates solutions for 1 hour at 37°C or overnight at 

4°C followed by washing three times with PBS and blocking with 200/xl of 0.1% BSA in 

serum-free medium for 1 hour at 37°C. Cells were washed twice, collected with versene 

(0.48mM EDTA) and resuspended with 0.1% BSA in serum-free medium. The cells were 

then seeded at density of 3xl04 cells per well for indicated times prior to the assay. Cells 

were subsequently washed three times in serum-free medium and fixed and stained in crystal 

violet dye for 5 minutes. Then wells were washed thoroughly with serum-free medium three 

times, and the dye was extracted from stained cells in solubilisation buffer for 15 minutes at 

room temperature with shaking. The absorbance at 550nm was determined using a Tecan 

GENios microplate reader and Magellan software.

2.7.2 Treatment o f  cells for adhesion assay 

Three different approaches were used.

1) Cells were allowed to attach to indicated substrate-coated surfaces in the presence of rat 

anti-human integrin-jSl antibody mAbl3 (10/zg/ml) or anti-rat IgG (10/xg/ml) for 1 hour at 

37°C.

2) Rat anti-human fibronectin antibody 16G3 (20/ig/ml) with or without DIM (10 and SOfiM) 

was incubated with indicated substrates-coated surfaces for 1 hour at 37°C (the same amount 

of anti-rat IgG and DMSO were used as vehicles), then washed off before cells were seeded.

3) Either cells were plated in the presence of DIM (1, 10 and 50/zM), or cells were treated 

with DIM (10 and SOfiM) for 16 hours, and then allowed to attach to indicated substrates- 

coated surfaces for indicated times at 37°C.

2.7.3 Transwell migration assay

Transwell inserts were placed into a 12-well plate. The lower and upper chambers were 

supplemented with 2ml and 500/xl DMEM medium with 10% FCS, respectively. After 

incubation at 37°C overnight, indicated cells were seeded at a density of 6xl04 per well. The
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migration assay was run for 24 hours at 37°C, the inserts were removed, and the cells were 

stained with Hema Gurr rapid staining set, and the non-migrating cells were wiped out with a 

cotton swab. The number of migrating cells was counted in ten randomly chosen fields using 

a microscope with a x40 lens.

2,8 Immunohistochemistry

2.8.1 Ethical approval

This study involved samples from a human bladder tumour collection selected for 

immmunohistochemical staining which was approved by the local Research Ethics 

Committee (REC). For superficial tumours, the REC number is 06/Q2501/22 and University 

Hospitals o f Leicester (UHL) R&D number is 09999 from 2006, and for muscle-invasive 

tumours, the REC number is 6433 and UHL R&D number is 7330, amendment No.l from 21 

September 2004.

2.8.2 Tissue preparation and staining

Archival blocks of human superficial and muscle invasive tumour tissues used in this study 

were collected from UHL. Tumour tissues were placed in formalin and processed into 

paraffin blocks by UHL.

Subsequently, all processing of embedded tissues was performed by Mrs Jenny Edwards, 

MRC Toxicology Unit, Leicester, UK. The sections (5pm) were cut onto SuperFrost® plus 

microscope slides which electrostatically attract tissue section binding, through placing a 

permanent positive charge on standard microscope slides. The first section from each block 

was stained with haematoxylin and eosin in order to examine the tumour status. Subsequent 

sections were cut on to numbered slides so that serial sections from each block could be 

examined in order.

Sections of paraffin-embedded normal and bladder tumour specimens were deparaffinised in 

two changes of xylene for two minutes each and rehydrated through two washed of 100% 

ethanol and one wash of 95% ethanol for two minutes each. After washing in distilled water 

for 5 minutes, slides were submerged into heated Tris-EDTA buffer (pH9.0) or citric acid 

buffer (pH6.0) and microwaved for 10 minutes at full power, followed by 20 minutes at half 

power in a 900W microwave. Slides were left to cool in buffer for 20 minutes and rinsed in 

PBS, before being incubated with the peroxidase blocking solution for 10 minutes in a
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humidified chamber. After rinsing and washing in PBS for 5 minutes, slides were incubated 

for 40 minutes at room temperature with the indicated primary antibody diluted in 0.05M 

Tris-HCl buffer, to which 1% BSA was added before use. The concentration for each 

antibody was as follows:

Table 2.3 Antibodies: dilution for use

Antibody Dilution

p-STATl (Tyr701), anti-rabbit 1: 100

ST ATI, anti-mouse 1: 100

p-STAT3 (Tyr705), anti-rabbit 1: 100

STAT3 (F-2), anti-rabbit 1:50

p-STAT5 (Tyr694), anti-rabbit 1:50

STAT5a (L-20), anti-rabbit 1: 100

STAT5b (G-2), anti-mouse 1: 100

A negative control was also included, which was incubated in blocking solution without any 

primary antibody.

Slides were then washed in PBS and incubated with peroxidase-conjugated anti-mouse or 

anti-rabbit IgG for 30 minutes at room temperature. Following 5 minutes wash in PBS, the 

substrate-chromogen was added for 10 miutes at room temperature. After washing in distilled 

water, the slides were rinsed in tap-water, counterstained with haematoxylin for 5 seconds and 

rinsed again in tap water. The slides were put back through distilled water, graded alcohol 

solutions, and xylene. Once air dried, the slides were mounted with DPX mountant, and 

analysed using Axio Vision 4.5 imaging system.
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2.9 Im m unocytoch em istry

Cells were plated at lxlO5 per well on a 6mm, Teflon 10-well microscope slide, or seeded on 

cover slips placed in a 6-well plate and allowed to adhere overnight at 37°C. Cells were 

treated with appropriate agent for the appropriate amount of time. After treatment, medium 

was removed and cells were washed twice in PBS and fixed in 4% paraformaldehyde for 20 

minutes at room temperature. Cells were washed in PBS before being permeabilised with 

0.5% Triton XI00 for 10 minutes. This was followed by three washes in PBS for 5 minutes 

each. Cells were then blocked with 3% BSA and incubated in a dark, humid chamber for 60 

minutes. Primary antibody diluted in 3% BSA was added in an appropriate concentration and 

the slides were incubated in a dark, humid chamber for 60 minutes.

Table 2.4 Antibodies/binding protein: dilution for use

Antibody/binding protein Dilution

Actin (phalloidin) 1:200

E-cadherin, anti-mouse 1:400

N-cadherin, anti-mouse 1:100

P-cadherin, anti-mouse 1:100

/?- catenin, anti-mouse 1:400

STAT1, anti-mouse 1:150

p-STAT3 (Tyr705), anti-rabbit 1:100

STAT3, anti-rabbit 1:150

STAT5a, anti-rabbit 1:150

STAT5b, anti-mouse 1:150

pSTAT5 (Tyr694), anti-rabbit 1:100

a- tubulin, anti-mouse 1:2000

After three washes in PBS for 5 minutes each, cells were incubated with secondary antibodies 

conjugated with Alexa Fluor 488/594 dye diluted 1:1000 in medium with 10% FCS for 60
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minutes in a dark, humid chamber. Three more 10 minute washes in PBS followed, before 

slides were incubated with DAPI (4’, 6-diamidino-2-phenyl-indole, dihydrochloride) diluted 

1:20000 in PBS for nuclear staining. Each slide/cover slip was mounted by Fluoromount G 

and analysed using a fluorescence microscope.

2.10 Preparation and transfection o f plasmid DNA and siRNAs

2.10.1 Plasmids and siRNAs

pjSgal-control is a vector which expresses 0-galactosidase reporter gene in mammalian cells 

and can be used to normalise transfection efficiencies. pSG5 is an empty vector used as a 

negative control in transfection experiments.

pGRR5-Luc reporter is a modified version of pGRR5-CAT (Beadling et al., 1996) where 

CAT was replaced by the firefly luciferase gene. An oligonucleotide comprising a consensus 

TTCNNNGAA motif was initially identified as a 7-interferon-activated sequence (GAS) 

present upstream of interferon-inducible genes. A pentamer of the IFN-7 response region 

(GRR) 20mer oligonucleotide (GTATTTCCCAGAAAAGGAAC) upstream of a thymidine 

kinase minimal promoter was introduced in pBLCAT2 (Luckow and Schutz, 1987).

Stat3-C flagged pRc/CMV construct activates STAT transcription constitutively. Murine 

Stat3 was cloned into pRcCMV-Neo tagged the 3’ end with a FLAG epitope (Wen et al., 

1995; Bromberg 1998). The Stat3-C construct was made by site-directed mutagenesis of 

wild-type Stat3 using primer pairs 5 ’ -GCT AT AAG AT CAT GGATTGT ACCTGC ATCCT G 

GTGTCTCC. Within the C-terminal loop in the SH2 domain of the Stat3 molecule, 

substituting cysteine residues for A662 and N664 allows for dimerisation to form without a 

phosphate on Y705 (Bromberg et al., 1999). Maps of all plasmids described in this section 

are shown in figure 2.2.

Scrambled siRNA and specific siRNAs to STAT (1/3/5) were diluted to 100/xM in nuclease- 

free dcfflhO, and 2pi of indicated siRNA was used for each transfection experiment.
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Figure 2.2 Plasmid maps. It shows the maps o f p(3gal vector, pSG5 empty vector, pRc/CMV 
Stat3-C flag construct and pBL GRR5-CAT2 reporter.

2.10.2 Transformation o f competent bacteria
(Based on methods described in Molecular Cloning, Edition 3 Sambrook and Russell, 2001)

A 10/d aliquot of One Shot® Top 10 competent cells was thawed on ice, 0.5/ig of plasmid 

DNA was added, gently mixed by tapping and incubated on ice for 30 minutes. The cells 

were then heat-shocked for 30 seconds in a 42°C water bath and then placed on ice. Pre

warmed SOC medium (50/d) was added, and the bacteria were incubated at 225 rpm for 1 

hour at 37 °C and plated on an ampicillin LB agar plate and further incubated at 37 °C 

overnight.

Agar plates for bacterial cell transformation were prepared by the addition of 50jitg/ml 

ampicillin to liquid L-agar, and approximately 10ml applied to sterile petri dishes. Once set, 

the dishes were inverted and allowed to dry at room temperature for 1 hour.
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All constructs used for transient transfection contained an ampicillin resistance gene, 

conferring survival upon transformed cells when cultured in the presence o f ampicillin. 

Bacterial cells that contained recombined plasmids were easily identified via the formation of 

white colonies.

2.10,3 Preparation o f plasmid DNA

From each transformation, one single colony was picked and added to 200ml o f LB medium 

containing 50/xg/ml ampicillin in a 2L flask under sterile conditions. The flask was then 

shaken at 225 rpm at 37 °C overnight. Purification of plasmid DNA was undertaken using the 

QIAGEN QIAfilter Plasmid Maxi Kit.

In brief, bacterial cells were pelleted at 6000xg for 20 minutes at 4°C and resuspended in 

10ml resuspension buffer (PI). Ten ml lysis buffer (P2) was then added, the suspension 

mixed thoroughly by vigorously inverting 4-6 times and incubated at room temperature for 5 

minutes. Ten ml of chilled neutralisation buffer (P3) was added, the suspension mixed 

immediately and thoroughly, poured into the barrel of a QIAfilter Maxi Cartridge to remove 

chromosomal DNA, salt, detergent and protein complexes and incubated at room temperature 

for 10 minutes. A QIAGEN-tip was equilibrated with QBT buffer, and then the clear lysate 

produced in the cartridge was applied to the tip and allowed to enter the resin by gravity flow. 

The tip was washed twice with wash buffer (QC buffer), the DNA eluted with 15ml high salt 

buffer (QF buffer) and precipitated with 10.5ml isopropanol at room temperature. The 

precipitated DNA was centrifuged at 15000xg for 30 minutes at 4°C and the supernatant was 

carefully decanted. Pelleted DNA was washed with 5ml 70% ethanol and centrifuged at 

15000xg for 10 minutes at 4°C and allowed to air dry before resuspension in a suitable 

volume of distilled water.

DNA concentration was measured by both UV spectrophotometry at 260/280 nm and 

quantitative analysis on an agarose gel. For pure DNA, A260/280 ratio should lie between 1.8 

and 2.0. Following quantitative analysis, I pi DNA loading buffer was added, and 0.5 pg of 

each plasmid DNA run on a 1% agarose gel (containing 0.01/d/ml of lOmg/ml ethidium 

bromide) at 80V for 45 minutes. DNA bands were then visualised and photographed using an 

Uvp bioDoc-It transilluminator and camera system.
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2.10.4 Transient transfection o f plasmid DNA and siRNAs into cells

Plasmids containing the reporter genes for luciferase and 0-galactosidase and indicated 

siRNAs were transiently transfected into cells using electroporation/ nucleofection.

2.10.4.1 Electroporation of J82 cells

Cells were seeded into a T150 flask and allowed 48 hours to reach approximately 70% 

confluence. Following 2-3 hours incubation with fresh medium containing 10% FCS at 37°C, 

cells were gently washed in PBS and harvested by lx  T/E. Cells were pelleted at 200xg for 3 

minutes and resuspended in PBS. The required amount of cells in suspension (2><106 cells for 

each sample) was mixed with indicated plasmids and siRNAs, transferred to cuvettes and 

incubated on ice for 20 minutes. Electroporation was carried out with a Bio-Rad Gene Pulser 

set at 250V, 250/iF. After the addition of 500pi pre-warmed medium, the cell suspension was 

titurated at least 20 times to mix thoroughly and was then transferred into a 6-well plate 

containing pre-warmed medium.

2.10.4.2 Nucleofection ofRT112 cells

Cells (-70% confluent) were gently washed in PBS and harvested in lx  T/E before being 

pelleted by centrifugation and resuspended in PBS. The required amount o f cells (2x 106 cells 

for each sample) was pelleted and resuspended in pre-warmed nucleofection solution. Cell 

suspensions were mixed with indicated plasmids and siRNAs, and transferred to Amaxa 

certificated cuvettes. Nucleofection was carried out with an Amaxa nucleofector device using 

the A23 programe. After the addition of 500/d pre-warmed medium, each cell suspension 

was titurated at least 20 times to mix thoroughly with plastic pipettes provided in Amaxa kits 

and transferred into a 6-well plate containing pre-warmed medium.

2.10.5 Reporter gene assays

Cells were co-transfected with both luciferase and /3-galactosidase plasmids to correct for 

differences in transfection efficiency. Transfected cells were washed twice in PBS, harvested 

by scraping and pelleted by centrifugation before the addition of 60/d lx  reporter lysis buffer.

2.10.5.1 Measurement of (3-galactosidase activity

Transfected cells from the 6-well plates were harvested as above, and lysed in 60/d lx 

reporter lysis buffer by three cycles of freezing (liquid nitrogen) and thawing (37°C water 

bath). Following 10 minutes incubation on ice, celluar debris was pelleted by centrifugation
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at lOOOOxg for 1 minute, and 20/d cell lysate mixed with 180/d assay buffer containing the 

substrate ortho-nitrophenyl-jS-galactosidase (ONPG) in a 96-well plate. In the presence of j8- 

galactosidase, ONPG is converted to galactose and ortho-nitrophenyl (ONP). ONPG is 

colourless. ONP is also colourless at neutral or acid pH, but in an alkaline solution it is bright 

yellow. The amount of yellow colour can be measured in a spectrophotometer indicating the 

amount of ONP formed in a given time. The reaction was incubated at 37°C, and the 

absorbance at 405nm was determined using a Tecan GENios microplate reader and Magellan 

software.

2.10.5.2 Measurement of luciferase activity

Six pi of the final lysate (made as above) mixed with Luc-substrate and the luciferase activity 

was measured using a SIRIUS Berthold detection system luminometer. Luciferase values 

were then corrected for transfection efficiency by normalising against jft-galactosidase values.

2.11 Statistical analysis
All statistical analysis was undertaken using SPSS 12.0.2. Data were assessed for statistical 

significance using oneway ANOVA as appropriate, followed by Scheffe’s significant 

difference post hoc test and Student’s t-test. Results were deemed significant if  a p value of 

<0.05 was reached.
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CHAPTER 3

EXPRESSION OF STATS AND CADHERINS 

IN HUMAN BLADDER TISSUES



INTRODUCTION

The STAT family, mainly STAT3, STAT5 and to a lesser extent STAT1, has been observed 

to be overactive in a variety of human tumours, such as breast (Cotarla et al., 2004), brain 

(Schaefer et al., 2002), colon (Ma et al., 2004), ovarian (Chen et al., 2004) and prostate (Ni et 

al., 2002). However, the status of STATs in human bladder tumours is not known.

The classic cadherins, including E-, N- and P-cadherin, represent a family of transmembrane 

glycoproteins involved in calcium-dependent cell-cell adhesion, cell motility and invasion. 

Bringuier et al., first reported in 1993 that decreased E-cadherin in bladder tumours is 

associated with poor survival in patients. In contrast to E-cadherin, aberrant expression of 

N-cadherin is correlated with the invasive phenotype of bladder cancer cell lines (Giroldi et 

al., 1999) and the promotion of invasive potential in bladder tumours (Lascombe et al., 2006). 

P-cadherin has been reported to be localised to the basal cell compartment of normal bladder 

mucosa (Shimoyama et al., 1989), but, any potential role in bladder tumorigenesis has not 

been investigated.

Bladder tumours consist of two main groups, superficial (Ta, T l) and muscle-invasive 

(T2-T4). Additionally, superficial tumours can be further divided into low- (G l) or 

high-risk (G2, G3, CIS). Histologically, superficial tumours are better differentiated than 

more invasive tumours.

The aim of work described in this chapter is to determine STATs expression in human 

bladder tumours, including high grade superficial and muscle invasive lesions, and any 

possible association with tumour progression, grade and stage. In six human bladder cell 

lines which have been examined (discussed in chapter 4), three epithelial lines are 

E-cadherin+ve which only express pSTAT5, whereas three mesenchymal cell lines are 

E-cadherin*ve and have phosphorylated STAT3. So, three cadherins (E, N and P) have been 

investigated in a series of superficial and muscle invasive tumours, in order to find out
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whether the STAT expression profile is linked to cadherins, providing a further insight of the 

possible role o f STAT as potential prognosis marker.

71



RESULTS

3.1 Human bladder specimens

A total of 29 paraffin embedded transitional cell carcinoma samples, containing 9 superficial 

and 20 muscle invasive bladder tumours, representing different grades and stages, were 

obtained from an archival tissue bank (UHL, UK). Sections of human normal bladder 

epithelial tissue were provided by Mr Richard Edwards, MRC Toxicology Unit, Leicester, 

LEI 9HN, UK.

Tumours were evaluated in the Pathology Department, Leicester General Hospital, UHL, UK, 

staging according to the 2002 tumour-node-metastasis staging system and grading according 

to the 1973 WHO classification. Grades and stages of all human bladder tumour tissues 

used in this study are shown in table 3.1. Grades and stages for three muscle invasive blocks 

18,19 and 20 are lacking.

Only representative stainings are included in this chapter. There are more staining for 

STATs and cadherins in both superficial and muscle-invasive bladder tumours shown in 

appendices.

3.2 Determination o f STATs status in normal bladder epithelium

In order to determine the pattern of STATs expression within the bladder, several sections of 

human normal bladder epithelium were investigated using immunohistochemistry. As 

shown in the representative sections in figure 3.1, staining for STAT1, STAT3 and STAT5 

was observed in normal epithelium. However, expression of phosphorylated proteins was 

essentially absent.
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Table 3,1 Grade and stage o f  human bladder tumour tissues (n—26)

Block number Grade Pathological stages

1 G3 pTl

2 G3 pTl

3 G3 pTl

4 G3 pTl

Superficial 5 G3 pTl

6 G3 pTl

7 G3 pTl

8 G3 pTl

9 G3 pTl

1 G2 pT2*

2 G2 pT2

3 G2 pT2

4 G3 pT2

5 G3 pT2

6 G3 pT2

7 G3 pT2

8 G3 pT2
Muscle

9 G3 pT2
invasive

10 G3 pT2

11 G3 pT2

12 G3 pT2

13 G3 pT2

14 G3 pT2

15 G3 pT2

16 G3 pT2

17 G3 pT3

* Muscle-invasive tumours are reported at least T2 by pathologists



Figure 3.1 Expression o f STAT (1, 5, 5) in normal bladder epithelium. One set of
semi-serial tissue sections was prepared to stain for different members o f STAT family. A. 
Negative control, B. STAT1, C. pSTATl, D. STAT3, E. pSTAT3, F. STAT5b, G. pSTAT5. 
(photographed by x20 lens)
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3.3 Determination of STATs status in superficial bladder tumours
The expression profile of STAT3 and pSTAT3 in superficial bladder tumours is shown in 

table 3.2. Widespread staining of STAT3 in cytoplasm was observed in all nine samples 

used in this study, with nuclear staining being observed in four tumours. Some cytoplasmic 

staining of pSTAT3 was seen in 33% of tumours, however no nuclear staining was observed 

in any of the tumours. Representative staining of STAT3 and pSTAT3 in superficial bladder 

tumours is shown in figure 3.2.

Table 3.2 Pattern of staining in superficial tumours for STAT3 and pSTAT3

Block number STAT3 pSTAT3
Cytoplasm Nuclear Cytoplasm Nuclear

1 ++ - -

2 ++ ++ -

3 ++ - -

4 T,+ o ,+ -

5 ++ - -

6 ++ - -

7 T, + 0 ,++ o, +

8 ++ ++ o , +

9 ++ - o, +

no staining detected; +, weak staining; ++, strong staining; O, occasional staining; 
T, staining throughout tissue
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Figure 3.2 Expression of STAT3 andpSTAT3 in superficial bladder tumours. (A) Weak 
cytoplasmic staining o f STAT3 (Block 7); (B) Widespread STAT3 staining in cytoplasm and 
nuclei (Block 8); (C) Absence o f pSTAT3 (Block 4); (D) Weak cytoplasmic staining o f pSTAT3 
with very few nuclear staing (see arrows) (Block 7) (photographed by x20 lens). a, b, c 
and d (photographed by x40 lens) represent enlarged areas from A, B, C and D, respectively.
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The staining pattern of STAT5 (a & b) and pSTAT5 in superficial bladder tumours is shown 

in table 3.3. Widespread cytoplasmic staining of STAT5b was seen in 4 of the 9 samples, 

with occasional staining in another two tumours. Universally strong nuclear staining for 

STAT5b was observed in 89% (8/9) of tumours. In contrast to STAT5b, no STAT5a or 

pSTAT5 was detectable in any of the tumours. (Positive staining in muscle invasive 

tumours provides evidence showing the specificity of these two antibodies). Examples of 

STAT5b staining are shown in figure 3.3, and negative staining of STAT5a and pSTAT5 is 

depicted in figure 3.4.

