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Abstract 
 

 The Signal Transducer and Activator of Transcription-3 (Stat3) is a transcription factor 

that is required for transformation by a number of oncogenes, while a constitutively active form 

of Stat3 alone is sufficient to induce neoplastic transformation.  It was previously demonstrated 

that cell to cell adhesion causes a dramatic increase in the activity of Stat3 in both normal and 

tumour cells.  This hinted for the first time at the possibility that the role of Stat3 may differ upon 

cellular confluence.  To examine such a mechanism, it is important to evaluate the effect of Stat3 

downregulation at different time-points relative to confluence.  To examine this, two different 

approaches for Stat3 downregulation were used:  (1) the introduction of high levels of 

peptidomimetics analogs, which block the Stat3-SH2 domain by using a technique of in situ 

electroporation.  (2) Treatment with two platinum compounds that inhibit Stat3 binding to 

activated receptors and DNA. 

  The results demonstrated that Stat3 downregulation in vSrc or TAg transformed mouse 

fibroblast cells or in breast carcinoma lines, induced apoptosis which was more pronounced at 

post-confluence.  In contrast, in sparsely growing normal mouse fibroblasts, Stat3 inhibition 

induced merely a growth retardation.  However, in densely growing normal fibroblasts, Stat3 

inhibition induced apoptosis.   At least in part, apoptosis induced by Stat3 inhibition was mediated 

by p53, as shown by the resistance to cell death by Stat3 downregulation in colon carcinoma cells, 

HCT116, where the p53 gene is ablated.  Overall, our observations point to the possibility that 

constitutive activation of Stat3 may lead to tumourigenesis by downregulating wt-53 in cancers that 

do not have p53 mutations.  As a result, targeting Stat3 in cancers with wt-p53 may be a promising 

therapeutic approach for restoring p53 function, thereby inducing p53-mediated apoptosis. 

            Next, we examined the effect of constitutively activated Stat3 as an oncogene.  Stat3C  

 expression in rat F111 fibroblasts induced anchorage independence, but to a lower degree 

compared to other oncogenes, such as vSrc.   Surprisingly Stat3C expression increased gap 

junction intercellular communication, despite the fact that other oncogenes such as vSrc or vRas 

effectively block gap junctions.   
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Chapter 1 
 

Introduction and Literature Review 
 
 

I.     Introduction 
 

 
 Cells sense environmental signals via distinct surface receptors that bind ligands such as 

growth factors or extracellular matrix (ECM) proteins or cell surface adhesion molecules on 

adjacent cells.  These receptors, in turn, eventually activate several transcription factors which are 

the final “switches” that activate genes that ultimately lead to cell survival and the ability of tumour 

cells to proliferate uncontrollably, resist apoptosis, induce vascular formation and invade distant 

organs (Vultur et al., 2004).    Due to these properties, it has been argued that transcription factors 

are good therapeutic targets for cancer. Targeting a single transcription factor can block the effects 

of a multitude of upstream genetic aberrations that cause its persistent activation.  To be an ideal 

target for cancer therapy, a transcription factor should have the following characteristics:  1) It must 

be overactive in a large percentage of cells in different tumour types; 2) It  should transcriptionally 

activate  genes that are involved in some of the following: cell survival, proliferation, tumour 

angiogenesis or immune evasion; 3) It should repress tumour-suppressor genes; and  4) Its 

downregulation should cause apoptosis in tumour cells without affecting normal cells.   Certnainly, 

few transcription factors fulfill all of these criteria.  However, one transcription factor that fulfills 

most of these criteria is the Signal Transducer and Activator of Transcription 3 (Stat3).  