Table 3.3 Pattern of staining in superficial tumours for STAT5 and pSTATS

Block STAT5b STAT5a pSTAT5
number Cytoplasm Nuclear Cytoplasm Nuclear Cytoplasm Nuclear

1 ++ ++ - -

2 ++ ++ - -

3 + ++
- -

4

5

6 o ,+

++

++

T, ++

- -

7 T ,++ T, ++ - -

8 - - - -

9 o , + T ,++ - -

no staining detected; +, weak staining; ++, strong staining; O, occasional staining; T, 
staining throughout tissue

The pattern of STAT1 and pSTATl staining observed in superficial bladder tumours is shown 

in table 3.4, with representative staining depicted in figure 3.5.
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Figure 3.3 Expression of STAT5b in superficial bladder tumours. (A) Absence throughout 
the lesion (Block 8); (B) Widespread staining in cytoplasm and nuclei (Block 7); (C) 
Widespread nuclear staining (Block 9); (D) Scattered tumour cells with nuclear staining 
(Block 3) (photographed by x20 lens), a, b, c and d (photographed by x40 lens) represent 
enlarged areas from A, B, C and D, respectively.
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Figure 3.4 Expression of STAT5a and pSTAT5 in superficial bladder tumours. (A)
Absence o f STAT5a (Block 3); (B) Absence o f pSTAT5 (Block 5) (photographed by x20 lens), 
a and b (photographed by x40 lens) represent enlarged areas from A and B, respectively.

Table 3.4 Pattern of staining in superficial tumours for STAT1 and pSTATl

Block number - ST ATI pSTATl
Cytoplasm Nuclear Cytoplasm Nuclear

1 -
-

2 0 , ++
-

3 0 ,+ -

4 +
-

5 - -

6 ++ -

7 -
-

8 - -

9 +
-

no staining detected; +, weak staining; ++, strong staining; O, occasional staining
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Cytoplasmic staining of STAT1 was present in 55% of tumours, varying from only a few cells 

being stained, to cases with strong staining of most of the tumour cells. However, no 

STAT1 nuclear staining was observed and no pSTATl staining in either cytoplasm or nuclei 

was detectable in any of the tumours (positive staining in muscle invasive tumours provides 

evidence for the specificity of these two antibodies).
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Figure 3.5 Expression of ST ATI and pSTATl in superficial bladder tumours. (A)
Absence o f STAT1 throughout the superficial bladder lesion (Block 7); (B) Widespread 
staining o f ST ATI in cytoplasm (Block 6); (C) Absence o f pSTATl throughout the lesion 
(Block 6) (photographed by *20 lens), a, b and c (photographed by x40 lens) represent 
enlarged areas from A, B and C, respectively.
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3.4 Determination o f STATs status in muscle invasive bladder tumours

Immunohistochemistry was performed on 20 human muscle invasive bladder tumours to 

identify the expression profile of STAT family members, and staining of nine blocks (*) was 

done by Dr MK Cheng. The staining pattern of STAT3 and pSTAT3 is shown in table 3.5.

Table 3.5 Pattern of staining in muscle invasive tumours for STAT3 and pSTAT3

Block
number

STAT3 pSTAT3
Cytoplasm Nuclear Cytoplasm/Membrane Nuclear

1* ++ - - -

2* T, ++ - - +++

3 T, +++ ++ - +++

4* T, ++ T, +++ - -

5 ++ - C, M, ++ -

6 ++ - c , ++ +++

7 T, +++ T, +++ - -

8* T, ++ T, ++ - -

9 - - - ++

10* ++ ++ - ++

11* T, ++ O, +++ - T, ++

12* ++ +++ - -

13* T, +++ ++ c , ++ ++

14 +++ - - o , ++

15 T, +++ ++ C, T, +++ T, +++

16 T, +++ - - ++

17 ++ - C, M, ++ ++

18* T, ++ T, ++ - -

19 T,++ T, +++ - ++

20 T, ++ O, ++ c , ++ ++

no staining detected; ++. strong staining; +++, very strong staining; C, cytoplasmic 
staining; M, membranous staining; O, occasional staining; T, staining throughout tissue
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Nineteen out of 20 samples showed widespread and strong cytoplasmic staining of STAT3, 

and nuclear staining was seen in 60% of cases. Examples of negative, cytoplasmic and 

nuclear staining are shown in figure 3.6.
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Figure 3.6 Expression of STAT3 in muscle invasive bladder tumours. (A) Absence of 
STAT3 (Block 14); (B) Widespread cytoplasmic staining throughout the lesion, with some 
positive nuclei (see arrows) (Block 15); (C) Scattered nuclear staining and focal cytoplasmic 
staining (Block 20) (photographed by x20 lens), a, b and c (photographed by x40 lens) 
represent enlarged areas from A, B and C, respectively.
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Some positive staining was seen in the cytoplasm in a third of muscle invasive samples, 

among which two tumours also showed membranous staining of pSTAT3. Nuclear staining 

of pSTAT3 was present in 65% of tumours, varying from small patches of stained cells, to 

samples with widespread and marked nuclear staining of most of the tumour cells, as shown 

in figure 3.7.
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Figure 3.7 Expression of pSTAT3 in muscle invasive bladder tumours. (A) Absence of 
pSTAT3 throughout the lesion (Block 3); (B) Membranous pSTAT3 localised in some focal 
areas (see arrows) and strong cytoplasmic staining (Block 5) (photographed by x20 lens), a 
and b (photographed by *40 lens) represent enlarged areas from A and B, respectively.
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Figure 3.7(continued) Expression o f pSTAT3 in muscle invasive bladder tumours. (C)
Widespread staining o f cytoplasm and nuclei (Block 20); (D) Widespread nuclear staining 
throughout the lesion (Block 11); (E) Nuclear staining in patches (Block 14) (photographed 
by x20 lens), c, d and e (photographed by x40 lens) represent enlarged areas from C, D 
and E, respectively.
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The pattern of STAT5 and pSTAT5 staining observed in muscle invasive tumours is shown in 

table 3.6.

Table 3.6 Pattern o f staining in muscle invasive tumours for STATS and pSTAT5

Block
number

STAT5b STAT5a pSTAT5

Cytoplasm Nuclear Cytoplasm Nuclear Cytoplasm
/Membrane Nuclear

1* X X X X - -

2* T, ++ +++ T, ++ +++ M, + -

3 +++ +++ - T, +++ M, + -

4* +++ T, ++ ++ T, +++ M ,+ o , ++

5 T, ++ T ,++ X X c ,  ++ -

6 +++ -HH- X X - -

7 X X X X - -

8* ++ T, +++ T, ++ ++ - ++

9 ++ +++ X X - -

10* T ,++ T,+++ - T, ++ M, ++ -

11* T, +++ T, +++ T ,++ T,+++ M, 0 ,+ o, ++

12* T ,++ ++ T ,+++ T, +++ M, 0, ++ -

13* + ++ + T, ++ M, ++ O, ++

14 ++ ++ X X - -

15 T, ++ T, +++ X X M, ++ -

16 ++ ++ X X - -

17 + + + + X X - -

18* T, + T,++ T ,+ + T, +++ - -

19 X X X X - -

20 T, + + + + X X C, + o, ++

no staining detected; x, no available data; +, weak staining; ++. strong staining; +++, 
very strong staining; C, cytoplasmic staining; M, membranous staining; O, occasional 
staining; T, staining throughout tissue
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Of the seventeen samples stained for STAT5b, all were positive in both the cytoplasm and 

nucleus, with staining widespread and strong in most cases. Cytoplasmic staining of 

STAT5a was detected in 7 of the 9 (78%) tumours, with nuclear staining being observed in all 

cases. Examples of STAT5 (a & b) staining are shown in figure 3.8.
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Figure 3,8 Expression o f STAT5 in muscle invasive bladder tumours. (A) Widespread 
nuclear staining o f STAT5a (Block 3); (B) Widespread staining for STAT5b in cytoplasm and 
nuclei throughout the lesion (Block 5); (C) Occasional membranous staining o f STAT5b in 
focal areas (see arrows) (Block 14) (photographed by x20 lens), a, b and c (photographed 
by x 40 lens) represent enlarged areas from A, B and C, respectively.
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Cytoplasmic staining of pSTAT5 was only observed in 2 of the 20 (10%) samples, but 40% of 

tumours showed membranous staining which varied from occasional staining in patches of 

cells to widespread staining in most tumour cells (figure 3.9). Some positive nuclear 

staining was observed in 20% (5/20) of samples, but with only a few positive small patches in 

most cases. Of the five samples with nuclear pSTAT5 three were positive and 2 was 

negative for pSTAT3 nuclear staining.
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Figure 3.9 Expression o f pSTATS in muscle invasive bladder tumours. (A) Absence of 
pSTAT5 throughout the lesion (Block 17); (B) Widespread membranous staining (Block 10);
(C) Weak cytoplasmic and some nuclear staining (Block 3) (photographed by x20 lens). a, 
b and c (photographed by *40 lens) represent enlarged areas from A, B and C, respectively.
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The expression of STAT1 and pSTATl in muscle invasive tumours is shown in table 3.7. 

Fourteen of the 15 tumours (93%) stained positively for STAT1 in cytoplasm, and nuclear 

staining was frequently observed, being present in 53% of specimens. Examples of STAT1 

staining are shown in figure 3.10

Table 3.7 Pattern o f staining in muscle invasive tumours for STAT1 and pSTATl

Block number
STAT1 pSTATl

Cytoplasm Nuclear Cytoplasm Nuclear

1* - - - -

2* + + + + - ++

3 0 ,+++ 0 , ++ - 0 ,  ++

4* + + o ,  + + - o ,  + +

5 X X X X

6 X X X X

7 + - - -

8* + + + + - T, + +

9 T,++ + + + o ,  + -

10* + ++ - -

11* 0 ,+++ o ,  ++ + o , + +

12* ++ - - o ,  ++

13* +/++ ++ - 0 , ++

14 T, +++ - - ++

15 X X X X

16 T, +++ - - + + +

17 X X X X

18* + + - - -

19 + + + - - -

20 X X X X

no staining detected; x, no available data; +, weak staining; ++, strong staining;
+++, very strong staining; O, occasional staining; T, staining throughout tissue
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Figure 3.10 Expression o f STAT1 in muscle invasive bladder tumours. (A) Absence o f 
staining for STAT1 (Block 3); (B) Widespread cytoplasmic and nuclear staining in the same 
lesion (Block 3) (photographed by x20 lens), a and b (photographed by x40 lens represent 
enlarged areas from A and B, respectively.

Nuclear staining of pSTATl was present in 9 of 15 (60%) tumour samples, varying from 

scattered patches of positive nuclei to widespread strong nuclear staining in large areas. In 

contrast to the frequent location in nuclei, only 13% (2 of 15) of tumours showed cytoplasmic 

staining, which was very faint and present in a few focal areas. Representative staining of 

pSTATl is shown in figure 3.11.
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Figure 3.11 Expression of pSTATl in muscle invasive bladder tumours. (A) Absence of 
pSTATl (Block 12); (B) Widespread nuclear staining (Block 3) (photographed by x20 lens), 
a and b (photographed by x 40 lens) represent enlarged areas from A and B, respectively.

3.5 Relationship between STAT expression and stage of bladder tumours

In superficial bladder tumours, cytoplasmic staining of STAT3 was observed in all nine 

samples, some of which also showed nuclear staining (table 3.2). STAT5b was frequently 

detected in both cytoplasm and nucleus, but no staining of STAT5a was detectable (table 3.3). 

The STAT1 staining observed in half the specimens was entirely cytoplasmic, with no nuclear 

staining observed in any of the tumours (table 3.4). Interestingly, pSTAT3 was the only 

phosphorylated STAT observed in superficial tumours (33%), but was confined to the 

cytoplasm {table 3.2).
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In muscle invasive bladder tumours, staining of STAT3 (60%), STAT5a (78%), STAT5b 

(100%) and STAT1 (53%) occurred in both the cytoplasm and nucleus. In contrast to the 

absence of nuclear stain in superficial tumours, this was observed for pSTATl, pSTAT3 and 

pSTAT5 in 60%, 65% and 25% of muscle invasive tumour samples, respectively. 

Cytoplasmic stain for pSTATl and pSTAT5 was absent in superficial tumours but 

significantly increased in muscle invasive tumours. As shown in table 3.8, in spite of the 

limited amount of analysed samples, percentage expression of each of the STATs in muscle 

invasive bladder tumours is higher than that in superficial tumours in most cases. That 

indicates that increased expression and activation, in particular nuclear localisation of, STATs 

may be associated with bladder tumour progression.

Table 3.8 Difference of STATs staining between superficial and 
muscle invasive bladder tumours

Stained Superficial Muscle invasive

markers Cytoplasm Nuclear Cytoplasm 

/ Membrane

Nuclear

STAT3 100% (9/9) 45% (4/9) 95% (19/20) 60% (12/20)

pSTAT3 33% (3/9) ND 30% (6/20) 65% (13/20)

STAT5b 67% (6/9) 89% (8/9) 100% (17/17) 100% (17/17)

STAT5a ND ND 78% (7/9) 100“/, (9/9)

pSTAT5 ND ND 50% (10/20) 25  ̂., (5/20)

STAT1 55% (5/9) ND 93% (14/15) 53‘ (8/15)

pSTATl ND ND 13% (2/15) 60% (9/15)

The percentage o f positive staining was calculated from tumour numbers in brackets. 
Compared with staining in superficial tumours, the increased percentages o f positive stained 
muscle invasive tumours are shown in red. ND = no detected stain.
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3.6 Determination o f cadherin status in superficial bladder tumours

A total of 9 human superficial bladder tumours were stained by Dr MK Cheng for E, N or 

P-cadherin using immunohistochemistry. Table 3.9 summarises the staining patterns in 

superficial bladder cancers. The staining observed for E-cadherin was either cytoplasmic or 

membranous in location. Positive stain in cytoplasm was seen in 6 of 9 (67%) tumour 

samples, with membranous E-cadherin being observed in all 9 samples. The membranous 

stain of E-cadherin was widespread in most cases, and examples are shown in figure 3.12.

Table 3.9 Pattern o f staining in superficial tumours for cadherins

Block
number

E-cadherin N-cadherin P-cadherin

Cytoplasm Membrane
Cytoplasm

/Membrane
Nuclear Cytoplasm Membrane

1 + +/++ - - o,++ o,+ +

2 ++ ++ - ++ - ++

3 ++ ++ M, ++ - - ++

4 ++ o,++ c,++ - o , ++ ++

5 - T, ++ M, O, ++ - - ++

6 + + - ++ + ++

7 - +/++ - + - -
8 o, ++ T, +++ - - - ++

9 - ++ - + ++ ++
no staining detected; +, weak staining; ++, strong staining; C, cytoplasmic staining; 

M, membranous staining; O, occasional staining; T, staining throughout tissue
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Figure 3.12 Expression of E-cadherin in superficial bladder tumours. (A) Widespread and 
strong membrane staining throughout the lesion (Block 8); (B) Heterogeneous staining (Block 
7) (photographed by x20 lens), a and b (photographed by x40 lens) represent enlarged 
areas from A and B, respectively.

On the other hand, only 2 tumours showed membranous N-cadherin and 1 of 9 samples was 

observed to have cytoplasmic stain. Nuclear N-cadherin was seen in just under half (4 of 9) 

of the specimens (figure 3.13). No cytoplasmic P-cadherin was detectable in 55% of cases. 

But membranous stain was present in 8 of 9 (89%) specimens. This was, however, present 

in restricted areas showing association with the border of the tumour (figure 3.14).
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Figure 3.13 Expression o f N-cadherin in superficial bladder tumours. (A) Absence o f 
N-cadherin throughout the lesion (Block 8); (B) Widespread but faint nuclear staining (Block 
7) (photographed by x20 lens). a and b (photographed by *40 lens) represent enlarged 
areas from A and B, respectively.
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Figure 3.14 Expression o f P-cadherin in superficial bladder tumours. (A) Absence of 
P-cadherin throughout the lesion (Block 7); (B) Restricted and strong membranous staining 
(Block 3) (photographed by x20 lens), a and b (photographed by x40 lens) represent 
enlarged areas from A and B, respectively.
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3.7 Determination o f cadherin status in muscle invasive bladder tumours

Nine human muscle invasive bladder tumours were stained with E, N and P-cadherins using 

immunohistochemistry again by Dr MK Cheng.

The staining pattern of each cadherin is shown in table 3.10. Similar to the staining obtained 

in superficial specimens, all nine muscle invasive tumours showed some membranous 

E-cadherin. As shown in figure 3.15, the amount of membrane staining observed varied 

from strong stain in a few tumour cells, to more widespread stain in large focal areas. 

Cytoplasmic stain of E-cadherin was present in 6 of 9 (67%) samples.

Table 3.10 Pattern of staining in muscle invasive tumours for cadherins

Block
number

E-cadherin N-cadherin P-cadherin

Cytoplasm Membrane Cytoplasm Membrane Cytoplasm Membrane

2 ++ - - o, ++ o, ++

3 ++ +/++ - - ++ ++

4 - +/++ - - ++ ++

8 ++ +/++ X X ++ ++

10 - +/++ - - - +++

11 ++ +/++ ++ - +++ +++

1 2 - + - o ,  + + + -

13 - ++ - - ++ ++

18 +/++ + X X ++ ++

-, no staining detected; x, no available data; +, weak staining; ++. strong staining; +++, 
very strong staining; O, occasional staining
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wre 3.75 Expression o f E-cadherin in muscle invasive bladder tumours. (A) WFigure 3.15 Expression o f E-cadherin in muscle invasive bladder tumours. (A) Weak 

cytoplasm staining (Block 3); (B) Restricted, strong membrane staining (Block 11); (C) More 
widespread but faint membrane staining (Block 2) (photographed by x20 lens), a, b and c 
(photographed by *40 lens) represent enlarged areas from A, B and C, respectively.
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Either cytoplasmic or membranous stain of N-cadherin was seen only in 2 tumours, with no 

nuclear stain being observed in any of the tumours. Figure 3.16 shows representative 

N-cadherin stain in muscle invasive tumours.

' • ■
*  ^  Ml • 4 W a "

Figure 3.16 Expression o f N-cadherin in muscle invasive bladder tumours. (A) Absence of 
N-cadherin throughout the lesion (Block 2); (B) Cytoplasmic staining with some nuclear 
staining (see arrows) (Block 11) (photographed by x20 lens), a and b (photographed by 
x 40 lens) represent enlarged areas from A and B, respectively.

Either cytoplasmic or membrane-localised P-cadherin was observed in 8 of 9 (89%) tumours, 

with expression at both sites in 7 samples. Staining was widespread in most cases, with 

examples shown in figure 3.17. Membranous P-cadherin staining in both superficial and 

muscle invasive tissues was strongest at the outer edge of tumour areas.
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Figure 3.17 Expression of P-cadherin in muscle invasive bladder tumours. (A)
Widespread membrane staining (Block 10); (B) Cytoplasmic staining in focal areas (Block 3) 
(photographed by *20 lens), a and b (photographed by x40 lens) represent enlarged areas 
from A and B, respectively.

3.8 Relationship between cadherin expression and stage o f bladder tumours

In superficial tumours, the percentage of E-cadherin expression in cytoplasm was 67% (6/9) 

which was similar in muscle-invasive samples (55%). Membrane E-cadherin was detected 

in all specimens, either superficial or muscle-invasive. The P-cadherin staining in 

membrane was observed in 89% of superficial samples, with cytoplasmic staining being 

observed in 45% of tumours. Similarly, membrane P-cadherin occurred in 8 of 9 (89%) 

muscle-invasive tumours. Interestingly, P-cadherin was much more frequently expressed in 

the cytoplasm of muscle-invasive specimens (89%).

Apparent nuclear staining of N-cadherin was only observed in 4 of 9 (45%) superficial 

tumours. Additionally, N-cadherin was expressed in either cytoplasm or membrane in 33% 

(3/9) of superficial specimens. However, in muscle-invasive bladder tumours, N-cadherin



was observed only in cytoplasm (1/7) or membrane (1/7), with no nuclear staining being 

observed.

As shown in table 3.11, compared with superficial tumours, an increase of P-cadherin 

expression in cytoplasm was observed in muscle-invasive bladder tumours, with the loss of 

N-cadherin in nuclei. It suggests that three cadherins may play different roles in bladder 

cancer progression.

Table 3.11 Difference in cadherin staining between superficial and 
muscle invasive bladder tumours

Biomarkers Superficial Muscle invasive

Cytoplasm Membrane Cytoplasm Membrane

E-cadherin

P-cadherin

67% (6/9) 

45% (4/9)

100% (9/9) 

89% (8/9)

55% (5/9) 

89% (8/9)

100% (9/9) 

89% (8/9)

Cytoplasm

/Membrane

Nuclear

N-cadherin 33% (3/9) 45% (4/9) 15% (1/7) 15% (1/7)

The percentage o f positive staining was calculated from tumour numbers in brackets. 
Compared with staining in superficial tumours, the increased percentages in muscle invasive 
tumours are shown in red.

3.9 Relationship between STATs and cadherins expression in bladder tumours 

Six human bladder cell lines examined in this study (discussed in Chapter 4) have shown that 

three epithelial lines which are E-cadherin+ve only express phosphorylated STAT5, while 

three mesenchymal cells which are E-cadherin‘ve have activated STAT3. In superficial 

bladder tumours, E-cadherin staining was observed in all 9 samples, however, no staining of 

pSTAT5 was detectable in any of the tumours. As shown in table 3.12, positive staining of 

both pSTAT3 and cadherins (E, N or P) were presented in 33% (3/9), 29% (2/7) and 25% (2/8) 

of superficial tumours, respectively.
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Table 3.12 Coexpression o f  phosphorylatedSTATs and cadherins 
in superficial and muscle invasive bladder tumours

Superficial

Positive marker 

pSTAT3 (3/9)

E-cadherin (9/9) 

33% (3/9)

N-cadherin (7/9) 

29% (2/7)

P-cadherin (8/9) 

25% (2/8)

Muscle invasive

Positive marker 

pSTAT3 (14/20) 

pSTAT5 (11/20)

E-cadherin (9/9) 

55% (5/9) 

89% (8/9)

N-cadherin (2/7) 

50% (1/2) 

100% (2/2)

P-cadherin (9/9) 

55% (5/9) 

89% (8/9)

"CX: ■

Figure 3.18 Expression o f E-cadherin and pSTAT (3 and 5) in superficial bladder tumours.
(A) Strong membrane staining of E-cadherin; (B) Negative staining o f pSTAT3; (C) Negative 
staining ofpSTAT5 (Same areas o f sections from Block 7 were photographed by *20 lens).
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In semi seried sections, staining was positive for E-cadherin and negative for pSTAT (3 and 5) 

in the same area of superficial block 7, suggesting no link between E-cadherin and 

phosphorylated STAT (3 and 5) {figure 3.18).

Unlike the situation with STATs, no significant alteration in percentages o f cadherin staining 

was observed in muscle invasive tumours, compared with superficial ones {table 3.11). In 

muscle invasive tumours, co-expression of pSTAT3 and cadherins was presented in half of 

tumours (E-cadherin 55% (5/9), N-cadherin 50% (1/2) and P-cadherin 55% (5/9)). pSTAT5 

staining was observed in 89% (8/9) o f E- or P-cadherin positive samples and 2 tumours 

(100%) in which N-cadherin staining was seen (table 3.12).

Figure 3.19 shows representative staining of cadherins (E and N) and pSTAT (3 and 5) in a 

muscle invasive tumour. Positive staining of E-cadherin in membrane and cytoplasm (panel 

A) was closely correlated with pSTAT3 expression (panel C) but N-cadherin and pSTAT5 

appeared much more restricted (panel B and D).

Furthermore, focal areas with either E-cadherin+ve, N-cadherin've, pSTAT3*ve or pSTAT5+ve or 

E-cadherin+ve, N-cadherin've, pSTAT3+ve and pSTAT5‘ve staining {figure 3.20) were observed 

in the same section. These data provide some indication that staining of phosphorylated 

STAT may not be so closely associated with cadherins as suggested by the results from cell 

lines.
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Figure 3.19 Expression of E and N-cadherin and pSTAT (3 and 5) in muscle invasive 
bladder tumours. (A) Strong membrane and some cytoplasmic staining o f E-cadherin; (B) 
Occasional staining o f N-cadherin in cytoplasm; (C) Widespread nuclear staining o f pSTAT3;
(D) Occasional nuclear and membrane staining o f pSTAT5 (Same areas o f sections from 
Block 11 were photographed by x20 lens).
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Figure 3.20 Expression of E and N-cadherin and pSTAT (3 and 5) in muscle invasive 
bladder tumours. (AJ&A2) Strong membrane staining o f E-cadherin; (B1&B2) Negative 
staining o f N-cadherin; (Cl) Negative staining ofpSTAT3; (C2) Nuclear staining ofpSTAT3; 
(Dl) Occasional nuclear and membrane staining o f pSTAT5; (D2) Negative staining of 
pSTAT5 (Al-Dl and A2-D2 were two representative areas o f sections from Block 13, 
photographed by *20 lens).
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DISCUSSION

To the author’s knowledge, the results presented in this chapter represent the first 

investigation o f STAT status in human bladder tumours. Although STATs have been shown 

to be overactive in a number of other human malignancies, their potential role in bladder 

cancer has not previously been reported. In this study cytoplasmic STAT3, STAT5b and 

STAT1 were observed in 100%, 67% and 55% of superficial tumours, respectively. Only 

STAT3 and STAT5b were seen to be localised to the nucleus, in 45% and 89% of superficial 

lesions. In contrast to the absence of any activated STATs in normal bladder epithelium, 

cytoplasmic stain for pSTAT3 was observed in 3 of 9 (33%) superficial bladder tumours. 

However, pSTAT5 and pSTATl were essentially absent, similar to the situation in normal 

bladder epithelium.

In muscle invasive specimens, the percentage with cytoplasmic STAT3 was similar to that in 

superficial tumours. The expression, however, was more widespread in muscle invasive 

tumours, with 13 samples (65%) having staining throughout the tissue. Also, nuclear 

staining for STAT3 was stronger and localised in larger areas in 60% of tumours. Similarly, 

cytoplasmic and nuclear staining of STAT5b and STAT1 was more intense and widespread in 

most cases. In addition, STAT5a, which was not detectable in superficial tumours, was 

frequently observed in both cytoplasm and nuclei. Overall, cytoplasmic STAT3, STAT5b 

and STAT1 were observed in over half of superficial specimens, with only STAT3 and 

STAT5b being seen localised to the nucleus. However, four STAT members (1, 3, 5a and 5b) 

were expressed in both cytoplasm and nucleus in a large proportion of muscle invasive 

tumours, suggesting that increased STAT expression may be associated with bladder tumour 

progression.

Interestingly, in muscle invasive lesions, all three phosphorylated STATs (1,3 and 5) were 

observed, which were essentially absent in normal bladder epithelium. Cytoplasmic stain for 

pSTAT3 was present in 6 of 20 (30%) samples, whereas two tumours exhibited membranous 

pSTAT3. Although there was no increase in the percentage of samples with pSTAT3
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staining in cytoplasm and membrane in muscle invasive bladder tumours, compared with 

superficial samples, the staining was much more widespread and stronger. In contrast to the 

absence of nuclear activated STAT3 in superficial tumours, this was present in 13 of 20 (65%) 

of muscle invasive tumours, suggesting that the presence o f nuclear pSTAT3 may be linked to 

bladder tumour invasion. Results in this study are consistent with those in several other 

tissues. Kusaba et al., (2005) found that in human colorectal adenocarcinomas, pSTAT3 

expression is more intense in the most invasive areas, indicating a correlation between 

pSTAT3 and the depth of tumour invasion. Recently, a study by Yakata et al., (2007) has 

shown that expression of pSTAT3 correlates with the degree o f tumour invasion in human 

gastric carcinomas, with pSTAT3 showing significantly greater expression in more aggressive 

tumours. Importantly, Niu et al., (2005) have reported that activated STAT3 inhibits p53 via 

binding to p53 promoter both in vivo and in vitro. Moreover, blocking of STAT3 results in 

upregulation o f p53, thus leading to p53-mediated apoptosis and growth arrest in tumour cells. 

Alterations in p53 are frequently found in invasive and high grade superficial bladder 

carcinomas (Bakkar et al., 2003) and are associated with a greater risk of recurrence (Orlow et 

a/., 1999).

In human head and neck carcinomas, Masuda et al., (2002) reported that activation of STAT3 

is significantly correlated with tumour stage. Patients with pSTAT3've colorectal tumours 

exhibited higher survival probability than patients with pSTAT3+vc tumours (Kusaba et al.,

2006). Recently, activation of STAT3 has also been associated with poor prognosis in 

human ovarian (Rosen et al., 2006) and gastric carcinomas (Yakata et al., 2007).

So far, the role o f pSTAT5 and pSTATl in human malignancies is poorly understood. In 

bladder cancer, as results in this chapter show, neither cytoplasmic nor nuclear staining of 

pSTAT5 and pSTATl was seen in neither normal bladder epithelium nor in any of the 

superficial tumours. In muscle invasive specimens, either cytoplasmic or membranous stain 

of pSTAT5 and pSTATl was present in 50% and 13% of samples, respectively, while nuclear 

pSTAT5 and pSTATl was seen in 25% and 60% of tumours. This suggests that there may
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also be a link between the presence o f active STAT5 and STAT1 and invasive bladder 

tumours.

In this study, due to incomplete information on clinical outcome, it remains unclear whether 

activation of STATs can be linked to poor survival in patients. Also, only a small number of 

bladder tumours has been examined, insufficient to provide a comprehensive understanding of 

the role of STATs in human bladder cancer.

In normal bladder epithelial, E-cadherin was localised to cell-cell borders and the staining was 

more intense than in bladder tumours (Popov et al., 2000; Bomman et al., 2001). In contrast, 

N-cadherin expression was absent in normal urothelium, appeared in stage pTi, and increased 

in pT2-pT3 tumors, and in most cases, increased N-cadherin expression in invasive tumors was 

associated with loss of E-cadherin expression (Lascombe et al., 2006). In other studies on 

the role of E-cadherin (Sun and Herrera, 2004) and N-cadherin (Lascombe et al., 2006) in 

human bladder cancer, expression of these proteins was correlated with the suppression or 

promotion of invasive potential, respectively. In breast carcinomas, P-cadherin, but not E or 

N-cadherin expression has been strongly correlated with several clinicopathological features, 

including high grade (poor differentiation), lack of oestrogen receptors and presence o f EGFR 

(Kovacs et al.9 2003). Rieger-Christ et al., (2001) have shown that membranous P-cadherin 

is observed in the basal cells of normal bladder mucosa, and becomes extensive in bladder 

tumours. However, the role o f P-cadherin in bladder tumourigenesis is not well understood.

A number of bladder tumours, including 9 superficial and 9 muscle invasive lesions were also 

stained for three cadherins (E, N and P). In this study, membranous E-cadherin was 

observed in 100% (9/9) of G3pTl superficial tumours, with 6 samples also exhibiting 

cytoplasmic E-cadherin. Similarly, P-cadherin was localised to cytoplasm in 45% of 

superficial tumours, and membrane in 8 o f 9 (89%) superficial samples. N-cadherin was 

present in 33% of superficial specimens with either cytoplasmic or membranous stain, and 

45% of tumours showed nuclear stain. Notably, co-expression of E-, N- and P-cadherin was 

recorded in some superficial lesions, consistent with a previous study by Rieger-Christ et al.,
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(2001). Their in vitro observations have also shown that some bladder cancer cell lines 

coexpress E-, N- and P-cadherin, indicating that the expression o f these cadherins is not 

mutually exclusive in bladder cancer. A study in colon tumours has shown that P-cadherin 

is co-expressed with E-cadherin on the membrane, but is independent of E-cadherin 

expression (Hardy et al., 2002). So far, cadherins are reported to be localised in membrane 

or cytoplasm in most studies. It was rather unexpected that nuclear N-cadherin was present 

in half of the superficial bladder tumours. In a recent study, aberrant nuclear staining of 

E-cadherin has been observed in solid pseudopapillary tumors o f the pancreas, due to a close 

correlation between E-cadherin and /3-catenin which was localised to the nucleus (Serra et al.,

2007). Several studies have demonstrated a complex between N-cadherin and /S-catenin 

(Lee et al., 2003; Wahl 3rd et al., 2003). This suggests that nuclear localisation of 

N-cadherin in bladder tumours could be attributed to a cadherin/catenin complex.

E-cadherin was also localised to cytoplasm and membrane in the majority of muscle invasive 

lesions. Also, cytoplasmic P-cadherin was present in a greater proportion o f invasive 

tumours than superficial tumours. However, there was limited expression of N-cadherin, 

localised to focal islands of cells within the tumour, being observed in cytoplasm and 

membrane, with no nuclear stain in any of muscle invasive tumours. Unlike E- and 

P-cadherin (Shimoyama et al., 1989), expression of N-cadherin has not been observed in 

normal bladder mucosa. Lascombe et al., (2006) have shown that N-cadherin acts in an 

invasive mode in bladder cancer. In this study, a small proportion of superficial and 

invasive bladder lesions display N-cadherin expression, suggesting aberrant cadherin 

expression in bladder carcinoma.

Compared with superficial tumours, membranous staining of E-cadherin was overall diffused 

and weaker in muscle invasive tumours, although no decrease in the percentage samples 

positive for E-cadherin was observed. This possibly suggests that reduction of E-cadherin 

expression is associated with more aggressive bladder tumours. A few studies have 

investigated whether the decreased E-cadherin expression has a prognostic role in bladder 

carcinoma. Sun and Herrera (2004) and other earlier reports have found that the loss or
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reduced expression in E-cadherin was linked to poor tumour differentiation and more invasive 

potential. However, two more recent studies (Szekely et al., 2006; Koksal et al., 2006) have 

shown no significant correlation between E-cadherin expression and bladder tumour grade, 

stage or overall survival. Interestingly, Bindels et al., (2000) have demonstrated a dual 

paradoxical role o f E-cadherin in bladder tumourigenesis. Compared to RT112 cells 

(E-cadherin+ve bladder line), J82 and T24 (E-cadherin've bladder lines) cells display a higher 

invasive capacity. In their study, T24 (E-cadherin've bladder cell line) cells were transfected 

with full-length mouse E-cadherin cDNA, resulting in an enhanced intraepithelial expansion 

without any effect on cell proliferative and invasive capacity, indicating that E-cadherin can 

promote the intraepithelial expansion whereas the loss o f E-cadherin is associated with more 

invasive potential.

In present study, only a small number of human bladder tumours have been examined, so it is 

not clear whether any of these three cadherins can be potential prognostic markers, or whether 

there is any link between ST AT and cadherin expression in bladder carcinoma.

Patients having higher risk bladder tumours could be followed more frequently, or treated 

more radically, if  the more aggressive behaviour of tumours could be predicted accurately. 

To address this question, a larger number of bladder tumours of different stage and grade need 

to be studied in future work.
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CHAPTER 4

STATS SIGNALLING IN BLADDER CANCER CELLS



INTRODUCTION

STATs 1, 3 and 5 are activated by a series of ligands and are involved in various biological 

processes, such as embryogenesis, apoptosis and development (Bromberg, 2002). Either 

growth factor receptors, such as EGF, HGF and PDGF receptors, which possess intrinsic 

tyrosine kinase activity, or cytokine receptors, which have no intrinsic enzymatic activity, can 

activate STAT proteins directly or indirectly, by means of JAK proteins. Non-receptor 

tyrosine kinases, such as src, can also activate STAT proteins independently o f receptor 

engagement. Tyrosine phosphorylation is required for STAT transcriptional activity, and 

phosphorylation o f a conserved C-terminal serine residue is necessary for maximal STAT 

transcriptional activity (Decker and Kovarik, 2000). In cancer, STATs become constitutively 

activated as a result o f one or more persistently activated upstream tyrosine kinases (Buettner 

et al., 2 0 0 2 ).

The role of STATs in oncogenesis is mediated through the expression of genes involved in 

blocking apoptosis, such as Mcl-1 (Epling-Bumette et al., 2001), B c1 -x l (Zushi et al., 1998) 

and survivin (Aoki et al., 2003); proliferation, such as c-myc (Bowman et al., 2001) and 

cyclin D1 (Masuda et al., 2002); invasion, such as matrix metalloproteinase-9 (MMP-9) 

(Dechow et al., 2004) and angiogenesis, such as VEGF (Niu et al., 2002).

As noted previously, STAT3, STAT5 and STAT1 have been observed to be overactive in a 

range of human cancer cell lines, such as breast (Garcia et al., 1997, Sartor et al., 1997), head 

and neck (Grandis et al., 1998), leukemia (Gouilleux-Gruart et al., 1996, Shuai et al., 1996, 

Liu et al., 1999), lung (Liby et al., 2006), lymphoma (Weber-Nordt et al., 1996, Yu et al., 

1997, Lund et al., 1999), prostate (Mora et al., 2002) and mutiple myeloma (Catlett-Falcone 

et al., 19992, Hodge et al., 2004, Liby et al., 2006). However, the status of STATs in human 

bladder cancer cells has not been well documented.

So far, only a few papers have found STAT activation in response to EGF in bladder cell lines. 

Kawamata et al., (1999) have shown that EGF activates STAT1 and STAT3 in T24 cells, 

accompanied by the enhanced expression of p21wafl mRNA. However, EGF had no effect in 

RT4 cells. A more recent study has reported that only STAT3, but not STAT1 or STAT5 

becomes phosphorylated following EGF treatment in T24 cells (Itoh et al, 2006). Also, these
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authors have shown that STAT3 is required for EGF-induced cell migration, invasion and 

tumour formation in nude mice.

The aim of work described in this chapter was to determine the expression profile o f STATs 

in human bladder cancer cells, and identify upstream tyrosine kinases which specifically 

phosphorylate STATs in these lines. STAT was then knocked out in order to investigate the 

potential role o f STATs in cell cycle, apoptosis and cell motility.
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RESULTS

4.1 Determination o f STA Ts status in a panel o f human bladder cell lines

A panel of six human bladder cancer cell lines has been screened for STAT expression in 

serum-containing, serum-free or EGF-containing medium, consisting of epithelial (RT4, 

RT112 and HT1376) and mesenchymal (J82, T24 and UMUC3) phenotypes {Chapter2, table 

2.1). Masters et al., (1986) reported that these cell lines are originially from invasive bladder 

cancers, with clinical staging T2 or above.

4.1.1 Basal levels o f  total STAT1 and STATS under normal growth condition

It was initially important to determine basal levels of total STAT1 and STAT3 within the six 

human bladder cancer cells when grown under normal condition, in order to see whether 

levels were significantly different among cell lines.

Figure 4.1 depicts basal levels of total STAT1 and STAT3 under normal growth condition in 

the RT4, RT112, HT1376, T24, J82 and UMUC3 bladder cell lines. Overall, levels of 

STAT1 and STAT3 were similar among the six lines.

4.1.2 Effect o f  serum starvation on ST ATI and STAT3 protein levels

The effect o f serum starvation and re-stimulation upon STAT1 and STAT3 levels was 

determined in all 6 bladder cell lines {figure 4.1). A431, a human epidermoid carcinoma cell 

line, in which STATs are clearly expressed, was used as positive control.

Serum-starvation and re-stimulation elicited no significant effect on levels of total STAT1 or 

STAT3 in any cell lines, suggesting that the constitutive expression of STATs is independent 

of autocrine growth factors in medium.

* Antibodies against phospho-STATl, 3 and 5 used here only detect tyrosine phosphorylation of STAT1, 3 and 

5 on sites 701, 705 and 694, respectively.
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Figure 4.1 Effect of serum starvation and re-stimulation on total STAT1 and STAT3 
expression levels in 6 bladder cell lines. Cells were grown in the presence o f serum (+), or 
in serum-free (-) medium for 24 hours. The serum-starved cells were then incubated in 
serum-free or serum-containing (-/+) medium for a further 1 hour. The charts show relative 
levels normalised to tubulin, compared to those in RT4 cells as determined via densitometric 
analysis o f blots. * denotes a significant difference from total STAT1 levels in the RT4 cells 
(p<0.05, n=3, ±SD) using oneway ANOVA followed by Student’s t-test.
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4.1.3 Effect of EGF stimulation on STAT1, 3 and 5 protein expression and activity 

The A431 line expresses a large number of EGF receptors at its cell surface (Fabricant et al., 

1977), and as shown in figure 4.2, a dramatic increase of STAT1 and STAT3 phosphorylation 

was observed upon stimulation with EGF.

___________ A431____________
(+) (-) EGF

«- pSTATI 

_  «- pSTAT3

Figure 4.2 Effect of EGF stimulation on STAT1 and STAT3 phosphorylation status in 
A431 cells. Cells were grown in the presence o f serum (+), or in serum-free (-) medium for 
24 hours. The serum-starved cells were then incubated in serum-free or EGF-containing 
medium for a further 30 minutes. Blots were performed on 3 separate occasions.

Overexpression of EGFR has been reported in many epithelial tumours, including bladder 

cancer (Colquhoun and Mellon 2002). In this study, reasonable levels of EGFR expression 

were observed in bladder carcinoma cells, and neither serum-starvation nor EGF-stimulation 

altered EGFR expression in any cell lines. However, under normal growth condition all five 

bladder cells expressed very low level of phosphorylated EGFR (TyrlllO) which was 

significantly activated upon EGF stimulation, indicating that receptor activation was EGF- 

dependent in these bladder cancer cell lines (figure 4.3).

EGFR pEGFR
<+) <-) EGF (+) (-) EGF

RT4 

RT112 

HT1376 

T24 

J82

Figure 4.3 Effect o f EGF stimulation on EGFR expression and phosphorylation in bladder 
cancer cells. Cells were grown in the presence of serum (+), or in serum-free (-) medium for 
24 hours. The serum-starved cells were then incubated in serum-free or EGF-containing 
medium for a further 5 minutes. Blots were performed only once.
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As with serum starvation, EGF stimulation did not affect STAT1 protein levels in any cell 

line (figure 4.4). Although there appeared to be some decrease in T24 cells following EGF 

stimulation on the blot shown, this did not turn out to be statistically significant.

Only the RT4 bladder line expressed significant levels o f phosphoSTATl (Tyr701) under 

normal growth conditions (serum-containing medium) (figure 4.4). However, serum 

withdrawal increased STAT1 phosphorylation in RT112, T24, J82 and UMUC3 cells, while it 

resulted in complete depletion of pSTATl in RT4 cells. Interestingly, pSTATl was 

significantly activated in HT1376 in response to EGF stimulation, with a further increase in 

STAT1 phosphorylation also observed in UMUC3 cells. In contrast, there was no further 

activation of pSTATl in RT4, RT112, J82 and T24 cell lines following EGF stimulation 

(figure 4.4). This indicated that STAT1 activation following serum withdrawal or EGF 

stimulation was cell-type specific.

As shown in figure 4.5, neither serum starvation nor EGF stimulation altered total STAT3 

levels in any of the six cell lines. Under normal growth condition, phosphorylated STAT3 

(Tyr705) was detected in the mesenchymal T24, J82 and UMUC3 cells but not the epithelial 

RT4, RT112 and HT1376 cells. In RT4 cells, STAT3 could not be phosphorylated by either 

serum starvation or EGF stimulation. Also, there was no further increase o f pSTAT3 

observed in T24, J82 and UMUC3 cells in response to serum starvation or EGF stimulation, 

indicating that these three cell lines express constitutive phosphorylation of STAT3. 

Although there was still no STAT3 phosphorylation detected in RT112 and HT1376 cells 

following serum starvation, STAT3 was significantly activated by EGF stimulation. This 

suggested that STAT3 phosphorylation was EGF-dependent in RT112 and HT1376 cell lines.

The differing treatment regimes did not affect the protein levels o f STAT5a or STAT5b in 

any cell line (figure 4.6), except that there appeared to be some decrease in STAT5b level in 

RT112 cells in response to serum withdrawal. Interestingly, phosphorylated STAT5 (Tyr694) 

was only observed in RT4, RT112 and HT1376 cells, with no further increase detected 

following serum starvation or EGF stimulation. In J82 and T24 cell lines, STAT5 was 

activated in response to EGF stimulation, although under normal growth condition or 

following serum starvation, no pSTAT5 was detected (figure 4.6).
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Figure 4.4 Effect o f serum starvation or EGF stimulation on total and phosphorylated 
STAT1 in bladder cell lines. Cells were grown in the presence o f serum (+), or in serum-free 
(-) medium for 24 hours. The serum-starved cells were then incubated in serum-free or EGF- 
containing medium for a further 5 minutes. The top panel shows representative western blots 
of total and phosphorylated STAT1 in each bladder cell line following treatment. The charts 
show relative levels normalised against tubulin, as determined via densitometric analysis of 
blots. * denotes a significant difference from serum control (p<0.05, n=3, ±SD) using 
oneway ANOVA followed by Student’s t-test.
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Figure 4.5 Effect of serum starvation or EGF stimulation on total and phosphorylated 
STAT3 in bladder cell lines. Cells were grown in the presence o f serum (+), or in serum-free 
(-) medium for 24 hours. The serum-starved cells were then incubated in serum-free or EGF- 
containing medium for a further 5 minutes. The top panel shows representative western blots 
o f total and phosphorylated STAT3 in each bladder cell line following treatment. The charts 
show relative levels normalised against tubulin, as determined via densitometric analysis of 
blots. * denotes a significant difference from serum control (p<0.05, n=3, ±SD) using 
oneway ANOVA followed by Student’s t-test.
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Figure 4.6 Effect of serum starvation or EGF stimulation on total and phosphoryltaed 
STAT5 in bladder cell lines. Cells were grown in the presence o f serum (+), or in serum-free 
(-) medium for 24 hours. The serum-starved cells were then incubated in serum-free or EGF- 
containing medium for a further 5 minutes. Blots were performed on 3 separate occasions 
(with the exception o f STAT5a and b blots, n=2). The chart shows relative levels normalised 
against tubulin, as determined via densitometric analysis o f blots. * denotes a significant 
difference from serum control (p<0.05, n=3, ±SD) using an oneway ANOVA followed by 
Student’s t-test.
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Data so far have shown an interesting STAT phosphorylation profile in bladder cell lines. 