Therefore Stat3 which has been  found to be persistently activated in cancers and in a mutationally 

constitutively activated form can transform cultured cells, has emerged as a promising molecular 

target for cancer therapy.   
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To better understand the mechanisms underlying aberrant Stat3 signaling in oncogenesis, I 

examined: 

 
1. The effects of  Stat3 downregulation in normal and tumour cells, grown to different densities 
 

and  
 

2. The effects of Stat3 upregulation, using the constitutively active Stat3 mutant, Stat3C.  
 
 
   My results demonstrated that Stat3 downregulation induced apoptosis in mouse fibroblast 

cells transformed by v-Src or the Simian Virus 40 Large Tumour antigen (TAg), or in breast 

carcinoma lines expressing activated Stat3, which was more pronounced post-confluence at the time 

of its peak activity.  In contrast, in sparsely growing normal mouse fibroblasts, Stat3 inhibition  

induced merely a growth retardation.  However, in postconfluent growing normal mouse fibroblasts, 

Stat3 inhibition induced apoptosis.   Stat3C expression in rat F111 fibroblasts induced some agar 

growth, as shown before for mouse fibroblasts (Bromberg et al., 1999).  However, in sharp contrast 

to other oncogenes, Stat3C expression did not reduce gap junctional intercellular communication 

(GJIC).  On the contrary, Stat3C increased GJIC, despite the fact that other oncogenes such as vSrc 

or vRas effectively block gap junctions at lower levels than  required for anchorage-independent 

growth.     
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II.     Literature  Review 
 

 
1.1     Overview of STATs  signaling 
 
 

STATs are a highly conserved family of transcription factors that have a dual role as 

cytoplasmic signaling proteins and as nuclear transcription factors. At least seven members in this 

family have been identified, namely Stat1, Stat2, Stat3, Stat4, Stat5a, Stat5b and Stat6.  Different 

members are involved in cell proliferation, survival, differentiation, apoptosis or angiogenesis 

(Buettner et al., 2002; Yu and Jove, 2004; Levy and Darnell, 2002).    STATs are activated in 

response to  binding of a large number of cytokines (interleukin (IL) family: IL-6, IL-2, IL-10 or 

interferon family),  hormones (growth hormone and leptin) and growth factors (epidermal growth  

factor, insulin growth factor or platelet-derived growth factor) to their receptors (Silva, 2004).  

Binding of a ligand to its receptor triggers dimerization of the cytoplasmic domain of the receptor 

and the juxtaposition and activation of associated Janus tyrosine kinases (JAKs 1, 2 and 3 or Tyk2), 

which subsequently phosphorylate STATs on their conserved tyrosine residue (Yu and Jove, 2004). 

STAT phosphorylation results in the formation of activated homodimers or heterodimers through 

reciprocal SH2-phosphotyrosine interactions.   Dimerization of STATs is followed by their 

translocation to the nucleus and binding to specific STAT-response elements in the promoters of 

target genes associated with the regulation of cell proliferation and apoptosis  (Buettner et al., 2002; 

Yu and Jove, 2004; Levy and Darnell, 2002).   Figure 1.1 shows an overview of STATs activation. 

Among the seven STATs, Stat3 is of particular interest due to its constitutive phosphorylation and 

activation in a large proportion of human cancers and its ability to induce neoplastic transformation, 

when in a mutationally activated form.   
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Furthermore, Stat3 inhibition can reverse tumour growth while having few effects upon normal 

cells (Yu and Jove, 2004).  These findings have implicated Stat3 as a potentially important target 

for therapeutic intervention.  
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Figure 1.1:  Activation of STATs 

A.  Binding of growth factors to their receptors activates their intrinsic receptor-tyrosine kinase 
activity, resulting in receptor autophosphorylation.  This provides binding sites for the Stat3-SH2 
domain. 
B.  Cytokines lack intrinsic tyrosine kinase activity but upon activation, they are phosphorylated by 
the associated JAK or Src tyrosine kinases.   
C.  Non-receptor tyrosine kinases, such as the oncoproteins Src and BCR-ABL can also 
phosphorylate STATs.   
In all cases, following binding, STATs are phosphorylated on a conserved tyrosine residue located 
at the carboxy-terminal domain, then they dimerize by reciprocal SH2-ptyr interaction and 
translocate to the nucleus where they directly regulate gene expression (Yu and Jove, 2004). 
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1.2     Structure of Stat3 
 

 
The structure of Stat3 has been inferred from the structure of Stat3β, a truncated isoform of 

Stat3α, which has been determined by X-ray crystallography.  Τhe 55 C-terminal amino-acid 

residues of Stat3α are replaced by a stretch of 7 amino-acid residues on Stat3β.  Structurally, Stat3β 

is similar  to other STAT proteins.  The domain structure of Stat3β contains a conserved amino-

terminal (N-) domain, a coiled-coil domain, a DNA binding domain, a linker domain, a Src-

homology 2 (SH2) domain, a transactivation domain and a carboxy-terminal (C-) domain  (Becker 

et al., 1998).   