Three epithelial lines, RT4, RT112 and HT1376 express phosphorylated STAT5, whereas 

three mesenchymal lines, T24, J82 and UMUC3 have phosphorylated STAT3. Thus, RT112 

and J82 were chosen as representative lines of epithelial and mesenchymal groups in 

following experiments.

4.2 Localisation of STATs in bladder cancer cells

Results so far have demonstrated the expression profile of total and phosphorylated STATs in 

a panel of bladder cancer cell lines. Next, the localisation of STATs in RT112 and J82 cell 

lines was investigated. Cytosolic and nuclear protein extracts were prepared as described in 

section 2.4.2.

In J82 cells, total STAT1, STAT3 and STAT5 (a and b) were observed to be localised in both 

cytoplasm and nuclei. Similarly, cytoplasmic and nuclear ST ATI, STAT3 and STAT5a were 

seen in RT112 cells. However, STAT5b was only expressed in cytoplasm in RT112 cells 

(figure 4.7). Unfortunately, due to unresolved problems, complementary blots stained for 

phosphorylated STATs in both cell lines were unsuccessful on 2 separate occasions.

J82___
C N

-

♦

RT112 
C N

Lamin

STAT3

STAT5a

STAT5b

STAT1

Figure 4.7 Western blots showing STATs localisation in J82 and RT112 cell lines. Cells 
were grown in normal growth condition, and cytosolic (C) and nuclear (N) protein extracts 
from J82 and RT112 cells were probed for total STAT1, 3 and 5 (a and b) levels. Lamin was 
used as positive control for nuclear extracts. Blots were performed on 2 separate occasions.
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Consistent with western blot data, immunocytochemistry staining showed STAT1, STAT3 

and STAT5 (a and b) localised in both cytoplasm and nuclei in both cell lines, except 

STAT5b which was present only in cytoplasm of RT112 cells. Interestingly, pSTAT3 in J82 

cells and pSTAT5 in RT112 cells were mainly localised in nuclei, with some cytoplasmic 

staining observed (figures 4.8 and 4.9).

DAPI Merge

STAT3

pSTAT3

STAT1

STAT5a

STAT5b

Figure 4.8 Determination of STATs localisation in J82 cells by immunofluorescence. J82
cells were seeded on cover slips and allowed to adhere overnight. At 60% confluent, cells 
were fixed and stained with antibodies against STAT3, pSTAT3, STAT1 and STAT5 (a and b), 
counterstained with DAPI and examined by fluorescence microscope (Scale bars equal to 
6pm).
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Figure 4.9 Determination of STATs localisation in RT112 cells by immunofluorescence.
RT112 cells were seeded on cover slips and allowed to adhere overnight. At 60% confluent, 
cells were fixed and stained with antibodies against STAT5 (a and b), pSTAT5, STAT1 and 
STAT3, counterstained with DAPI and examined by fluorescence microscope (Scale bars 
equal to 6pm).

122



4.3 Transcriptional activity of STATs

In order to measure endogenous STAT transcriptional activity in bladder cancer cells, a 

pGRR5-Luc reporter, containing a pentamer of the IFN-7 response region (GRR) which is 

STAT consensus binding sites (section 2.10.1), was employed.

Optimisation of J82 electroporation and establishment of RT112 nucleofection will be 

described in section 4.5 and 4.6.

J82 cells were transiently transfected with the pGRR5-Luc reporter, together with p/3gal 

plasmid, a reporter vector expressing jS-galactosidase in mammalian cells, for 48 hours. 

Luciferase values were normalised against /3-galactosidase values in order to compensate for 

differing transfection efficiencies. Increasing amounts of pGRR5-Luc reporter showed 

increasing levels of luciferase activity {figure 4.10). From these results, it was then decided to 

use 5fig pGRR5-Luc reporter in the following experiments.
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Figure 4.10 Correlation of pGRR5-Luc reporter with luciferase activity. J82 cells were 
transfected with increasing amounts o f pGRR5-Luc reporter and pfigal plasmid. Analysis 
was performed at 48 hours. The relative luciferase activity was calculated by normalising 
against (3-galactosidase activity (n=l).

The STAT3-C flagged pRc/CMV construct which activates STAT transcription constitutively 

was applied as a positive control in this luciferase assay. J82 cells were transiently 

transfected with this construct, together with pGRR5-Luc reporter for 48 hours. As shown in 

figure 4.11, without any induced tyrosine phosphorylation, STATs transcriptional activity 

induced by STAT3C was significantly increased, more than 10-fold, above background.
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Figure 4.11 Effect of STAT3C on STAT transactivation in J82 cells. J82 cells were 
transiently transfected with the STAT3C construct, together with the pGRR5-Luc reporter. 
Analysis was performed at 48 hours. The relative luciferase activity was calculated by 
normalising against fi-galactosidase activity and expressed as fold increase over control. * 
denotes a significant difference from control (p<0.05, n=8, ±SD).

Unlike J82 cells, RT112 cells transfected with a mixture of STAT3-C flagged pRc/CMV 

construct and pGRR5-Luc reporter only showed a 3-fold increase in STATs transcriptional 

activity (figure 4.12), indicating that this reporter plasmid may not be as effective in RT112 

cells as in J82 cells.

4  n

GRR5 + +
STAT3C - +

a Luc/LacZ

Figure 4.12 Effect of STAT3C on STAT transactivation in RT112 cells. RT112 cells were 
transiently transfected with the STAT3C construct, together with the pGRR5-Luc reporter. 
Analysis was performed at 72 hours. The relative luciferase activity was calculated by 
normalising against (3-galactosidase activity and expressed as fold increase over control 
(n=l).

124



In support of these data, in an A431/sip model (discussed in more details in section 4.7), 

transient transfection of STAT3C into A431/sip' cells (with characteristics of RT112 cells) 

caused 15-fold enhanced STAT transcriptional activity whereas it induced about an 80-fold 

increase in A431/sip+cells (with characteristics of J82 cells) {figure 4.13). Based on similar 

transfection efficiency, this different activity induced by STAT3 in different cell lines 

possibly reflects the endogenous STAT activity in J82 and RT112 cells.
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Figure 4.13 Effect of STAT3C on STAT transactivation in A431/sip cells. A431/sip cells 
were transiently transfected with the STAT3C construct, together with the pGRR5-Luc 
reporter. Analysis was performed at 48 hours. The relative luciferase activity was calculated 
by normalising against (3-galactosidase activity and expressed as fold increase over control 
(n=l) (Experiment performed by Mr Jakob Mejlvang).

4.4 Inhibition of ST A Ts activity
4.4.1 Effect ofAG490 on STATs phosphorylation and cell cycle
Results so far have demonstrated that under normal growth conditions, only STAT5 in RT112 

cells and STAT3 in J82 cells were phosphorylated, suggesting their predominant role in these 

two cell lines. Growth factor or cytokine activation of STAT proteins is known to directly or 

indirectly depend on JAK proteins (Darnell 1997). Therefore, it was decided to use tyrphostin 

AG490, a JAK2-specific inhibitor, to determine the effect on STAT phosphorylation in both 

cell lines. AG490 was known to block STAT3 phosphorylation at a concentration of 50pM 

in several cell lines (Niwa et al., 2005, Kim et al., 2006). Figure 4.14 showed inhibition of 

activated STAT3 by AG490 in J82 cells, represented by a small but significant decrease in
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phosphorylation following a 50 pM treatment for 1 hour. However, this inhibitory effect was 
reversed at 6 hours.
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Figure 4.14 Effect o f AG490 on phosphorylated STAT3 levels in J82 cells. Cells were 
treated with 50\xM AG490 in serum-free medium for appropriate times. The vehicle for 
AG490 was DMSO which was present in all treatments to the same concentration. Blots were 
performed on 3 separate occasions. The chart shows relative levels normalised against 
tubulin, and expressed as a percentage o f the DMSO control, as determined via densitometric 
analysis o f blots. * denotes a significant difference from DMSO control (p<0.05, n=3, ±SD) 
using oneway AN OVA followed by Student’s t-test. D=DMSO

Next, flow cytometric analysis was used to determine any change in cell cycle progression in 

J82 cells following a 50/dVl AG490 treatment. At 4 hours, there was a significant increase in 

the proportion of cells in Go/Gi phase, accompanied by a significant decrease in cells in G2/M 

phase. Similar observations were made with 100/xM AG490, and at 16 hours, a further 

increase of cells in G0/G1 phase at the expense of a G2/M peak was observed, indicating at this 

dose the effect was time-dependent {figure 4.15a). However, at 16 hours the effect on cell 

cycle caused by 50/xM AG490 was not maintained.
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Figure 4.15a Effect o f AG490 upon cell cycle in J82 cells. The charts show the percentage 
of cells in each phase o f the cell cycle in the J82 cell line following AG490 treatment up to 16 
hour. The experiment was performed on 3 separate occasions and data analysed using 
Mod/it L. T. software. * denotes a significant difference from DMSO control (p<0.05) (Data 
provided by Dr. MK Cheng).
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Consistent with western data shown in figure 4.14, it appeared that the inhibition of STAT3 

phosphorylation and Go/Gi phase arrest induced by 50pM AG490 were transient and 

reversible. Importantly, treating J82 cells with 100/xM AG490 led to significant inhibition of 

pSTAT3 from 1 hour, with almost complete depletion up to 8 hours, which was the longest 

time point examined (data not shown, performed by Dr MK Cheng). It was speculated that 

Go/Gi phase arrest in J82 cells following treatment with AG490 may be due to the loss of 

STAT3 phophorylation.
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Figure 4.15b Flow cytometric analysis o f J82 cells following AG490 treatment. J82 cells 
were stained by prodium iodide following an AG490 treatment up to 16 hours. The 
experiment was performed upon 3 separate occasions and data analysed using Modfit L. T. 
software.

128



In RT112 cells, STAT5 phosphorylation was significantly inhibited at 6 hours, reversed to 

basal level at 18 hours and almost completely depleted at 24 hours following a 50pM AG490 

treatment. AG490 did not affect total STAT5a and STAT5b levels at any time point in 

RT112 cells (figure 4.16).

Flow cytometric analysis was carried out in order to determine the effect of AG490 upon cell 

cycle in RT112 cells. At 4 hours, RT112 cells treated with \00pM AG490 showed a 

significant increase in the proportion of cells in Go/Gi phase and a significant decrease in 

G2/M phase. Although no clear phase-specific arrest was observed with 50/xM AG490, there 

was a similar trend (figure 4.17a).
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Figure 4.16 Effect o f AG490 on total and phosphorylated STAT5 levels in RT112 cells.
Cells were treated with 5 0 / jlM  AG490 in serum-free medium for appropriate times. The 
vehicle for AG490 was DMSO which was present in all treatments to the same concentration. 
The chart shows relative pSTAT5 levels normalised against tubulin, and expressed as a 
percentage o f the DMSO control, as determined via densitometric analysis o f blots. * denotes 
a significant difference from DMSO control (p<0.05, n=4, ±SD) using oneway ANOVA 
followed by Student’s t-test. D=DMSO
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However, at 16 hours, the number of cells in Go/Gi phase was significantly decreased in 

response to either 50pM or 100/zM AG490 treatment, which was accompanied by a 

significant accumulation of cells in S phase following both treatments. As at 4 hours at the 

higher dose, a decrease in G2/M phase was observed at 16 hours, which was statistically 

significant {figure 4.17a). These data demonstrate that AG490 can cause Go/Gi arrest in the 

first instance, followed eventually by S phase arrest in RT112 cells.
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Figure 4.17a Effect o f AG490 upon cell cycle in RT112 cells. The charts show the 
percentage o f cells in each phase o f the cell cycle in the RT112 cell line following AG490 
treatment for up to 16 hour. The experiment was performed upon 3 separate occasions and 
data analysed using Modfit L. T. software. * denotes a significant difference from DMSO 
control (p<0.05) (Data provided by Dr. MK Cheng).
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Representative cell cycle plot based on DNA contents (as analysed by Modfit) for RT112 

cells following an AG490 treatment up to 16 hours are shown in figure 4.17b.
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Figure 4.17b Flow cytometric analysis o f RT112 cells following AG490 treatment. RT122 
cells were stained by prodium iodide following an AG490 treatment up to 16 hours. The 
experiment was performed upon 3 separate occasions and data analysed using Modfit L.T. 
software.
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4.4.2 Effect of piceatannol on STATand cadherin expression

Besides JAK2, JAK1 was also known to be involved in STAT activation (Shimoda et al.y 

1997). Piceatannol, a JAK1-specific inhibitor, was also employed to examine the effect on 

STATs phosphorylation in J82 and RT112 cells. Unfortunately, due to unresolved problems, 

companion blots stained for phosphorylated STATs in both cell lines were unsuccessful on 2 

separate occasions.

Some decrease in STAT5 (a and b) protein levels in RT112 cells was observed in response to 

piceatannol treatment (figure 4.18). As shown in figure 4.16, a 24 hours AG490 treatment did 

not alter STAT5 expression. However, following treatment with a mixture of piceatannol and 

AG490, STAT5 (a and b) levels were significantly inhibited in RT112 cells {figure 4.18). 

This suggested the requirement of JAK1 and involvement of JAK2 for the stability of STAT5 

protein in RT112 cells.

STAT5b 

STAT5a 

Actin 

Piceatannol 

AG490

Figure 4.18 Effect of piceatannol alone or with AG490 on STATS protein levels in RT112 
cells. Cells were treated with 50pMpiceatannol without or with 5 0 / jlM  AG490 in serum-free 
medium for appropriate times. The vehicle was DMSO which was present in all treatments to 
the same concentration. Blots were performed on 2 separate occasions. U=untreated, 
D=DMSO.

In J82 cells, either piceatannol (50/xM) alone or combined with AG490 (50/xM) showed an 

obvious inhibitory effect on STAT3 protein levels (Blots not shown due to poor quality, 

performed on 2 separate occasions), accompanied by altered N-cadherin expression (figure 

4.19). The decrease of N-cadherin levels was dose-dependent, and interestingly, N-cadherin

Time (hours) Time (hours)
U D 6 18 24 U D 6 18 24

+ + + + + +

+ + +
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appeared to be truncated or degraded following a 25/xM piceatannol treatment, indicating a 

connection between JAK activity and cell adhesion molecules.

N-Cadherin 

*«- Actin

Figure 4.19 Effect of piceatannol on N-cadherin expression in J82 cells. Cells were treated 
with increased doses o f piceatannol in serum-free medium for 24 hours. The vehicle was 
DMSO which was present in all treatments to the same concentration. Blots were performed 
on 2 separate occasions. U=untreated, D=DMSO.

4.4.3 Effect o f PP2 on STATs phosphorylation

Src, a non-receptor TK, is also known to activate STATs (Darnell 1997). Thus the effect of 

PP2, a src-specific inhibitor on STATs phosphorylation in J82 and RT112 cell lines was 

examined. Figure 4.20 shows inhibition of activated STAT3 by PP2 in J82 cells, represented 

by slight decrease of STAT3 phosphorylation following a 10/xM treatment for 18 hours. 

Although PP2 treatment at 1 hour caused a small decrease in STAT1, STAT3 and STAT5 (a 

and b) protein levels which was reversed at 6 hours, this effect was not statistically significant.

Interestingly, as shown in figure 4.21, the morphology of J82 cells was altered in response to 

PP2 treatment at 6 hours, with an apparent inhibitory effect on cell-matrix adhesion. PP2- 

treated cells formed clusters which might protect them from anoikis, suggesting that src 

activity may be associated with some cell-cell adhesion proteins in J82 cells.

Piceatannol (mM )
U D 5 10 25 50
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Figure 4.20 Effect of PP2 on STATs levels in J82 cells. Cells were treated with 1 0 / jlM PP2 
in serum-free medium for appropriate times. The vehicle for PP2 was DMSO which was 
present in all treatments to the same concentration. Blots were performed on 2 separate 
occasions. The chart shows relative pSTAT3 levels normalised against tubulin, then 
expressed as a percentage o f the DMSO control, as determined via densitometric analysis of 
blots. D=DMSO
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Figure 4.21 Effect of PP2 on cell aggregation and morphological appearance in J82 cells.
Panel A features control J82 cells, treated for 6 hours with DMSO. Panel B represents J82 
cells treated for 6 hours with 10\jlM  PP2. Live images o f cells were visualised by microscope 
(Phase-contrast, *20 lens) (n=2).

In RT112 cells, the effect of PP2 on STAT5 phosphorylation was inconsistent, as shown in 

figure 4.22. Following a 10/dVl PP2 treatment, no statistically significant alteration in STAT5 

phosphorylation level was observed, although in the blot shown there appeared to be some 

increase from 6 hours, which may be associated with increased STAT5b protein levels.
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Treatment with PP2 showed no effect on cell cycle in either J82 or RT112 cells (data not 

shown, performed by Dr MK Cheng), suggesting that src may be not involved in cell cycle 

process in bladder cancer cells.
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Figure 4.22 Effect o f  PP2 on total andphosphorylated STAT5 levels in RT112 cells. Cells 
were treated with lOpM PP2 in serum-free medium for appropriate times. The vehicle for 
PP2 was DMSO which was present in all treatments to the same concentration. Blots were 
performed on 3 separate occasions. The chart shows relative pSTAT5 levels normalised to 
tubulin, and expressed as a percentage o f the DMSO control, as determined via densitometric 
analysis o f blots. D=DMSO
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4.5 Inhibition o f STAT expression in RT112 and J82 cells using siRNAs to STATs 

Data so far have established the expression profile of total and phosphorylated STATs in a 

panel of bladder cancer cells and suggested some involvement of JAK1 and JAK2 in STAT 

expression and cell cycle arrest. In order to investigate the function of STATs in chosen 

bladder cells, siRNAs to specfic STATs were employed.

4.5.1 Establishment of RT112 nucleofection

Due to the poor transfection efficiency following electroporation of RT112 cells which had 

already been established by other researchers in the group, it was necessary to devise an 

alternative method for future work. Two Amaxa nucleofection buffers (T and V) were used, 

together with PBS to establish and optimise a protocol for RT112 nucleofection.

RT112 cells were transfected with a pGFPmax construct in different combinations of 

nucleofection buffers and programmes provided with Amaxa nucleofector (table 4.1).

Table 4.1 Nucleofection buffer and programme tested for RT112 nucleofection

Solution

P ro g ra m m e ^ \^
T V PBS

1 A-23 A-23 A-23

2 A-27 A-27 A-27

3 T-20 T-20 T-20

4 T-27 T-27 T-27

5 T-16 T-16 T-16

6 T-01 T-01 T-01

7 G-16 G-16 G-16

8 0-17 0-17 0-17

The efficiency of transfection was determined by the percentage of cells containing GFP after 

24 hours under a fluorescence microscope. Among the various samples, application of buffer 

T and programme A23 showed both high transfection efficiency (in a range of 58% - 86%) 

and cell viability (figure 4.23). For each sample, five areas were randomly chosen and the 

transfection efficency was presented as the percentage of cells with GFP.
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Figure 4.23 GFP fluorescence showing efficiency of RT112 nucleofection. RT112 cells 
were transiently transfected with pmaxGFP using buffer T and programme A23. Panel A 
shows transfected cells in a random area visualised with a light microscope (Phase-contrast), 
and panel B represents the cells transfected with GFP in the same area under a fluorescence 
microscope (*10 lens).

RT112 cells were then transiently transfected with siRNA to STAT3, and the resulting 

knockdown examined after 48, 72 and 96 hours. As shown in figure 4.24, 72 hours after 

transfection was the optimum time point for highest efficiency of STAT3 knockdown.

Time (hours) 48 72 96

Control -mrnmm mmmmmm—
STAT3

STAT3si -  " ■*

Figure 4.24 Efficiency of STAT3 knockdown in RT112 cells. RT112 cells were transfected 
with 2pi STAT3 siRNA for 48, 72 and 96 hours. Control samples were transfected with 2pi 
scrambled siRNA. Blots were performed on 2 separate occasions.

Also, siRNAs to STAT5a and STAT5b were transiently transfected into RT112 cells. As 

shown in figure 4.25, it appeared that similar transfection efficiency was achieved at all three 

time points. Interestingly, blocking STAT5a upregulated STAT5b protein levels at all time 

points, and vice versa.
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Figure 4.25 Efficiency of STAT5 knockdown in RT112 cells. RT112 cells were transfected 
with 2 id STAT5a or STAT5b siRNA alone or in combination for 48, 72 and 96 hours. Control 
samples were transfected with 2fd scrambled siRNA. Blots were performed on 2 separate
occasions.

4.5.2 Establishment of STAT transfection in J82 cells
Using an already established program for J82 electroporation, cells were transfected with 

validated siRNA to STAT3, and the resulting knockdown examined after 24, 48 and 72 hours. 

As shown in figure 4.26, 48 hours after transfection was the best time point to get highest 

efficiency of STAT3 knockdown in J82 cell lines. At 72 hours, STAT3 expression was 

reversed to basal level, possibly due to the degradation of siRNA in cells.

4.5.3 Effect o f individual STATs knockdown on other STATs protein levels and 

phosphorylation status in J82 cells
So far, the amount of siRNAs and the time point to achieve best transfection efficiency in J82 

cells have been identified. In order to investigate the function of individual STATs, siRNAs 

to STAT1, STAT3 and STAT5 (a and b) alone or in combination were transiently transfected 

into J82 cells.
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Figure 4.26 Efficiency o f knockdown STAT3 in J82 cells. J82 cells were transfected with 
2id STAT3 siRNA for 24, 48 and 72 hours. C=control, transfected with 2 pi scrambled siRNA. 
Blots were performed on 2 separate occasions. The chart shows STAT3 levels normalised 
against tubulin, and expressed as a percentage o f control sample, as determined via 
densitometric analysis o f blots.

As shown in figure 4.27a and 4.27b, STAT1, STAT3 and STAT5b protein levels were 

efficiently blocked by specific siRNAs, with 78%, 51% and 54% knockdown, respectively. 

Interestingly, it showed that knockdown of individual STATs altered the levels and 

phosphorylation of other STAT proteins. For example: 1) blocking STAT3 significantly 

activated STAT1 (316%); 2) blocking STAT5 (a and b) upregulated STAT3 at both total 

(199%) and phosphorylated (268%) levels, and induced STAT1 phosphorylation (265%). 

Phosphorylated STAT5 was undetectable at all treatments in J82 cells (data not shown).
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Figure 4.27a Efficiency o f STATs knockdown in J82 cells. J82 cells were transiently 
transfected with siRNAs to STAT1, STATS and STAT5 (a and b) alone or in combination for 
48 hours. The control for siRNAs to STATs was scrambled siRNA, and 2 yd o f each siRNA was 
used. Blots were performed on at least 4 separate occasions.

However, siRNAs to STAT1, STAT3 and STAT5 (a and b) alone did not alter the level of 

STATs transcriptional activity compared with control {figure 4.28), possibly due to their 

stimulatory effect on other STATs proteins as shown in western results in figure 4.27a. A  

significant decrease in STATs transcriptional activity was only observed when J82 cells were 

transiently transfected with siRNAs to STAT1, STAT3 and STAT5 in combination.

Thus knockdown of individual STATs leads to the upregulation and activation of other 

STATs, on either protein or phosphorylated levels. It was then important to determine one of 

the possibilities, whether there are hetero-dimers among different STAT members was then 

important to identify. Whole protein lysates from J82 cells were immunoprecipitated by 

addition of antibodies against STAT1, STAT3, STAT5 (a and b), respectively, then probed 

with a-STATl or a-STAT3. Western data stained with a-STAT5a or a-STAT5b were not 

shown due to the poor quality of blots in which there was no band detected in lanes of STAT1 

and STAT3. As shown in figure 4.29, this indicated that there was no complex among 

STAT1, STAT3 and STAT5.
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Figure 4.27b Histograms showing efficiency o f STATs knockdown in J82 cells. The charts 
show relative levels o f each STAT following knockdown normalised against tubulin, and 
expressed as a percentage o f control sample, as determined via densitometric analysis of 
blots. * denotes a significant difference from control (p<0.05, n=4, ±SD) using oneway 
ANOVA followed by Student’s t-test.
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Figure 4.28 Effect o f siRNAs on STAT transactivation in J82 cells. J82 cells were 
transiently transfected with siRNAs to STAT1, STAT3 and STAT5 (a and b) alone or in 
combination, together with pGRR5-Luc plasmid for 48 hours. The negative control for 
siRNAs to STATs was scrambled siRNA, and 2pi o f each siRNA was used. The relative 
luciferase activity was then calculated by normalising against /3-galactosidase activity. * 
denotes a significant difference from control (p<0.05, ±SD, n=5).
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Figure 4.29 Immunoprecipitation showing complex formation among ST ATI, 3 and 5 in 
J82 cells. Western blots o f precipitates using ST ATI, 3 or 5 (a and b) antibodies were 
prepared and incubated with anti-STATl or anti-STAT3 antibodies. In the control sample, no 
primary antibody was added (n=l).

143



Whether blocking STAT1, 3 or 5 alone or in combination by siRNAs would affect cell cycle 

or induce apoptosis, was examined by investigating cyclin D l, pro-caspase 3 and survivin 

expression on western blots. As shown in figure 4.30, J82 cells transiently transfected with 

siRNAs to any STATs did not show altered expression of cyclin Dl or pro-caspase3. 

Knockdown of STAT1 and/or STAT3 had no effect on survivin expression.
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STAT5b siRNA 

Cyclin D1

Pro-caspase 3 
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*—  Survivin
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Figure 4.30 Effect on cyclin Dl, caspase 3 and survivin expression in STATs knockdown 
J82 cells. Cells were transiently transfected with siRNAs to STAT1, STAT3 and STAT5 (a and 
b) alone or in combination for 48 hours. The negative control for siRNAs to STATs was 
scrambled siRNA, and 2pi o f each siRNA was used (same samples as figure 4.27a). Blots 
were performed on 3 separate occasions (with the exception o f cyclin Dl and pro-caspase 3 
blots n=2).

4.6 Effect of STAT1 and/or STAT3 knockdown on cell adhesion and migration in J82 cells 

Data so far suggested that STAT1 or STAT3 knockdown J82 cells show no alteration to 

expression of cell cycle- or apoptosis-related proteins, such as cyclin Dl, caspase3 or 

survivin. There is evidence in the literature to show that blocking of STAT3 signalling in 

endothelial cells results in inhibition of migration (Yahata et al., 2003). Recently, it was 

reported that STAT3 deficient T24 bladder cells also show inhibition of cell migration and 

invasion (Itoh et al, 2006).
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As discussed previously, STAT3 is the only constitutively activated STAT in J82 cells 

(section 4.1.3), and blocking STAT3 results in the activation of STAT1 {figure 4.27a). Thus 

it was decided to transiently transfect siRNAs to STAT1 and STAT3 into J82 cells in order to 

block all potentially active STATs.

Figure 4.31 showed the knockdown efficiency of STAT1 and/or STAT3 in J82 cells, and 

cells from the same transfected pool were analysed for adhesion and migration assays as 

described below.
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Figure 4.31 Efficiency o f STAT1 and/or STAT3 knockdown in J82 cells. J82 cells were 
transfected with 2yd STAT1 and/or STAT3 siRNAs for 48 hours. Control samples were 
transfected with same amount o f scrambled siRNA. Blots were performed on 4 separate 
occasions. The charts show relative levels normalised against tubulin, and expressed as a 
percentage o f control sample, as determined via densitometric analysis o f blots. * denotes a 
significant difference from control (p<0.05, n=4, ±SD) using oneway AN OVA followed by 
Student’s t-test.
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4.6.1 Effect o f STAT1 and/or STAT3 knockdown on cell adhesion in J82 cells 

To determine the proper concentrations of substrates and time points, adhesion assays were 

performed as described in 2.7.1 over a period of 120 minutes with a panel of substrates. The 

absorbance values resulting from J82 cell adhesion to fibronectin (10jLtg/ml or 50jng/ml), 

collagen I (50/ig/ml) or a non-specific adhesion to BSA alone are illustrated in figure 4.32.

At the higher concentration of fibronectin (50/xg/ml), J82 cell adhesion was already saturated 

at 30 minutes. Therefore, fibronectin (10/xg/ml) and collagen I (50/xg/ml) showing a time- 

dependent increase, were used in all future experiments.
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Figure 4.32 Quantitation of J82 cell adhesion to fibronectin or collagen I. J82 cells were 
allowed to attach to a fibronectin- (10pg/ml or 50\)g/ml) or collagen I- (50jig/ml) coated 
surface, or to a surface lacking any substrate (control). Unattached cells were removed, and 
remaining cells were stained with crystal violet. Cell attachment was quantified by 
absorbance measured at 550nm. Each time point was assessed in triplicate and the results 
expressed as the mean o f 2 separate experiments.

Binding of cells to substrate involves integrins, which are heterodimeric cell surface receptors 

that bind to the extracellular matrix (ECM), and provide a physical link to the intracellular 

cytoskeleton. a  and /? integrin subunits form heterodimers with which extracellular ligands 

associate, and, as far as is known, /?i integrin locates in fibronectin and collagen adhesions. 

To identify the specificity of binding of J82 cells to fibronectin and collagen, rat anti-human 

integrin- ft antibody (mAbl3 inhibitory) was applied. To account for non-specific adhesion 

some wells were coated with BSA only. Attachment of J82 cells to fibronectin and collagen 

was significantly inhibited by mAbl3 (figure 4.33).
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Figure 4.33 Effect on J82 cell adhesion in the presence of anti-fi/-integrin antibody. J82
cells were allowed to attach to a fibronectin- (J0pg/ml) or collagen I- (50pg/ml) coated 
surface in the presence o f the inhibitory anti-fij-integrin antibody (lOpg/ml), anti-Rat IgG 
(10pg/ml) or in the absence of antibody (control). Unattached cells were removed, and 
remaining cells were stained with crystal violet. Cell attachment was quantified by 
absorbance measured at 550nm. * denotes a significant difference from DMSO control
(p<0.01, n=3, ±SD) using oneway ANOVA followed by Student’s t-test.

Following transfection with siRNAs, there was an obvious decrease in adhesion to collagen in 

STAT1 knockdown J82 cells, but not to fibronectin (figure 4.34). Knockdown of STAT1 and 

STAT3 led to a significant reduction in cell adhesion on both fibronectin and collagen. 

However, blocking STAT3 alone caused only a slight decrease in adhesion to either substrate, 

which was not statistically significant. These results suggested that STAT1 may play an 

important role in cell adhesion in J82 cells, and the fact that STAT3 knockdown elicited no 

effect on cell adhesion, may possibly be due to the induction of STAT1 phosphorylation 

(figure 4.27a).
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Figure 4.34 Effect on cell adhesion in STAT1 and/or STAT3 knockdown J82 cells. STAT1 
or 3 knockdown J82 cells were plated onto fibronectin- (lOjig/ml) or collagen I- (50fig/ml) 
coated surfaces or in the absence o f any substrate (BSA) for 60 minutes at 37°C. Unattached 
cells were removed, and remaining cells were stained with crystal violet, and quantified by 
absorbance measured at 550nm. Each data point was done in triplicate. Control = J82 cells 
without transfection. * denotes a significant difference from control (p<0.05, n=4, ±SD) 
using oneway AN OVA followed by Student’s t-test.

4.6.2 Effect ofSTATl and/or STAT3 knockdown on migration
Effects of knocking down STAT1 and/or STAT3 on cell migration were investigated in order 

to further elucidate the function of these STATs in J82 cells. As shown in figure 4.35, 

knockdown of either STAT1 or STAT3 alone resulted in a significant decrease in cell 

migration. A similar effect was observed in J82 cells with double knockdown of STAT1 and 

STAT3, suggesting that both STAT1 and STAT3 may affect cell migration via the same 

pathway.
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Figure 4.35 Effect on cell migration in ST ATI and/or STAT3 knockdown J82 cells. J82
cells were transfected with siRNAs to STAT1 and/or STAT3 and incubated for 48 hours. 
Control samples were transfected with scrambled siRNAs. * denotes a significant difference 
from control (p<0.05, n=4, ±SD) using oneway ANOVA followed by Student's t-test.

4.7 STATs phosphorylation status in A431/sip model of EMT

As noted in section 2.3 {table 2.1), the J82 cell line is originally from a higher grade bladder 

cancer, possessing a high in vitro invasive capacity compared to RT112 cells. J82 cells have 

phosphorylated STAT3 whereas RT112 cells express activated STAT5. It was therefore 

decided to investigate whether STAT3 activation is linked to cell invasion, using an A431/sip 

model developed for epithelial to mesenchymal transition (EMT) studies (Vandewalle et al., 

2005, Mejlvang et al., 2007).

To generate the model system, A431 cells, which are E-cadherin+ve, were stably transfected 

with a construct containing Smad-interacting protein 1 (Sipl), a transcriptional repressor of E- 

cadherin. Ectopic expression of Sipl induced by DOX leads to classical EMT, evident as 

increased invasiveness, downregulation of E-cadherin, Claudin 4 and upregulation of 

vimentin and N-cadherin (refer to Mejlvang et al., 2007).

Interestingly, activation of STAT3 and downregulation of pSTAT5 was observed in 

A431/sip+ cells (figure 4.36), suggesting that increased STAT3 phosphorylation may be 

associated with invasiveness in cancer cell lines.

149



. r  ^i i N ?  r v

&  2? £  ^
pSTAT3

pSTAT5

STAT3

STAT5a

STAT5b

STAT1

pSTATI

Tubulin

Figure 4.36 STATs phosphorylation status in A431/sip model o f EMT. A431/sip~ and 
A431/sip+ samples were provided by Mr Jakob Mejlvang. Blots were performed on 2 
separate occasions.
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DISCUSSION

The results in this chapter have provided for the first time a profile o f STAT expression under 

normal growth conditions (serum-containing medium), and following serum starvation or 

EGF stimulation in a panel of human bladder cancer cell lines.

Total ST ATI, STAT3 and STAT5 (a and b) were expressed in all six bladder cell lines, and 

there was little alteration in response to treatments in any cell lines {figure 4.4, 4.5 and 4.6). 

This suggested that growth factors are not required for the constitutive expression of STAT in 

bladder cells. Although all these six bladder lines were originally from invasive bladder 

tumours, RT4, a well differentiated line has been widely used as a model of superficial 

bladder cancer (Booth et al., 1997). Among the six lines, only RT4 is known to have wild 

type p53 (Cooper et al., 1994), whereas the other bladder lines express mutated p53 

(Kawasaki et al., 1996, Rieger et al., 1995, van der Heijden et al., 2004). Under normal 

growth conditions, active STAT1 was only observed in RT4 cells (figure 4.4). In this case 

phosphorylated STAT1 may be associated with well differentiated and p53 wild type bladder 

cancer cells. STAT1 has been known to be associated with p53 directly (Townsend et al., 

2004). Consistent with this study, Arany et al., (2003) have shown that the higher mRNA 

levels of STAT 1 were observed in differentiated cells, compared with undifferentiated ones in 

head and neck cancers. In addition, in RT4 cells it appeared that serum was required for 

pSTATl expression, and EGF was not sufficient to re-activate STAT1 following serum 

starvation. However, STAT1 activation occurred in response to either serum starvation or 

EGF stimulation in all the other five bladder lines (figure 4.4), suggesting that STAT1 

phosphorylation could be EGF-dependent or -independent.

The six bladder lines screened in this study can be divided into two groups, according to their 

phenotypes (table 2.1). Three epithelial lines RT4, RT112 and HT1376, are E-cadherin+ve, 

whereas three mesenchymal cell lines, T24, J82 and UMUC3 are E-cadherin've. In bladder 

cancers, decreased E-cadherin has been associated with invasive potential (Bringuier et al., 

1993), indicating that mesenchymal lines possess higher invasiveness than epithelial cells. 

Interestingly, the present study showed that constitutive phosphorylation of STAT5 was only 

observed in epithelial cell lines, while mesenchymal lines have phosphorylated STAT3 under 

normal growth conditions (figure 4.5 and 4.6), suggesting that active STAT3 could play an 

important role in bladder cancer cell invasive capacity. Also, the three mesenchymal cells,
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plus HT1376, were known to be poorly differentiated cells (Booth et al., 1997). It has been 

found that well-differentiated cells express lower levels of STAT3 than poorly differentiated 

cells in head and neck cancers (Arany et al., 2003), which was consistent with the observation 

in bladder cancer cells.

RT112 and J82 are representatives of the epithelial and mesenchymal cell types in bladder 

cancer, and some characteristics of these two lines are summarised in table 4.2. The J82 cell 

line displays a higher in vitro invasive capacity than RT112 cells.

Table 4,2 Some characteristics o f bladder cells (J82 and RT112) and A431/sip cells

Epithelial

RT112

Mesenchymal

J82 A431/Sip A431/Sip+

pSTAT3 - + + ++

pSTAT5 + - ++ +

E-cadherin + - ++ +

N-cadherin - + - +

A431/sip+ (mesenchymal model) cells expressed less pSTAT5 and more pSTAT3, compared 

with A431/sip' (figure 4.36) similar to the J82 line. Induction o f Sipl expression in A431 

cells led to a decrease in E-cadherin and caused EMT. In normal development, epithelial- 

mesenchymal transition (EMT) is recognised as a central feature with several critical 

developmental steps relying on this programme, including gastrulation, neural crest formation 

and heart morphogenesis. In the process of carcinogenesis, epithelial cells gain mesenchymal 

properties, inducing reduced intercellular adhesion and increased motility.

A hallmark of EMT is the inactivation of the E-cadherin adhesion complex, which contributes 

to cell differentiation, motility and wound healing. The E-cadherin/catenin system connects 

with the actin cytoskeleton, thus participating in the assembly of cell-cell adherens junctions. 

So far, multiple oncogenic pathways, involving Src, Ras, integrin, Wnt/jS-catenin, Notch and 

PI3K/AKT have been implicated in the induction of EMT (Larue and Bellacosa, 2005).

Thus in these three cell types (table 4.2), there would appear to be a link between loss of E- 

cadherin, activation of pSTAT3 and EMT.
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Neither serum starvation nor EGF stimulation altered the expression of pSTAT5 in epithelial 

lines or pSTAT3 in mesenchymal cells, suggesting that the observed STAT phosphorylation 

could be maintained independently of growth factors. On the other hand, activation of 

STAT3 in epithelial cells and of STAT5 in mesenchymal lines was EGF-inducible, except in 

RT4 cells (figures 4.5 and 4.6). A study (Arany et al., 2003) in head and neck cancers has 

shown that STAT1 is expressed in well differentiated (low grade) tumors in vivo whereas the 

expression of STAT3 is high in poorly differentiated (high grade) tumors. Responses to 

growth factors are modified by differentiation-associated expression of STATs. In this study, 

RT4 (well differentiated cells), the only line expressing pSTATl under normal growth 

condition, did not show increased STAT3 activation in response to EGF, suggesting that there 

may have a differentiation-associated intracellular balance of STAT1/3 in bladder cancer 

cells.

Interestingly, PP2 treatment caused cell aggregation and altered morphology in J82 cells. 

Consistent with this observation, Nam et al., (2002) found that PP2 significantly increased 

cell aggregation in a range of other cancer cells (including colon, liver and breast), and the 

treated cells were represented a tightening of cell adhesion. They also showed that E- 

cadherin/catenin expression can be enhanced by PP2, associated with the suppression of 

metastasis in cancer cells. However, in J82 cells which are E-cadherin ve, this protein was not 

re-expressed in PP2-treated cells (data not shown), possibly due to the continued existence of 

E-cadherin suppressors or deletion/mutations of E-cadherin in these cells. Bomman et al., 

(2001) have demonstrated that, the decreased expression of E-cadherin is attributed to the 

aberrant methylation of the CpG island flanking the 5' transcriptional start site o f the E- 

cadherin gene, and methylation of this CpG island has been observed in bladder neoplasms 

ranging from low-grade papillary to advanced, invasive tumours. Chiang et al., (2005) also 

have observed distinct morphology changes in several bladder cell lines, including J82, 

exposed to PP2, accompanied by upregulation in y-catenin and a reduction in invasive 

capacity. Enhanced invasive capacity, induced by transfection of N-cadherin into E-cadherin- 

expressing bladder cells, was decreased by PP2 treatment (Rieger-Christ et al., 2004).

PP2 treatment of J82 or RT112 cells had no effect on cell cycle (data not shown, performed 

by Dr MK Cheng). It should be pointed out that a second batch o f PP2 which was purchased 

to carry out cell cycle analysis which did not cause any altered morphology in J82 cells.
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In J82 and RT112 cells, there was some evidence to show that AG490 (JAK2 inhibitor) was 

able to downregulate STAT phosphorylation, but this effect was unsustained, being reversible 

at some time points {figures 4.14 and 4.15). It was speculated that either the concentration of 

inhibitors used in this study may be not sufficient, or blockade of JAK2 may trigger other 

tyrosine kinases to activate STATs. Combined with piceatannol (JAK1 inhibitor) treatment, 

AG490 inhibited STAT3 expression (data not shown) in J82 cells and decreased STAT5 (a 

and b) protein levels in RT112 cells (figure 4.18% suggesting the involvement of JAKs in 

STATs expression in bladder cancer cells. In response to piceatannol treatment, a dose- 

dependent reduction in N-cadherin expression was observed, and N-cadherin appeared to be 

cleaved from 25/xM (figure 4.19) accompanied by the formation o f cell clusters (data not 

shown) in J82 cells, suggesting that JAK1 may be involved in cadherin-mediated cell-cell 

adhesion.

Cell cycle arrest in J82 and RT112 cells following AG490 treatment was observed (figure 

4.15 and 4.17). J82 cells treated with 100/xM AG490 underwent Go/Gi phase arrest,

accompanied by significant inhibition of pSTAT3 (data not shown, performed by Dr MK 

Cheng), an effect which appeared to be time-dependent. However, at 50/xM AG490, any 

Go/Gi phase arrest observed at 4 hours had disappeared at 16 hours, at which time reduction 

in STAT3 phosphorylation was reversed. This suggested that STAT3 activation might be 

important for cell cycle progression, in particular entry to S phase in J82 cells. However, in a 

recent study (Moran et al., 2007), IL-6 activated JAK/STAT3 pathway are involved in 

regulation of CDK2/4 activity and p21 expression which result in Go/Gi growth arrest in 

hepatocellular carcinoma.

In the RT112 line, a significant accumulation of cells in Go/Gi phase and reduction in G2/M 

phase were observed at 4 hours with 100/zM AG490 treatment. However, at 16 hours AG490 

induced significant S phase arrest, with a decrease in the proportion of cells in Go/Gi phase 

and disappearance of a G2/M peak. At 50/xM, the pattern was similar but less significant. It 

was speculated that AG490 treatment caused a decrease in G2/M phase and accumulation in 

Go/Gi phase at earlier time point, and resulted in S phase arrest eventually. Walz et al., (2006) 

has found that activated JAK2 with a V617F point mutation promoted Gi/S phase transition. 

Blocking JAK2V617F with siRNA led to inhibition of activated STAT5 which altered p27 

and cyclin D2 expression. This suggested that AG490-induced cell cycle arrest may be a 

result of decrease in STAT5 phosphorylation in RT112 cells.
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Studies have reported that activated STAT3 transcriptionally regulated cyclin Dl (Leslie et al., 

2006), and inhibition of constitutive STAT3 signalling induced cell cycle arrest and apoptosis 

in malignant cells (Turkson et al., 2005). However, in this study, knockdown of STAT1,3 or 

5 (a and b) with siRNAs in J82 cells showed no alteration in cyclin D l, caspase 3 or survivin 

expression (figure 4.30). Interestingly, blocking either STAT3 or STAT5 (a and b) 

significantly activated STAT1 (figure 4.27a). In an in vivo study, Chapman et al., (1999) 

have shown that in Stat3 null mammary glands, activation of Statl is observed and may act as 

a compensatory mechanism for the eventual initiation of involution. This led to hypothesis 

that STAT1 may be phosphorylated by same tyrosine kinases as STAT3/5, and once STAT3 

and/or STAT5 blocked, STAT1 will be activated to compensate for the reduced level of 

active STATs in cells.

Furthermore, knockdown of STAT5 with siRNAs in J82 cells showed an obvious increase not 

only in STAT3 activation but also in STAT3 protein level, and vice verse (figure 4.27a). 

Immunoprecipitation results (figure 4.29) clearly showed that there was no complex 

formation among ST ATI, 3 or 5 (a and b) in J82 cells. As noted previously, STAT3 and 

STAT5 (a and b) map to the distal region of human chromosome 17 (17q21.31, 17qll.2) 

(Copeland et al., 1995). Data here suggested that STAT3 and STAT5 may transcriptionally 

regulate each other, and there may be a compensatory mechanism among all STAT family 

members to maintain levels of activated STATs in cells. Also, it was speculated that 

knockdown of individual STATs resulting in no effect on cell cycle and apoptosis involved 

proteins might be due to this compensatory mechanism.

In the current study, the most striking effect of knocking down STATs was upon cell adhesion 

and migration which were significantly inhibited (figure 4.34 and 4.35). Disruption of 

JAK/STAT signalling by SOCS3 negatively regulates cell motility (Niwa et al., 2005), and 

Sliver et al., (2004) have also shown that JAK/STAT pathway may contribute to ovarian 

cancer cell invasiveness, due to localisation of activated STAT3 to focal adhesions. In 

contrast, in human colorectal cancer cells, dominant-negative STAT3-Y705F causes a 

decrease in cell-cell homotypic adhesions, and increases cell motility and scattering (Rivat et 

al., 2004). In this study, there was a significant reduction in adhesion on collagen and some 

decrease on fibronectin in STAT1 knockdown J82 cells, which suggested STAT1 might be 

involved in the regulation of cell adhesion in J82 cells. STAT3 deficiency did not 

significantly affect cell adhesion to either fibronectin or collagen. Thus knockdown of
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STAT3 alone showed no effect on cell adhesion, possibly due to the activation of STAT1. 