The highly conserved N-terminal domain of Stat3β mediates the interaction between two 

Stat3 dimers to form a tetramer in the nucleus.  Tetramer formation of Stat3 serves to preferentially 

bind to two adjacent Stat3-binding sites on a promoter.  Tetramerization of Stat3 is not required for 

the transcriptional activity on promoters which contain a high affinity Stat3-binding site 

(TTCCCGTAA), however it is required for maximal transcriptional activity on promoters which 

contain multiple weak Stat3-binding sites.  For instance, the tetrameric Stat3 complex was found to 

bind to both a Stat3-binding site (TTCTGGGAA) and to an adjacent Stat3-like binding site 

(TAACTGGAA) on  the α2-macroglobulin (α2-M) gene promoter.  The Stat3 tetramer binding of 

the two sites is required for maximal transcriptional activation of the a2-M gene.  This is supported 

by evidence that mutations in the N-terminus of Stat3 caused disruption of the tetrameric Stat3 

complex, resulting in decreased levels of transcriptional activation of the a2-M gene (Zhang and 

Darnell, 2001).  Furthermore, mutations introduced in the Stat3-binding site or the Stat3-like 

binding site resulted in decreased a2-M transcription and mutations at both sites showed further 

reduction in the transcription of the a2-M gene (Zhang and Darnell, 2001).    
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The coiled-coil domain mediates protein-protein interactions including IFN regulatory 

factor-9, N-Myc interacting protein (Nmi), the transcription factor c-Jun and importin-α5 (Brierley 

and Fish, 2005).  The DNA-binding domain binds to the Stat3–binding site in gene promoters, 

which have the consensus core sequence TT(N4-6)AA.  The linker domain connects the DNA-

binding domain with the SH2 domain.  The SH2 domain is required for the recruitment of Stat3 to 

phosphorylated receptors and for the dimerization of Stat3 by reciprocal interactions between the 

SH2 domain of one Stat monomer and the phosphotyrosine (pY) residue of another.  The 

transactivation domain (TAD)  is involved in the transcriptional activation of target genes through 

interactions with other proteins such as HATs.   The TAD contains the Stat3 critical tyrosine 

residue- Tyr-705 which is required for the SH2-phosphotyrosine interaction (Becker et al., 1998).  

In addition, the TAD contains a lysine residue, lys685, which can be acetylated by  p300/CBP 

(Wang et al., 2005; Yuan et al., 2005).  The acetylation of lys685 in Stat3 is required for Stat3 

dimerization and DNA binding and it was able to enhance the nuclear localization of Stat3 (Wang et 

al., 2005; Yuan et al., 2005).  The carboxy-terminal domain contains a site of serine 

phosphorylation (Ser-727) that enhances transcriptional activity in Stat3.  Figure 1.2 shows the 

structure of Stat3β  protein. 
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Figure 1.2:  Structure of Stat3β  