Xie et al., (2001) have found that during cell adhesion, STAT1 is activated and transiently 

and directly associated with FAK. Moreover, in FAK-deficient cells STAT1 activation is 

diminished, with decreased cell migration. Not only STAT1 but also STAT3 has been 

reported to be associated with cell migration. Delayed cell migration and the loss o f collagen 

production have been observed in STAT3 deficient keloid fibroblasts (Lim et al., 2006). In 

J82 cells, knockdown of either STAT1 or STAT3 alone resulted in a significant decrease in 

cell migration, but there was no further decrease in STAT1 and STAT3 combined knockout 

cells (figure 4.35). This indicated that STAT1 and STAT3 may affect cell migration via the 

same molecular mechanism involving proteins, such as FAK, with which both STAT1 and 

STAT3 are associated, as noted above. A study in the T24 bladder cell line has shown that 

activated STAT3 is required for maximal MMP-1 transcription, and expressing dominant- 

negative STAT3 in nude mice is capable of inhibiting EGF-induced cell migration and 

invasion (Itoh et al., 2005).

In this chapter, the involvement of STATs and their potential role in bladder cancer cell lines 

has been described. The levels of STAT expression among the lines were similar overall, but 

STAT3/5 phosphorylation appeared to be cell phenotype-dependent, with activated STAT3 in 

mesenchymal lines which display higher invasive capability. The mechanism for constitutive 

STAT phosphorylation has yet to be determined, as to whether it is growth factor-dependent 

or -independent. Upstream tyrosine kinases in the STAT pathway have also been 

investigated. Disruption of JAK2/STAT signalling by AG490 caused cell cycle arrest, but 

few substantial effects of PP2 have been observed. There was some evidence of STAT1 and 

STAT3 being involved in cell adhesion and migration, providing further indication that 

increased STATs may be associated with cell invasion in bladder cancer.
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CHAPTER 5

EFFECTS OF INDOLES ON THE STAT SIGNALLING PATHWAY
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INTRODUCTION

As previously discussed, overactive STATs play an important role in oncogenesis by 

mediating expression of genes involving in cell survival, proliferation and motility (section 

1.2.S).

Constitutive activation of STAT3 could be inhibited by I3C in human pancreatic cancer cells 

(Lian et al., 2004). Some other phytochemicals such as EGCG (Masuda et al., 2001) and 

curcumin (Bharti et al, 2003) have also been shown to suppress STAT activation in tumour 

cells, indicating that STAT signalling is targeted by various dietary agents.

I3C is also reported to induce Gi cell cycle arrest, accompanied by inhibition of CDK6 and 

Rb and increases in p21 and p27 (reviewed in Aggarwal and Ichikawa, 2005). Similarly, 

DIM has been shown to cause cell cycle arrest and increase p21 expression in human breast 

cancer cells (Rahman et al., 2006). Also, I3C and DIM appear to induce apoptosis in a wide 

variety of cells via the inhibition of Bcl-2 and induction of caspase (3, 6, 9) activation and 

PARP cleavage (refer to table 1.6). Kong et al., (2007) have investigated the 

chemopreventive effect of DIM in human prostate cancer cells, showing inhibition of 

invasion which is correlated with reduction of MMP9 expression. These studies suggest that 

the STAT pathway with its links to cell cycle, apoptosis and invasion may provide a potential 

target for indoles.

In human bladder cancer cells, curcumin is an apoptosis-inducer (Tong et al., 2006), and 

sulforaphane (an isothiocyanate from cruciferous vegetables) inhibits proliferation, causing 

Go/Gi cell cycle arrest and induction of apoptosis (Shan et al., 2006). Singh et al., (2006) 

has shown that genistein causes G2/M arrest, downregulates NF-xB and induces apoptosis. 

In addition, EGCG inhibits cell growth and suppresses migration of bladder cancer cells via 

downregulation of N-cadherin and inactivation of Akt (Rieger-Christ et al., 2007).
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To date, there have been relatively few studies investigating the STAT pathway with respect 

to the mechanisms of action of indoles, and no studies on indoles as effective agents in the 

chemoprevention of bladder cancer have been published.

Studies described in this chapter examined the effect of indoles on the STAT pathway, cell 

cycle, apoptosis and invasion in human bladder cancer cells in order to provide further insight 

into their mechanisms of action.
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RESULTS

5.1 Effect of indoles on ST A Ts protein levels and phosphorylation status

The basal levels of STATs protein and phosphorylation within six chosen bladder cancer cell 

lines when grown under normal conditions or serum starvation have already been determined 

(refer to Chapter 4, figures 4.4, 4.5 and 4.6). Besides J82 and RT112, T24 was also 

included to investigate the effect of indoles on STAT3 protein and phosphorylation levels.

5.1.1 Effect of I3C on STA T3 protein levels and phosphorylation status

The effect of I3C upon STAT3 protein levels and phosphorylation status at concentrations up 

to 500/xM was initially determined after 48 hours in three bladder cell lines, J82, T24 and 

RT112 {figures 5.1a and 5.1b). I3C does not influence STAT3 protein level in any of the 

three bladder cell lines. However, a significant reduction in STAT3 phosphorylation for T24 

cells was observed for all treatments. The most striking effect was the almost complete 

inhibition of STAT3 phosphorylation in both T24 and J82 cells at 500/xM. Consistent with 

the data shown in chapter 4 {figure 4.5), no STAT3 phosphorylation in RT112 cells was 

detectable.

I3C(hM) 0 100 250 500

J82

T24

RT112

p —  STAT3 

pSTAT3

p> _  STAT3 

pSTAT3

p STAT3 

pSTAT3

Figure 5.1a Effect of I3C on total andphosphorylatedSTAT3 levels in J82, T24 andRT112 
cells. Cells were treated with 100, 250 or 500pM 13C for 48 hours. The vehicle for I3C 
was DMSO which was present in all samples to the same concentration. Each experiment 
was performed on at least 3 separate occasions (with the exception o f RT112 blots n=2), 
loading an equivalent amount of protein for each sample. Blots shown represent varying 
exposure times.
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Figure 5.1b Histograms showing effect of 13C on phosphorylated STAT3 in J82 and T24 
cells. Western blots were analysed by densitometry. pSTAT3 levels were normalised 
against total STAT3 levels, and expressed as a percentage o f the DMSO control. * denotes a 
significant difference from DMSO control (p<0.05, n=3, ±SD) using oneway ANOVA 
followed by Student’s t-test.

5.1.2 Effect of DIM on STA Ts protein levels and phosphorylation status 

Similarly, the I3C condensation product, DIM, elicited no effect on STAT3 protein level. 

However, it induced a dose-dependent decrease in STAT3 phosphorylation for T24 cells, 

demonstrating that the inhibition in phosphorylation observed was not due to a decrease in 

total protein level {figure 5.2). Cell lines varied in their response to DIM, in that STAT3 

phosphorylation was only significantly inhibited from 50pM in J82 cells, but again with no 

effect on total STAT3 level. I3C or DIM suppressed STAT3 phosphorlation in both T24 and 

J82 cells, suggesting that this effect was not cell type specific.
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However, in J82 cells, there was some but not statistically significant reduction in STAT5 

(a&b) and STAT1 protein levels from 50/xM although phosphorylated STAT5 and STAT1 

levels were not detectable {figure 5.3a).

DIM (hM) 0 10 50 80

T24
STAT3

PSTAT3

■ pSTAT3/STAT3

Figure 5.2 Effect of DIM on total and phosphorylated STAT3 levels in T24 cells. Cells 
were treated with 10, 50 or 80nM DIM for 48 hours. The vehicle for DIM was DMSO which 
was present in all samples to the same concentration. The chart shows pSTAT3 levels in 
T24 cells determined by densitometric analysis. * denotes a significant difference from 
DMSO control (p<0.05, n=3, ±SD) using oneway ANOVA followed by Student's t-test.

pSTAT3

J82 STAT5b

pSTAT5

STAT1

pSTATI

Figure 5.3a Effect of DIM on total and phosphorylated STAT levels in J82 cells. Cells 
were treated with 10, 50 or 80 pM DIM for 48 hours. Each experiment was performed on at 
least 3 separate occasions (with the exception of STAT5a and b blots n=2), loading an 
equivalent amount o f protein for each sample.
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Since total STAT5 (a and b) and STAT1 levels were variable following DIM treatment, with 

some blots showing an increase, the DIM-induced changes in total STAT5 and STAT1 for the 

J82 cells were represented graphically in figure 5.3 b, in order to show the SD for these blots.

2  100

ro 40

140

10 5 0  80
DIM /j M

—  120

O  60

10 50

DIM/yM

£
oo
O
CO

(0m
SCO

160

140

120

100

80

60

40

20

10 50 80

DIM//M

120

2  100 

I  601
CO
Q 60

-Om
Sco

40

20 -

10 50
DIM//M

80

Figure 5.3 b Histograms showing effect of DIM on total and phosphorylated STAT levels in 
J82 cells. Western blots were analysed by densitometry. pSTAT3 and total ST ATI and 5 
levels were normalised against total STAT3 levels, then expressed as a percentage of the 
DMSO control. * denotes a significant difference from DMSO control (p<0.05, n=3, ±SD) 
using oneway ANOVA followed by Student’s t-test.
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Figure 5.4a shows the total and phosphorylated STAT1, 3 and 5 levels in RT112 cells 

following a 48 hour DIM treatment. As with the mesenchymal cell lines, DIM has no effect 

on STAT3 protein level in epithelial RT112 cells. Also, STAT1 protein level was constant 

at all treatments. As shown in figure 5.4b, the decreases in STAT5a and b protein levels 

were statistically significant from lOpM DIM, which agree with the DC-induced reduction 

shown in figure 5.3a. Additionally, at 50/dVl, phosphorylated STAT5 returned to the basal 

level, while being significantly decreased by \0pM.

STAT5a 

STAT5b

pSTAT5 

STAT3

pSTAT3 

STAT 1 

pSTATI 

Tubulin

Figure 5.4a Effect of DIM on total and phosphorylated STAT levels in RT112 cells. Cells 
were treated with 10, 50 or 80pM DIM for 48 hours. Each experiment was performed on at 
least 3 separate occasions (with the exception o f total STAT1 blot n=2), loading an equivalent 
amount o f protein for each sample. Blots shown represent varying exposure times.
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Figure 5.4b Histograms showing effect of DIM on total and phosphorylated STAT levels in 
RT112 cells. Western blots were analysed by densitometry. pSTAT5 and total STAT1 and 
5 levels were normalised against total STAT3 levels, then expressed as a percentage o f the 
DMSO control * denotes a significant difference from DMSO control (p<0.05, n=3, ±SD) 
using oneway ANOVA followed by Student’s t-test.

5.2 Effect of indoles on ERK and Akt protein levels and phosphorylation status in J82 cells 

Data so far have demonstrated that both I3C and DIM inhibited STAT3 phosphorylation 

without any change in STAT3 protein level, and also induced apoptosis {section 5.3.2) in J82 

cells. It was therefore important to determine whether STAT3 phosphorylation status 

correlated with ERK or Akt phosphorylation levels which are important to cell survival.



Following a 48 hour I3C treatment, there was little effect on total and phosphorylated levels 

of ERK. Some increase in Akt protein level was observed from 250/dVI. In addition, an 

DC-induced reduction in Akt phosphorylation was observed from 100/zM, although this 

effect was reversed at 500/xM. However these effects were not statistically significant 

(figure 5.5).

ERK total and phosphorylation levels in J82 cells in response to DIM were affected in 

opposite ways {figure 5.5). While significant increase in ERK phosphorylation was 

observed in response to DIM from 50/zM, the total protein level was significantly decreased. 

In contrast to the effect of I3C on phospho-Akt, DIM at 50/zM increased Akt phosphorylation. 

This effect could be reversed by 80/zM DIM, and was not statistically significant.

The effects of either 13C or DIM upon ERK and Akt phosphorylation status are inconsistent, 

particularly at the higher concentrations. Around 70-80% cells undergo apoptosis and 

necrosis in response to I3C or DIM at the highest concentration {figure 5.12), suggesting that 

indole-induced apoptosis in J82 cells may not correlate with the variable change in ERK or 

Akt phosphorylation, but that there is some other predominant pathways involved in this 

process.

ERK1/2 

pERK1/2 

Akt

pAkt ser473 

Tubulin

Figure 5.5 Effect o f 13C or DIM on total and phosphorylated ERK and Akt levels in J82 
cells. Cells were treated with either I3C (left, 100, 250 or 500fjM) or DIM (right, 10, 50 or 
80fjM) for 48 hours. Each experiment was performed on at least 3 separate occasions, 
loading an equivalent amount o f protein for each sample. Blots shown represent varying 
exposure times.
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Figure 5.6a Histograms showing effect of 13 C on total and phosphorylated ERK and Akt in 
J82 cells. Western blots were analysed by densitometry. Total and phosphorylated ERK 
and Akt levels were normalised against tubulin levels, then expressed as a percentage of the 
DMSO control.
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Figure 5.6b Histograms showing effect of DIM on total and phosphorylated ERK and Akt 
in J82 cells. Western blots were analysed by densitometry. Total and phosphorylated ERK 
and Akt levels were normalised against tubulin levels, then expressed as a percentage of the 
DMSO control * denotes a significant difference from DMSO control (p<0.05, n=3, ±SD) 
using oneway AN OVA followed by Student’s t-test.



5.3 Effect o f indoles on cell proliferation and apoptosis

The finding that STAT phosphorylation was inhibited by I3C or DIM in all three bladder cell 

lines prompted experiments to investigate the consequences -  whether the inhibition could 

result in either cell cycle arrest or induction of apoptosis or necrosis. However, the siRNA 

results (Chapter 4, figure 4.30) have indicated that there is no effect on several cell cycle- and 

apoptosis-related proteins in knock-down STATs cells.

5.3.1 Cell cycle analysis following treatment with DIM

The ability of DIM to cause cell cycle arrest in the J82 and RT112 cell lines was investigated 

by flow cytometric analysis. Representative cell cycle DNA profiles (as analysed by 

Modfit) for RT112 and J82 cells following a 24 hour treatment with increasing concentrations 

of DIM are shown (figure 5.7). The mean values for the percentage of cells in each phase 

are shown in table 5.1.

Table 5.1 Effect o f DIM on cell cycle in the RT112 and J82 cell lines

RT112
DIM (jiM) Go/Gi S Gz/M Sub Gi

0 38.2 (±1.89) 44.1 (±2.14) 17.7 (±2.36) 1.2 (±0.3)

10 40.4 (±1.99) 44.8 (±2.46) 14.8 (±0.86) 0.7 (±0.33)

50 53.5 (±1.49)* 36.7 (±4.16) 9.8 (±2.77)* 6.8 (±2.58)*

J82
DIM (jlM) Go/G, S g 2/m Sub Gi

0 41.1 (±2.89) 39.2 (±2.34) 19.7 (±0.79) 1.1 (±0.08)

10 41.8 (±3.08) 37.9 (±2.91) 20.4 (±1.78) 1.6 (±0.09)

50 45.7 (±1.49) 22.4 (±2.69)* 31.8 (±2.97)* 7.4 (±2.21)*

It shows the percentage of cells in each phase of the cell cycle in the RT112 and J82 cell 
lines following a 24 hour DIM treatment. * denotes a significant difference from DMSO 
control (n=3, ±SD, p<0.05). (Dataprovided by Dr MK Cheng)

Cell cycle arrest is characterised by an accumulation of cells within a specific phase of the 

cycle, which can be visualised by an alteration to the peak areas in DNA profiles. DIM
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(50/zM) induced a significant accumulation of cells in Go/Gi phase in RT112 cells, while it 

showed a decrease in the G2/M peak profile. In contrast, G2/M arrest was observed in J82 

cells following a 50/zM DIM treatment, which could explain the decrease in S phase. In 

both lines, a significant increase of the percentages of cells in sub Gi following 50/zM DIM 

treatment may be indicative of the occurrence of apoptosis.
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Figure 5.7 Flow cytometric analysis o f prodium iodide stained RT112 and J82 cells 
following DIM treatment. Cells were treated with DIM (10 or 50pM) for 24 hours. The 
experiment was performed upon 3 separate occasions and data analysed using Modfit L. T. 
software.
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However, as shown in figure 5.8, at 48 hours there was an alteration of peak profile in J82 

cells following a 50/zM DIM treatment, switching from G2/M to G0/G1 arrest. In RT112 

cells, no clear phase-specific cell cycle arrest was observed following a 48 hour DIM 

treatment.
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Figure 5.8 Effect o f DIM on cell cycle in J82 and RT112 cells. Cells were treated with 
DIM (10 or 50pM) for 48 hours. * denotes a significant difference from DMSO control 
(p<0.05, n=3, ±SD). (Dataprovided by Dr MK Cheng)
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Either Go/Gi or G2/M arrest suggests that DIM may be able to specifically affect components 

of the cell cycle process within these two cell lines. So, cyclin D1 and survivin levels were 

assessed following treatment with 5, 10, 20 or 50/zM up to 24 hours (figure 5.9).

At 50/zM, cyclin D1 levels appeared to decrease slightly at 16 hours in both cell lines, and 

levels were further decreased from the DMSO control at 24 hours. Also, a DIM-induced 

decrease in survivin was observed from 50/zM at 16 hours in both cell lines. At 24 hours, 

there appeared to be a dose-dependent decrease in survivin levels in J82 cells.

_________ J82________
DIM (pM ) 0 5 10 20 50

16 hours

RT112 
10 20 50

Cyclin D1

Survivin

{3-Actin
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  m m m    ■ -  — ■ <—  [B-Actin

Figure 5.9 Effect o f DIM on Cyclin D1 and survivin levels in J82 and RT112 cells. Cells 
were treated with DIM at 5, 10, 20 or 50pM up to 24 hours. Each experiment was 
performed on at least 3 separate occasions, loading an equivalent amount o f protein for each 
sample. Blots shown represent varying exposure times (Data provided by Dr MK Cheng).
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5,3,2 Assessment o f  apoptosis in response to indoles

5.3.2.1 Assessment o f apoptosis by annexin V staining in response to indoles 

To determine the extent of apoptosis occurring in response to I3C and DIM, RT112 and J82 

cells were stained with FITC-conjugated annexin V and PI as described in 2.6.2. I3C 

induced apoptosis with a concentration of 100/zM in RT112 cells and 250/iM in J82 cells 

(figures 5.10 & 5.12), and this effect was dose-dependent. At 500/zM, there was a 

significant reduction in the population of live cells, and a significant increase in apoptotic and 

necrotic cells. Similarly, a dose-dependent increase in the percentage of apoptotic cells 

reached significance following treatment with DIM from 10/xM and a significant increase in 

the population of necrotic cells was observed from 50pM DIM (figures 5.10 & 5.12).

At the highest concentration of I3C or DIM, there was a significant reduction in the 

population of live cells and a significant increase in the number of necrotic cells (figures 5.10 

and 5.12). The increase in necrosis appeared to be secondary to that of apoptosis, which 

occurred at lower concentrations. Necrosis observed at the higher concentrations is likely to 

be a consequence of cells that have undergone apoptosis going into secondary necrosis.

Both RT112 and J82 cell lines were more sensitive to induction of apoptosis following 

treatment with DIM than with I3C. As shown in figures 5.10 and 5.12, a concentration of 

50/xM DIM induced a similar degree of apoptosis as did 250/iM I3C at 48 hours treatment.

Following I3C or DIM treatment, a large number of cells rounded up, detached from the 

flasks and floated in medium following indole treatments of J82 and RT112 cells and 

apoptosis was confirmed by FACS. Another bladder cell line, RT4 was previously found to 

be the most radioresistant line among several human bladder cell lines, including J82 and 

RT112 (Moneef et al., 2003). It was therefore important to assess the effect of indoles on 

induction of apoptosis in RT4 cells. In contrast, while RT4 cells behaved similar as J82 and 

RT112 cells, dual staining of annexin V and PI gave a very different profile (figure 5.14), 

which was unsuitable for assessment of apoptosis by FACS in these cells. The effect of 

apoptosis induced by indoles in RT4 cells was therefore assessed via other methods.
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Figure 5.10 Effect o f  I3C or DIM on apoptosis in RT112 cells. Cells were treated with I3C 
(top) at 100, 250 or 500pM or DIM (lower) at 10, 50 or 80\jM  for 48 hours. Apoptosis and 
necrosis was assessed by annexin V and PI staining. * denotes a significant difference from 
DMSO control (p<0.05, n=5, ±SD) using oneway ANOVA followed by Scheffe ’s significant 
difference post hoc test and Student’s t-test.

174



DMSO control

F L 2 -H

I3C 1 OOjllM

■ ■ r r n . ,  ■ , , ■ ■■«..

10 10 10 103 10 
F L 2 -H

DMSO control

cf

r

: \\. ‘

F L 2 -H

DIM 10jiM

f ¥

i v  ’ UWi*i P  1 • r . . |  1 . .. .-4

FL2-H

I3C 250pM
• -

nHn -'THW,  ................  1

10° 101 102 103 10
F L 2 -H

I3C SOOjliM

m

* W 0 :
"m

z

l |» « l i * . r .w f

10u 10 10
F L 2 -H

10° 10̂

DIM 50jliM

* ft

10° ' To2
FL2-H

lO3 10

V
DIM 80mM

CO 1 
O  -

XCM ' 
— O -
nt |

. * *<•

» * • £

^ 0 .

° o J

10°  101 102
F L 2 -H

103 104

Figure 5.11 Plots showing effect o f 13C or DIM on apoptosis in RT112 cells.
Representative dot plots for figure 5.10, showing annexin V and PI staining in the RT112 cells 
following a 48 hour I3C (left) or DIM (right) treatment. Y axis (FL1-H) represents annexin 
V staining, and X  axis (FL2-H) represents PI staining. Live cells are present in the bottom 
left corner, apoptotic cells in the top left corner, and necrotic cells in the top right corner.
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Figure 5.12 Effect o f 13 C or DIM on apoptosis in J82 cells. Cells were treated with 13 C 
(top) at 100, 250 or 500pM or DIM (lower) at 10, 50 or 80/jlM for 48 hours. Apoptosis and 
necrosis was assessed by annexin V and PI staining. * denotes a significant difference from 
DMSO control (p<0.05, n=5, ±SD) using oneway AN OVA followed by Scheffe's significant 
difference post hoc test and Student’s t-test.
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Figure 5.13 Plots showing effect o f I3C or DIM on apoptosis in J82 cells. Representative 
dot plots for figure 5.12, showing annexin V and PI staining in the J82 cells following a 48 
hour I3C (left) or DIM (right) treatment. Y axis (FL1-H) represents annexin V staining, and
X  axis (FL2-H) represents PI staining. Live cells are present in the bottom left corner, 
apoptotic cells in the top left corner, and necrotic cells in the top right corner.
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Figure 5.14 Plots showing effect o f I3C or DIM on apoptosis in RT4 cells. Representative 
dot plots showing annexin V and PI staining in the RT4 cells following a 48 hour I3C (left) or 
DIM (right) treatment. Y axis (FL1-H) represents annexin V staining, and X  axis (FL2-H) 
represents PI staining. Live cells are present in the bottom left corner, apoptotic cells in the 
top left corner, and necrotic cells in the top right corner.

5.3.2.2 Assessment o f apoptosis by caspase3/7 activity in response to DIM 

The induction of apoptosis by DIM in RT4, J82 and RT112 cells was assessed or further 

confirmed by the measurement of caspase3/7 activity as described in 2.6.4 (figure 5.15). 

The sensitivity of cells in response to DIM was varied. Among all three cell lines, the 

lowest concentration (10/zM) DIM induced the fastest increase in caspase3/7 activity in J82 

cells, whereas a higher concentration (50/zM) induced the fastest increase in RT112 cells. 

Overall the response in RT4 cells was the slowest, peaking at 48 hours, when caspase activity 

levels were falling again in the other two lines.

In the J82 cell line, a significant increase in caspase3/7 activity was observed following DIM 

treatment at 16hours, peaking at 24hours and decreasing again from 48hours at all 

concentrations. In RT112 cells treated with 80/zM DIM, there was a dramatic increase in
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caspase3/7 activity at 16 hours which decreased again from 24hours in RT112. 

Interestingly, 10 or 50/xM DIM induced caspase3/7 activity peaking at 24 hours and dropping 

down at 48 hours. In contrast, RT4 cells showed a time-dependent increase in caspase3/7 

activity, significant from as early as 16 hours, but with the highest levels observed at 48 

hours. Data indicate that J82 may be the most sensitive line in response to DIM, as 

significant changes in caspase3/7 activity were detected with the lowest concentration at the 

earliest time point, whereas RT4 cells is the most resistant o f the all three cell lines tested. 

However, the significant increase in caspase3/7 activity following DIM treatment in RT4 cells 

is indicative of the occurrence of apoptosis.

Induction of apoptosis by a 48 hour DIM treatment in J82 cells was further confirmed by 

Hoechst staining (as described in 2.6.3) and decrease in proform caspase3 expression (figure 

5.16). An obvious reduction of proform caspase3 expression was observed with a 

concentration as low as 10/iM, consistent with annexin V data. Evidence from Hoechst 

staining, which shows increased fluorescence in apoptotic cells due to condensed chromatin, 

further supports the induction of apoptosis by DIM in J82 cells.

5.3.2.3 Assessment of apoptosis by PARP cleavage in response to DIM 

Another measure of apoptosis is cleavage of the caspase3/7 substrate poly (ADP ribose) 

polymerase (PARP). Figure 5.17 shows representative blots of PARP cleavage in J82, 

RT112 and RT4 cells following DIM treatment up to 48 hours.

In J82 cells, significant PARP cleavage was observed from as early as 16 hours with SOpM. 

At 10/iM, PARP cleavage was detectable by 48 hours. Similarly, there was a dose- and 

time-dependent increase in PARP cleavage upon RT112 cells following DIM treatment. An 

increase in PARP cleavage was also found with 80/xM DIM from 16 hours in RT4 cells, 

however no PARP cleavage was detectable at 10/xM by 48 hours, suggesting that the most 

resistant line was RT4, in agreement with the caspase3/7 activity results (figure 5.15).
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Figure 5.15 Effect o f DIM on caspase3/7 activity in J82, RT112 and RT4 cells. Cells were 
treated with DIM at 10, 50 or 80pM for 48 hours. Charts show levels o f caspases3/7 
activity, expressed as fold increase over DMSO control as determined by fluorescence 
measurement. * denotes a significant difference from DMSO control (p<0.05, n=3, ±SD) 
using oneway ANOVA followed by Scheffe’s significant difference post hoc test and Student’s 
t-test.
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Figure 5.16 Hoechst staining and caspase3 levels in DIM treated J82 cells. The top panel 
represents Hoechst staining following a 48 hour treatment with increasing doses o f DIM (*20 
lens, UV). The lower panel shows a representative western blot for proform caspase 3 levels 
following a 48 hour DIM treatment.

5.4 Effect of DIM on cell adhesion in J82 cells

5.4.1 Effect on adhesion molecules in J82 cells following low concentration DIM treatment 

The J82 cell line displays a high in vitro invasive capacity, expressing N-cadherin but no 

E-cadherin. Importantly, it has been shown that N-cadherin expression following 

transfection can increase invasive potential in human bladder cell lines which lack 

endogenous expression of N-cadherin (Rieger-Christ et al., 2004). So, it was important to 

determine the effects of DIM upon cadherin/catenin system, in order to assess the potential 

for DIM to inhibit cell invasion.
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Figure 5.17 Effect o f DIM on PARP cleavage in J82, RT112 and RT4 cells.
Representative western blots show the effect on PARP cleavge in three bladder lines 
following a DIM treatment up to 48 hours. Blots were performed on 2 separate occasions 
and also show actin protein-loading controls.
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Compared to J82 cells, RT112 cells have a much lower invasive capacity, expressing 

E-cadherin but no N-cadherin. This cell line was used as a positive control to show 

expression levels of E and P-cadherin and /3-catenin. In order to avoid induction of 

apoptosis or necrosis, a low concentration (10/dVI) DIM was applied to investigate the effects 

of a 72 hour treatment upon J82 cells with respect to cadherins and /3-catenin expression 

(figure 5.18).

There was a significant decrease in N-Cadherin, P-Cadherin and /3-catenin expression 

following a 72 hour treatment with lOjuM DIM in J82 cells. However, re-expression of 

E-cadherin was not induced (figure 5.18).

Furthermore, the distribution and subcellular localisation of E, N and P-cadherins, /3-catenin, 

a-tubulin and actin were investigated in the J82 cell line. E-cadherin staining was negative 

in agreement with western results, P-cadherin staining was very weak, and actin showed no 

difference following treatment (data not shown). As shown in figure 5.19, 

immunocytochemical staining revealed some decrease and altered localisation of N-cadherin 

and /3-catenin and less filamentous a-tubulin following exposure to DIM.

J82 RT112

DIM (hM) - 10
■ 1 "■* E-Cadherin

— — *  P-Cadherin

N-Cadherin

—   3= fucatenin

Figure 5.18 Effect o f DIM on cadherins and (3-catenin levels in J82 cells. J82 cells were 
treated with DIM at lOpM for 72 hours. RT112 was used as a positive control showing 
expression levels o f E, P-cadherin and (3-catenin and blots were performed on 2 separate 
occasions.

183



D M S O DIM 1 0 |jM

N-cadherin

P-Catenin 

UTubulin

Figure 5.19 Immunostaining showing effect of DIM on N-cadherin, j3-catenin and tubulin 
distribution in J82 cells. Left panel features control J82 cells, treated for 72 hours with 
DMSO. Right panel represents J82 cells treated for 72 hours with 10\jM  DIM. After 
staining, cell were visualised by fluorescence microscopy (*■40 lens). Images were captured 
with the same exposure times.

5.4.2 Effect on cell adhesion in J82 cells following DIM treatment

The appropriate concentrations of substrates and time points for adhesion assays have been 

established (refer to Chapter4, figure 4.32), and the specificity of J82 cell adhesion to 

fibronectin and collagen I has been examined (refer to Chapter 4, figure 4.33).
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In order to determine whether cell adhesion to fibronectin and collagen I can be influenced 

following a short-term DIM treatment, assays were carried out in J82 cells, as shown in figure 

5.20. As a 16 hour DIM treatment increased caspase3/7 activity in J82 cells (figure 5.15), in 

the adhesion assay DIM treatment was no longer than 16 hours, and due to almost saturated 

cell adhesion to fibronectin (10/xg/ml) at 120 minutes (Chapter 4, figure 4.32), DIM-treated 

J82 cells were allowed to attach to fibronectin-coated plates up to 120 minutes.
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Figure 5.20 Effect o f DIM on J82 cell adhesion to fibronectin and collagen I. J82 cells 
were treated with DIM (10 or 50fjM) for 16 hours then allowed to attach to fibronectin- 
(lOpg/ml) or collagen I- (50pg/ml) coated surfaces for 30, 60 or 120 minutes at 37°C. 
Unattached cells were removed, and remaining cells were stained with crystal violet. Cell 
attachment was quantified by absorbance measured at 550nm. Each time point was done in 
triplicate and * denotes a significant difference from DMSO control (p<0.05, n=3, ±SD) 
using oneway ANOVA followed by Student’s t-test.
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There was a time-dependent inhibition of cell adhesion to fibronectin and collagen I following 

\0pM DIM treatment over 16 hours. Following 50/dVI, J82 cell adhesion to both ECM 

proteins was significantly slowed down in a time-dependent manner.

However, as a 10/xM DIM treatment was sufficient to induce significant increase of 

caspase3/7 activity in J82 cells (figure 5.15), it was important to determine the percentage of 

viable cells following DIM treatment in order to rule out apoptosis as the cause of reduced 

adhesion.

x, 30-,a>

DMSO DIM 10pM DIM 50pM

Figure 5.21 Effect o f DIM on cell viability in J82 cells. J82 cells were treated with DIM 10 
or 50pM for 16 hours then allowed to attach to fibronectin- (10/ig/ml) coated plates for 120 
minutes at 37°C. An appropriate volume o f 0.4% Trypan blue was added into plates and 
gently mixed. After standing for 30 minutes at room temperature, the number o f viable 
(unstained) and dead (stained) cells were counted in randomly chosen fields (minimum o f 100 
cells per field). The chart shows the percentage o f dead cells following a 16 hour DIM 
treatment in J82 cells. * denotes a significant difference from DMSO control (p<0.05, n=5, 
±SD) using an oneway ANOVA followed by Student’s t-test.

Figure 5.21 shows the effect of a 16 hour DIM treatment upon J82 cells with respect to cell 

viability. There was no significant increase in the number of cells stained by trypan blue 

following a 10/xM DIM treatment. However, a significant increase in the population of 

stained cells was observed at 50/xM, suggesting that apoptosis may account, at least in part, 

for the decrease of cell adhesion shown in figure 5.20 at this concentration.
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Possibilities were that DIM was binding to the substrate to block binding sites or to cell 

surface protein. To further investigate the effect on cell adhesion in response to DIM, J82 

cells were seeded on to fibronectin or collagen I-coated plates in the continued presence of 

DEM. As shown in figure 5.22, at 1/xM DIM did not affect cell-adhesion to either fibronectin 

or collagen I. There was, however, a significant and time-dependent inhibition of cell 

adhesion from 10/zM DIM. Data so far suggest that the effect of DIM on cell adhesion may 

be due to the disruption of focal adhesion, either by binding to ECM proteins (fibronectin, 

collagen) or inactivating integrins.
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Figure 5.22 Effect on cell adhesion to fibronectin and collagen I  in the presence o f DIM.
J82 cells were plated in the presence o f DIM (1, 10 or 50\jM) onto fibronectin- (10pg/ml) or 
collagen I- (50pg/ml) coated surfaces for 30, 60 or 120 minutes at 37°C. Controls were 
incubated in the absence o f any substrate (BSA). Unattached cells were removed, and 
remaining cells were stained with crystal violet. Cell attachment was quantified by 
absorbance measured at 550nm. Each time point was done in triplicate and * denotes a 
significant difference from DMSO control (p<0.05, n=4, ±SD) using oneway ANOVA 
followed by Student's t-test.
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To address whether DIM exerts an effect on cell adhesion via binding to ECM proteins, an 

inhibitory anti-human fibronectin antibody, 16G3 was applied. The adhesion assays were 

carried out as described in 2.7.1, after DIM or 16G3 alone or in combination were 

pre-incubated on coated plates for 60 minutes at 37°C. Figure 5.23 shows that DIM alone 

did not affect cell adhesion either to fibronectin or collagen I at either concentration. 16G3 

alone or combined with DIM significantly decreased J82 cell adhesion on fibronectin but not 

collagen I. These results indicate that DIM does not bind to ECM proteins directly.

■  DMSO

■  DIM 1 0 |j M
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□  anti-rat IgG

□  16G 3
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■  1 6 G 3 + D M  5 0 |j M

Fibronectin Collagen
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Figure 5.23 Effect of DIM on cell adhesion in presence of anti-fibronectin antibody. DIM
(10 or 50\iM) or the inhibitory anti-human fibronectin antibody (16G3, 20\ig/ml) alone or in 
combination were incubated with fibronectin- (1 Opg/ml) or collagen I- (5 Opg/ml) coated 
surfaces for 60 minutes at 37°C before washing off. Then J82 cells were plated for another 
60 minutes at 37°C. The vehicle for 16G3 was anti-rat IgG (1 Opg/ml). Unattached cells 
were removed, and remaining cells were stained with crystal violet. Cell attachment was 
quantified by absorbance measured at 550nm. Each time point was assessed in triplicate 
and * denotes a significant difference from anti-rat IgG control (p<0.05, n=3, ±SD) using 
oneway ANOVA followed by Student’s t-test.
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5.4.3 Effect on cell adhesion in ST ATI and/or 3 knockdown J82 cells following DIM 

treatment

As shown in figure 4.34, knockdown of STAT1 alone or STAT1 and 3 together results in a 

significant decrease in cell attachment to fibronectin or collagen, suggesting that STAT1 is 

important for J82 cell adhesion. Therefore, one of the essential questions to be addressed 

based upon the evidence presented so far, is whether DIM treatment in STAT1 or STAT3 

knockdown J82 cells could further decrease cell-adhesion to the ECM proteins tested.

It appeared that a 1/xM DIM treatment was responsible for a significant decrease in cell 

adhesion to fibronectin and a further decrease in adhesion to collagen was observed in ST ATI 

and/or STAT3 knockdown J82 cells (figure 5.24). As shown in figure 5.22, no decrease in 

cell adhesion was observed at IfiM DIM in STA1*I+ cells. This suggests that a high level of 

pSTAT3 can protect J82 cells from the effects of low dose DIM.

At 10/iM, DIM markedly inhibited cell-adhesion to fibronectin and collagen I in STAT1 

and/or STAT3 knockdown J82 cells (figure 5.24), and the effect were similar in STA1*I+ cells 

(figure 5.22).

Taken together, the data suggest that DIM may exert its inhibitory effect on cell adhesion, not 

only via STATs, but also via other molecules, such as cadherins and integrins. It possibly 

initiates the inhibition of adhesion through modulating STATs, and other pathways are 

involved to sustain or enhance this effect.
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Figure 5.24 Effect o f DIM on cell adhesion in STAT1 and/or 3 knockdown J82 cells.
ST ATI and/or 3 knockdown J82 cells were plated in the presence o f DIM (lor lOpM) onto 
fibronectin- (1 Opg/ml) or collagen I- (5Opg/ml) coated surfaces or in the absence of any 
substrate (BSA) for 60mins at 37°C. Unattached cells were removed, and remaining cells 
were stained with crystal violet. Cell attachment was quantified by absorbance measured at 
550nm. Each data point was done in triplicate. Untreated = J82 cells without transfection 
or DIM treatment; K control = J82 cells transfected with siRNA to STATI and/or STAT3. # 
denotes a significant difference from untreated cells, and * denotes a significant difference 
from DMSO control (p<0.05, n=4, ±SD) using oneway ANOVA followed by Student’s t-test.
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DISCUSSION

The results presented in this chapter showed that indoles exerted an inhibitory effect on ST AT 

phosphorylation and induced apoptosis in a range of bladder cancer cell lines. T24 cells 

were more sensitive to either I3C or DIM than J82 cells with respect to inhibition of STAT3 

phosphorylation. J82 cells appeared to be more sensitive to DIM than I3C with respect to 

the effect on STAT3 phosphorylation. Overall, I3C and DIM were effective at suppressing 

STAT3 phosphorylation to varying degrees in both J82 and T24 cells. Neither DC nor DIM 

affected total STAT3 levels, suggesting that the decrease in STAT3 phosphorylation did not 

result from a decrease in total protein levels. In contrast, a decrease in STAT5a&b and 

ST ATI total levels was observed, but in all circumstances phosphorylated STAT5 and 

STAT1 were undetectable in J82 cells.

DIM (10/iM) caused a significant inhibition of phosphorylated STAT5 levels in RT112 cells. 

However, this effect was not apparent at 50/iM, while STAT5a&b total levels were decreased 

dose dependently {figure 5.4). Above all, the effects of DIM upon different STAT family 

members are various. It is likely that DIM-regulated STAT phosphorylation and total levels 

are via different mechanisms which are unclear at the moment.

A 48 hour I3C treatment was able to reduce the levels of Akt phosphorylation (ser473) in J82

cells from 100/xM, reaching significance at 250/iM, but unable to sustain this downregulation

of Akt phosphorylation at 500/iM. In contrast to I3C, the condensation product, DIM

induced an increase in Akt phosphorylation at 50/xM, but this effect was reversed at 80/xM.

Following oral administration, I3C is rapidly absorbed and cleared from blood and tissues

within an hour, while DIM peaks slightly later and is more persistent. After intake of I3C,

both DC and DIM are detectable in blood and multiple organs, and several studies have

demonstrated distinct responses to I3C and DIM in animal models. Therefore, the in vivo

activity of I3C can be attributed partially, but not completely, to the production of DIM

(reviewed in Howells et al., 2007). In breast carcinoma lines, I3C has an inconsistent effect

upon both T47D and MCF7 cells, with a similar level of increased Akt phosphorylation (ser

191



473) at the higher concentration 500/tM). However, in MDA MB468 cells, a 

dose-dependent decrease in Akt phosphorylation (ser 473) was observed from 100/iM of I3C 

treatment (Howells 2003). Above all, data suggest that different doses of DC and DIM may 

exert different effects on this pathway in bladder cancer cells.

From the data presented, the effects of either I3C or DIM upon Akt phosphorylation status are 

inconsistent, particularly at the higher concentrations. There is evidence in the literature to 

show that STAT3-induced overexpression of p55a and p50a, the PI3K regulatory subunits 

can reduce the level of activated Akt (Abell K et al., 2005). This suggested the possibility 

that to some extent DIM-modulated Akt phosphorylation could be mediated by the link 

between STAT3 and PI3K regulatory subunits in J82 cells.

I3C has previously been observed to have a stimulatory effect upon ERK phosphorylation in 

human breast cell lines (Howells, 2003), but in this study, there was no obvious change in 

phosphorylated ERK levels in J82 cells following treatment with any concentration of I3C. 

However, DIM induced a significant increase in ERK phosphorylation which was observed 

from 50/iM, suggesting that high concentrations of DIM may exert a stimulatory effect on this 

pathway in J82 cells.

A study by Okabe et al., (2006) showed the phosphorylation of cyclin D1 at Thr286 was 

mediated by the activity of MAPK cascade, and cyclin D1 underwent increased degradation 

once its phosphorylation was enhanced. The effects of DIM upon cyclin D1 were 

investigated, in order to provide an insight as to how DIM may be inducing cell cycle arrest in 

the J82 cells. Figure 5.9 shows an obvious decrease in cyclin D1 levels in response to 50/iM 

DIM at 24 hours in both J82 and RT112 cells. Consistently, DIM-induced downregulation 

of cyclin D1 levels has been observed in human breast cancer cells (Vanderlaag et al., 2006) 

and prostate cancer cells (Garikapaty et al., 2006). Treatment with 50/iM DIM results in 

activation of ERK phosphorylation from 18 hours (data not shown), so it may indicate that 

reduction of cyclin D1 expression is due to sustained activation of ERK.
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Both I3C (Brandi et al., 2003, Chinni et al., 2001) and DIM (Hong et al., 2002, Garikapaty et 

al., 2006) have been previously shown to cause Gi cell cycle arrest. In this study, there was 

an increase in the percentage of J82 cells in the G2/M phase and an increase of RT112 cells in 

the G0/G1 phase at 50/iM DIM at 24 hours (table 5.1). However, in J82 cells {figure 5.8) this 

effect switched to G0/G1 phase with a 48 hour DIM treatment, indicating that at earlier time 

point, DIM slows down cell cycle via accumulation in G2/M phase then causes Gi arrest at 

longer treatment. It is interesting to note that Tyagi et al., (2004) found G2-M arrest was 

associated with the modulation in CDKI-CDK-cyclin cascade by silibinin (a natural flavonoid 

from milk thistle) in human bladder carcinoma cells. In this study, a decrease in cyclin D1 

levels in response to DIM was observed in both cell lines, suggesting that DIM-induced G2/M 

arrest in J82 cells may be correlated with the downregulation of cyclin D1 expression.

In addition, figure 5.9 shows that survivin expression was markedly downregulated by 50/zM 

DIM with a 24 hour treatment in both cell lines. Consistently, a study by Takada et al.,

(2005) showed that I3C causes downregulation of survivin in myeloid and leukaemia cells. 

It has also been shown that survivin expression is associated with cell cycle progression, 

including the acceleration of S phase and resistance to Gi arrest (Suzuki et al., 2000). It 

appears that the decrease of survivin expression possibly leads to the reduction in S phase and 

G0/G1 phase arrest in both cell lines in response to DIM.

Data presented so far indicate that the modulation of cell cycle arrest by DIM may be due to 

the reduction of survivin expression which initiates cell cycle entry, or the decrease of cyclin 

D1 levels which is required for cell cycle progression.

In both cell lines, a reduction of cells in the S phase was observed in response to 50/zM DIM 

at 24 hours or longer treatment, possibly indicating an inhibition of cell growth. The 

appearance of a sub Gi peak with increasing DIM in both cell lines may be indicative of the 

occurrence of apoptosis which is in agreement with annexin V staining in J82 and RT112 

cells showing a significant increase in apoptotic cells following a 48 hour DIM treatment 

(figure 5.10 and 5.12).
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In contrast to J82 and RT112 cells, the apoptosis and necrosis in RT4 cells induced by DIM 

could not be measured properly via annexin V and PI staining (figure 5.14). However, RT4 

cells were found to readily detach from flasks, to round up and float in medium following a 

48 hour DIM treatment, suggesting that they may undergo apoptosis. This observation was 

confirmed by the assessment of caspase 3/7 activity and PARP cleavage. There was a time- 

and dose- dependent increase of caspase 3/7 activity with DIM treatment, and PARP cleavage 

was detected following a treatment up to 48 hours, providing evidence of induction of 

apoptosis in RT4 cells. A significant increase in caspase 3/7 activity and PARP cleavage 

was also observed in J82 and RT112 cells. Since RT4 was previously found to be the most 

resistant line to radiotherapy among several human bladder cell lines, including J82 and 

RT112 (Moneef et al., 2003), it is encouraging that DIM could induce apoptosis in a panel of 

bladder cancer cells with different sensitivity to radiotherapy or chemotherapy, thus 

suggesting a novel potential agent for chemoprevention or an adjunct to chemo- or 

radiotherapy in bladder tumours.

J82 cells are E-cadherin've and N-cadherin+ve, whereas RT112 cells are E-cadherin+ve and 

N-cadherin've. In addition, J82 cells express more /3-catenin compared with RT112 line 

(itable 5.2). There is evidence to suggest that the high invasive capacity of J82 cell line is 

due to expression of N-cadherin (Rieger-Christ et al, 2004) and enhanced /3-catenin levels are 

correlated with increased tumorigenesis (Peifer 1997).

Table 5.2 J82 and RT112 cell lines expressing different cadherin/catenin profiles

J82 RT112
E-Cadherin - +
N-Cadherin + -

P-Cadherin + ++
/3-Catenin ++ +

There was a significant decrease (assessed by western blotting) in N-cadherin, P-cadherin and 

/3-catenin expression following a 72 hour treatment with lOpM DIM in J82 cells (figure 5.18) 

and some decrease in N-cadherin and /3-catenin by immuno-staining was also observed. In
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J82 cells re-expression of E-cadherin was not induced by DIM, possibly due to the continued 

existence of E-cadherin repressors, such as Snail (Ohkubo and Ozawa, 2004), Slug (Bolos et 

al., 2003), Zebl (Aigner et al., 2007) or Sipl (Vandewalle et al., 2005), the methylation or the 

deletion of E-cadherin. Such modulation of cadherin/catenin system suggested that DIM 

may have an inhibitory effect on cell invasion.

This was further investigated using adhesion assays with fibronectin and collagen, two 

possible extracellular protein substrates. The specificity of binding of J82 cells to 

fibronectin or collagen was assessed by applying inhibitory antibody to jSj-integrin (figure 

4.33). Figure 5.20 shows a significant inhibition in cell adhesion to fibronectin and collagen 

I with 50/iM DIM treatment over 16 hours. However, this effect was mainly due to an 

increased number of cells undergoing apoptosis or necrosis (figure 5.21).

In order to avoid the influence of cell death, the effect on cell adhesion by low dose DIM was 

investigated with shorter treatment. As shown in figure 5.22, in presence of DIM, a 

significant and time-dependent inhibition of cell adhesion to fibronectin and collagen I was 

observed from 10/xM DIM. This suggested that the effect of DIM on suppression of cell 

adhesion may be due to its binding to fibronectin or collagen, or inactivation of integrins.

An inhibitory antibody to fibronectin (16G3) was applied in order to address whether the 

inhibitory effect of DIM on cell adhesion occurred via its binding to ECM proteins. Figure 

5.23 shows that in the absence of 16G3, DIM treatment of the substrate has no effect on cell 

adhesion, however, 16G3 significantly inhibited J82 cell adhesion to fibronectin, but not 

collagen I, in either the absence or the presence of DIM. This suggested that DIM was not 

binding directly ECM proteins.

As shown in Chapter 4 (figure 4.34), there was a significant decrease of cell adhesion on 

fibronectin and collagen I in STAT1 knockdown J82 cells, indicating that STAT1 plays an 

important role in J82 cell adhesion. Data also showed an inhibitory effect of DIM on J82

195



cell adhesion, therefore it is important to further investigate whether this effect is altered by 

prior inhibition of STAT signalling pathway.

Treatment of normal J82 cells with 1/xM DIM produced no effect on cell adhesion to either 

fibronectin or collagen (figure 5.22). However, at this concentration a significant additional 

decrease in cell adhesion to both ECM proteins was observed in either STAT1 or STAT3 

knockdown J82 cells (figure 5.24). This suggests that the inhibitory effect of DIM on cell 

adhesion may involve the STAT pathway.

Compared with STA1*/+ cells, it appeared that 10/xM DIM can not induce further decrease of 

cell adhesion in STAT knockdown cells (figure 5.24). It leads to hypothesis that DIM may 

exert its inhibitory effect on cell adhesion not only via STATs but also via other molecules, 

such as cadherins and integrins. It possibly initiates the inhibition of adhesion through 

STATs, and other pathways are then involved to sustain or enhance this effect.

In a study by Rieger-Christ KM et al., (2007) in invasive bladder carcinoma cells, reduction 

of N-cadherin expression was observed in a dose-dependent manner with concomitant 

inhibition of cell migration, in response to EGCG (the major phytochemical in green tea). In 

this study, DIM decreased N-cadherin, P-cadherin and /3-catenin expression in J82 cells, 

suggesting that the inhibition of J82 cell-adhesion and migration by DIM may be partly via 

downregulation of these proteins.

Overall, DIM appears to be a promising agent with respect to inhibition of constitutive STAT 

signalling and its ability to cause cell cycle arrest, induce apoptosis and suppress cell adhesion, 

at least partly via STAT signalling pathway. However, it is still not clear that the STAT 

pathway is involved in DIM-induced cell cycle arrest and apoptosis, which will be 

investigated in the future work.
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CHAPTER 6

GENERAL DISCUSSION



Overactive STATs have been reported in various human tumours, but data are lacking for 

bladder cancer. Thus the present study was designed to test the hypothesis that STATs are 

activated in human bladder tumours and their inhibition might be of benefit in treatment or 

prevention. The immunohistochemistry results obtained in tumour tissues strongly support 

this contention -  STATs phosphorylation was observed in bladder tumours, but was 

essentially absent in normal epithelium. Increased STATs expression and activation suggested 

as an invasion-associated phenomenon, since phosphorylated STATs occurred in more than 

half of muscle invasive samples in cytoplasm or nuclei, whereas only 33% (3/9) of superficial 

tumours showed phosphorylated STAT3 which was confined to the cytoplasm.

As expected, STATs expression and phosphorylation was also observed in a range of human 

bladder cancer cell lines. STAT5 in epithelial lines (E-cadherin+ve) and STAT3 in 

mesenchymal lines were constitutively phosphorylated. This led to the hypothesis that 

phosphorylated STAT3 may be associated with high invasive capacity. In A431 cells 

following DOX-inducible expression of wide-type SIP1 (a repressor of E-cadherin 

expression), classic EMT (from a proliferative to an invasive type of cell behaviour) was 

induced, accompanied by downregulated E-cadherin and upregulated N-cadherin (Mejlvang 

et al., 2007). In this model, expression of SIP1 (A431/Sip+) promoted STAT3 activation and 

decreased phosphorylated STAT5, providing further support for a role for active STAT3 in 

invasiveness of cancer cells. Consistently, significant inhibition of cell migration in STAT3- 

deficient J82 cells was observed. In addition, Debidda et al., (2005) have reported that in 

STAT3 null MEFs (Mouse embryonic fibroblasts), STAT3 represents an essential effector 

pathway of Rho GTPases in regulating cell migration.

Besides switching of cadherin expression in A431/Sip+ cells, SIP1 was reported to inhibit 

cell-cell adhesion and activate cell adhesion to collagen and fibronectin via increased 

formation of focal adhesions (Mejlvang et al., 2007). Also, it has been shown that STAT1 

activation was associated with FAK during cell adhesion (Xie et al., 2001) and the deficiency 

of STAT3 caused loss of collagen production (Lim et al., 2006), providing some explanation 

for data presented in this study that knockdown of STAT1, alone or in the combination with 

STAT3, significantly inhibited cell-matrix adhesion, possibly due to suppressed formation of 

focal adhesions or degradation/inactivation of matrix proteins.
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In J82 cells, PP2 (src inhibitor) treatment appeared to promote cell-cell adhesions allowing 

cells to form large clusters. Nam et al., (2002) have shown enhanced E-cadherin/catenin 

expression and suppressed metastasis in PP2-treated cancer cells. Consistently, upon src 

expression/activation, E-cadherin was actively degraded which facilitated the dissolution of 

adherens junctions (Palacios et al., 2005). In melanoma cells, it has been found that 

expression of dominant-negative src prevented N-cadherin phosphorylation which was 

involved during cell transmigration (Qi et al., 2006). Src is known to contribute to STATs 

phosphorylation: for example, src kinase activates IL-3-mediated STAT3 phosphorylation in 

myeloid cells (Chaturvedi et al., 1998) and is also involved in IFNa-induced serine 

phosphorylation of STAT1 and STAT3 (Su and David 2000). A study by Sachsenmaier et al., 

(1999) found that STAT activation by PDGF receptors does not require src tyrosine kinase 

activation. Similar to the observation in squamous carcinoma cells (Quadros et al., 2004), src 

inhibitor (PP2) had only negligible effect on growth factor-independent STAT3 or STAT5 

phosphorylation in bladder cancer cells tested, demonstrating that the kinase responsible for 

STAT3 (Tyr705) or STAT5 (Tyr694) phosphorylation may be not a src-like kinase and 

suggesting that STATs may not be involved in src-regulated expression o f cadherins, leading 

to the mediation of cell-cell adhesions. By contrast, treatment with JAK2 inhibitor AG490 

significantly reduced pSTAT3 (Tyr705) in J82 cells and pSTAT5 (Tyr694) in RT112 cells, 

although from data presented, its effect was transient and reversible. This suggests that JAK2 

may act synergistically with other kinases, such as JAK1 to maintain this constitutive STAT 

phosphorylation. Identification of the kinase principally responsible for STAT 

phosphorylation in bladder cancer cells awaits future studies.

In J82 cells, knockdown of STAT1, STAT3 or STAT5 individually did not affect the overall 

transcriptional activity of STATs as assessed by reporter gene, which might be explained by 

the potential compensatory effects among different STAT family members. However, 

knockdown of STAT1, STAT3 and STAT5 together still only reduced STATs transactivation 

level by less than 40%, suggesting that either STATs possess low transcriptional activity in 

bladder cancer cells or STATs knockdown activates other pathways which can promote 

transcriptional activity of STATs. Bild et al., (2002) and Quadros et al., (2004) have 

demonstrated that STAT3 phosphorylation on both Tyr705 and Ser727 is insufficient to induce 

STAT3 DNA binding, and complexes with activated EGFR are a necessary prerequisite for 

nuclear import, DNA binding and transcriptional activity. In five bladder lines tested, EGF 

receptors were expressed in a reasonable level, but were not phosphorylated under normal
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growth conditions which might be responsible for at least in part on the transactivation level 

of STATs, and suggesting that a complex between activated EGFR and phosphorylated STATs 

might also be crucial for STATs transactivation in bladder cancer cells.

Current therapies for bladder cancer are not satisfactory, and Moneef et al, (2003) have 

shown that several bladder cancer cell lines are resistant to radiotherapy. Thus, 

chemoprevention, using natural or synthetic chemicals to reverse the onset, suppress or 

prevent the development of the carcinogenesis process (Gescher et al., 1998) becomes a novel 

approach to cancer therapy. Indoles have been well-documented as chemopreventive agents, 

and several studies have demonstrated that STAT signalling is targeted by various dietary 

agents.

This was the first study to investigate the potential for indoles as effective agents in the 

chemoprevention of bladder cancer, by inhibiting the STAT pathway in bladder cells. It was 

interesting to observe that either I3C or its acid condensation product DIM significantly 

inhibited constitutive STAT3 activation in J82 and T24 cells. Also, in RT112 cells, STAT5 (a 

and b) expression and activity were significantly suppressed following DIM treatment, 

although the alteration in STAT5 phosphorylation was inconsistent. Further investigation 

showed that DIM induced a significant increase in caspase3/7 activity and PARP cleavage in 

three bladder lines (RT4, RT112 and J82) with different resistance to radiotherapy. FACS 

analysis indicated increased apoptosis and necrosis in J82 and RT112 cells in response to 

either I3C or DIM, providing further evidence that indoles induce apoptosis in bladder cancer 

cells of differing phenotype.

DIM have been previously shown to cause Gi cell cycle arrest (Hong et al., 2002, Garikapaty 

et al., 2006). In the present study, an increase in the percentage of J82 cells in Go/Gi phase 

was observed in response to a 48 hour DIM treatment, although an accumulation of cells in 

G2/M phase was induced at earlier time points. DIM also caused transient G0/G1 phase arrest 

at 24 hour in RT112 cells.

It was rather unexpected that phosphorylated ERK was upregulated while the total ERK level 

was decreased in J82 cells following DIM treatment. It was also surprising that no significant 

alteration in total or phosphorylated Akt levels was observed in response to either 13 C or DIM 

treatment, as both have been found to downregulate Akt and MAPK pathways in several
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human cancers (Li et al., 2003; Rahman and Sarkar, 2005). This may suggest that Akt and 

ERK do not contribute to indole-induced apoptosis in bladder cancer.

Another rather unexpected result of this study was that knockdown of STAT1, 3 or 5 did not 

alter the expression of cell cycle or apoptosis-related proteins, such as cyclin D l, survivin or 

pro-caspase3. However, DIM treatment of J82 and RT112 cells inhibited cyclin Dl and 

survivin expression significantly. This suggested that inhibition of STAT is not sufficient for 

DIM-induced cell cycle arrest and apoptosis. Although AG490 caused Go/Gi arrest in J82 

cells and S phase arrest in RT112 cells, it showed inconsistent inhibitory effects on STAT3 or 

STAT5 phosphorylation, also indicating that STATs are not crucial for cell cycle process.

Interestingly, at 1/xM, DIM had no effect on cell-matrix adhesion to fibronectin and collagen. 

However, following knockdown of STAT1 and/or STAT3, 1/iM DIM was observed to 

significantly further suppress J82 cell adhesion to fibronectin and collagen, suggesting the 

involvement of STAT in cell-matrix adhesion. In addition, a low concentration of DIM 

(10/iM) suppressed N- and P-cadherin and /3-catenin expression. In agreement with a recent 

study on EGCG (Rieger-Christ KM et al., 2007), this suggested that cadherins may contribute 

to cell adhesion in bladder cancer, together with STATs activity.

Here, STATs have been shown to be potential target for indoles, possibly contributing to their 

inhibitory effect on cell adhesion and migration. Indoles also induce pro-apoptotic effects in a 

range of bladder cancer cells, again suggesting a positive role for their chemopreventive 

effects in human bladder cancer. Chemopreventive agents should have minimal toxicity to 

normal cells which is not always the case with current aggressive chemotherapy or 

radiotherapy treatment, so a normal urothelial line would ideally be included in future work to 

check for lack o f unwanted toxicity.

This investigation into the STATs status in vivo and in vitro has provided an indication that 

active STATs may be a potential marker of invasiveness in human bladder cancer, and effects 

of indoles at a molecular level has given an insight as to how these dietary agents may be 

useful in the therapy and/or prevention of bladder tumours. Studies are continuing to further 

investigate how STATs fulfil a role in cell adhesion and migration, and how their inactivation 

contributes to the indole-mediated inhibition of cell-matrix adhesion in bladder cancer cells.
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APPENDICES



Appendix 1 Immunohisto chemistry o f  bladder cancers

Further experiments of IHC of superficial and muscle invasive tumours are presented. 

Images in the left hand column were photographed using a x20 microscope lens. An 

enlarged area photographed using a x40 lens lens is shown in the right hand column.
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Muscle invasive bladder tumours
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Appendix 2 Meeting presentation

Abstract AACR annual meeting, April 2007

Indoles induce apoptosis and modify upreguiated signal transducers and activators of transcription 
(STAT) signalling in bladder cancer cells
Yiyang Sun, Mai-Kim Cheng, J Kilian Mellon, Marina Kriajevska, Margaret M Manson 
Department of Cancer Studies & Molecular Medicine, Leicester University, UK

Bladder cancer is one of the most common cancers in the UK. Most cases (~90%) present as transitional 
cell carcinoma, of which ~75% are superficial tumours. Approximately 60% of those patients with 
invasive disease develop metastases. Current treatment of muscle-invasive disease has limited success, so 
new therapies are of crucial importance. The dietary molecules, indole-3-carbinol (I3C) and 
diindolylmethane (DIM), derived from cruciferous vegetables, promote growth arrest and induce apoptosis 
in different cancer cell lines. Their role in repressing growth of bladder cancer cell lines was therefore 
examined. I3C (£i00 pM) or DIM ( ^>0/zM) induced apoptosis in J82 and RT112 cells by 48 hours, 
determined by annexin V staining and supported by other assays (increased caspase 3/7 activity, PARP 
cleavage and Hoechst nuclear staining). Indoles can modulate signalling pathways which are critical for 
tumour cell survival, such as those involving MAPK, PI3K/Akt, NF-kB or STATs. STAT transcription 
factors are aberrantly activated in a number of human tumours and cancer cell lines, but have not been 
studied in bladder cancer. Bladder cancer cell lines of epithelial (RT112, RT4, HT1376) or mesenchymal 
(J82, T24, UMUC3) phenotype were screened for STAT expression. The three epithelial lines, which are 
E-cadherin+ve, have constitutive activation of STAT5, while the three mesenchymal lines (E-cadherin ve) 
have activated STAT3. In all six lines total STAT1, 3 and 5b were expressed at similar levels. 
DIM-induced apoptosis in J82 cells was accompanied by downregulation of STAT1, 5a and 5b and 
inhibition of phospho-STATl and phospho-STAT3. Upregulation of phospho-STAT5 was observed when 
DIM was added at concentrations of 10 or 50pM. In RT112 cells, DIM inhibited STAT5b and 
phospho-STAT5, but had no effect on STAT3. Downregulation of STAT3 in J82 cells with siRNA was 
accompanied by upregulation of phospho-STATl and did not induce apoptosis. In patient tissues we 
observed STAT3 and STAT5 staining in normal bladder epithelium, while expression of the phosphorylated 
proteins was essentially absent. On the other hand, 9 out of 13 muscle invasive tumours contained nuclear 
phospho-STAT3, while one had nuclear phospho-STAT5 suggesting that STAT3 is likely to be implicated in 
bladder cancer. In conclusion, nuclear phospho-STAT3 is present in some human bladder tumours, but not 
in normal epithelium. Indoles induce apoptosis in bladder cancer cell lines of different phenotype, with 
concomitant downregulation of STATs and phospho-STATs. The role of STAT proteins in bladder tumour 
cells and the mechanism of indole-induced apoptosis are now the focus of our studies.

This work was supported by the UK MRC
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Abstract Number. 3345

DIM induces apoptosis and modifies upregulated STAT signalling in bladder cancer cells

University of Yiyang Sun, Mai-Kim Cheng, J  Kilian Mellon, Marino Kriajevska, Margaret M Manson 
L e i c e s t e r  Department of Cancer Studies Molecular Medicine, Leicester University, UK

Introduction
Bladder cancer is a relatively common cancer in tbe UK. Most 
cases (-90%) present as transitional cell carcinoma, of which 
-75% are superficial tumours. Approximately 60% of those 
patients with invasive disease develop metastases. Current 
treatment of muscie-invasive disease has limited success, so new 
therapies are of crucial importance.
The dietary molecule, diindolylmethane (DIM), derived 
from cruciferous vegetables, promotes growth arrest 
and induces apoptosis in different cancer cell lines.
DIM can modulate signalling pathways which are critical for 
tumour cell survival, such as those involving MAPK, PI3K/Akt,
NF- k B or STATs. STAT transcription factors are aberrantly 
activated in a number of human tumours and cancer cell lines, but 
have not been studied in bladder cancer.

Aims
To investigate 1) STATs signalling in bladder cancer, 2) the effect of 
DIM in bladder cell lines, aid further explore the link between STATs 
and the effect of DIM in human bladder cancer cells.

Results 1 Expression of STAT3 & 5 in human 
bladder tumours
Staining for STAT3 and stronger staining for STAT5 was observed 
in normal bladder epithelium. However, expression of 
phosphorytated proteins was essentially absent. In contrast, 11 out 
of 15 tumours had nuclear staining for phosphoSTAT3, while one 
had nuclear phosphoSTATS, which suggests that activated STAT3 
in particular was expressed in a significant proportion of bladder 
tumours.
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Fig.1 R epresen ta tive  im m unohistochem istry sta in ing  offaTATs ex p ress io n  in 
(1) hum an  norm al b ladder tis su es  an d  (2) hum an  m uscle-invasive b lad d e r 
tum ours.
(a) STAT3; (b) pSTAT3; (c) STAT5b; (d) pSTAT5 (a&b)

Results 2 STATs expression in human 
bladder cancer cells

Six bladder cancer cell lines of epithelial (RT4, RT112,
HT1376) or mesenchymal (J82, T24, UMUC3) phenotype 
were screened for STAT expression. The three epithelial 
lines expressed phosphoryiated STATS, while the three 
mesenchymal lines expressed phosphoryiated STAT3. In 
all six cell lines, total STAT1,3 ,5  were expressed at 
similar levels (Fig.2).
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Fig.2 STATs expression  in a panel of h u m an  b ladder c a n ce r  cell 
lines. All six cell lines ex p ress  sim ilar low level of phosphoryiated  
STAT1 (data  no t show n).

Results 3 Modification of STATs expression 
by DIM in human bladder cancer cells
In J82 cells, downregulation of phosphoSTAT3 was 
detected following DIM treatment with a concentration as 
low as 20 m- M at 16 hours (Fig.3). This effect was dose and 
time-dependent. Furthermore, inhibition of phosphoSTAT3 
in J82 and phosphoSTATS in RT112 cells, and 
downregulation of STAT 1 and STAT5 were observed after 
a 48 hour DIM treatment (Fig .4).
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Results 4 Induction of apoptosis by DIM
in J82 cells, DlM-induced apoptosis could be detected with 
Annexin V staining and the effect was dose-dependent. 
Similar observations were seen in RT112 cells, with DIM 
treatment significantly increasing the number of apoptotc and 
necrotic cells (Fig.5).
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Flg.5 A sse s sm e n t of apop tosis  and  n ecro sis  by Annexin V and  PI 
staining in J8 2  an d  RT112 cells following a 48 hour DIM tre a tm e n t 
* d e n o te s  a significant difference from  DMSO control (p<0.05, n=5) 
using  t-test.

Furthermore, apoptosis was supported by detection of PARP 
cleavage (dose and time-dependent) in both cell lines (Fig.6). 
DlM-induced apoptosis was also observed in RT4 cells which 
was previously found to be the most resistant line to 
radiotherapy (Moneef, et al, 2003) (data not shown).

Fig.6 W este rn  blot 
show ing th e  effect of 
DIM upon  PARP 
cleav ag e  i n J 8 2 a n d  
RT112 cells over a 
48 hour tim e  period.
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Summary
1) Expression of phosphoryiated STATs is essentially absent in 
human normal bladder epithelium; however, phosphoryiated 
nuclear STAT3 in particular is expressed in a significant 
proportion of bladder tumours.

2) The three epithelial bladder lines express phosphorytated 
STAT5, while the three mesenchymal lines express 
phosphoryiated STAT3.

3) DIM could induce apoptosis in J82 cells accompanied by 
downregulation of STAT 1, 5a and 5b and inhibition of 
phosphoSTAT3.

4) DIM could induce apoptosis in RT112 cells accompanied by 
downregulation of STAT5a and 5b and inhibition of 
phosphoSTATS.

5) DIM could induce apoptosis in a panel of bladder cancer 
cells with different sensitivity to radiotherapy or chemotherapy.