(A) 3D Structure of Stat3β homodimer bound to DNA as determined by X-ray crystallography.  The 
location of binding sites of various proteins are shown.  (B) Schematic representation of the Stat3 
domain structure.  The N-terminal domain is involved in the interaction between two Stat3 dimers to 
form a tetramer.  The coiled-coil domain mediates protein-protein interactions including IFN regulatory 
factor 9 (IRF9), N-myc, interacting protein (Nmi) and the transcription factor c-Jun. The DNA-binding 
domain makes direct contact with Stat3-binding sites in gene promoters.  The linker domain connects 
the DNA-binding domain with the SH2 domain. The SH2 domain of one Stat3 monomer is involved in 
reciprocal interactions with the phosphotyrosine-705 (pY) residue of another Stat3 mediating dimer 
formation, which is required for the binding of Stat3 to DNA.  The transactivation domain (TAD) is 
involved in the transcriptional activation of target genes through interaction with other proteins. The 
TAD contains the Stat3 critical tyrosine residue-Tyr705 which is required for the SH2-phosphotyrosine 
interaction.  The C-terminal domain contains a site of ser727 phosphorylation which enhances maximal 
transcriptional activity for Stat3. CBP, CREB binding protein; Mcm, minichromosome maintenance; 
PIAS, protein inhibitor of activated STAT (Adapted from Becker et al., 1998). 
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1.3     Stat3 Activation 
 
 

Stat3 activation can be initiated by the stimulation of cytokine receptors  such as the IL-6 

family (Silva, 2004; Yu and Jove, 2004).   Cytokine receptors, unlike those of the tyrosine kinase 

family, do not have intrinsic kinase activity and depend upon receptor-associated tyrosine kinases 

such as JAKs.  The JAK family (JAK1, JAK2, JAK3 and Tyk2) consists of seven conserved JAK 

homology domains (JH 1 to 7) (Haan et al., 2006).  The two C-terminal JH regions represent the 

kinase and pseudokinase domains and the four N-terminal JH domains constitute a FERM (four 

point one, ezrin, radixin, moesin) homology domain that mediates the constitutive association with 

the proline-rich, membrane-proximal box1/box2 domain of the cytokine receptors (Haan et al., 

2006). Upon ligand binding, cytokine receptors dimerise, thereby inducing conformational changes 

that bring JAKs into proximity to each other, enabling JAK’s activation by auto- or 

transphosphorylation (e.g.  JAK2 gets activated by phosphorylation of tyr1007 and tyr1008 and 

Tyk2 gets activated by phosphorylation of tyr1054 and tyr1055) (Heinrich et al., 1998).  

Subsequently, activated JAKs phosphorylate the cytoplasmic tails of cytokine receptors on specific 

tyrosine residues, which provide docking sites for the SH2 domains of inactive Stat3 monomers that 

are recruited to activated receptors (Silva, 2004; Yu and Jove, 2004).  For instance, JAKs can 

phosphorylate gp130 at specific tyrosine residues- 759, 814, 905 and 915, which are able to provide 

docking sites for inactive Stat3 monomers (Heinrich et al., 1998).  The recruited Stat3 monomers, in 

turn, become phosphorylated by JAKs on the specific tyrosine residue-705 and form activated 

homodimers or heterodimers with Stat1 through reciprocal SH2-phosphotyrosine interactions.  In 

addition to tyrosine phosphorylation, phosphorylation of the serine residue-727 near the COOH 

terminus is also required for maximal transcriptional activity of Stat3 (Silva, 2004; Yu and Jove, 

2004).  Several studies have shown that a number of serine kinases including the mitogen-activated 

protein kinases (MAPK) family such as the extracellular signal-regulated  kinases (Erk1/2) , c-jun 
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N-terminal kinase (JNK) and p38mapk are responsible for phosphorylating ser-727 (Turkson et al., 

1999).  Even though phosphorylation of Ser-727 caused maximal transcriptional activity in IFN-α 

stimumated human fibrosarcoma U3A cells (Wen et al., 1995; Wen and Darnell, 1997) , on the 

other hand in monkey fibroblast COS-1 cells overexpressing  Src, ERK2 and MEK1, pSer-727 

caused  inhibition of Stat3 transcriptional activity by negatively regulating the  ptyr-705 of Stat3 

(Jain et al., 1998).  Dimerization of Stat3 results in its translocation to the nucleus,  DNA binding, 

and the regulation of transcription of several target genes  involved in  cell proliferation, 

differentiation and/or apoptosis (Yu and Jove, 2004) .    

Stat3 can also be  activated by growth-factor receptors  such as the epidermal growth factor 

receptor (EGFR) and the platelet-derived growth factor receptor (PDGFR), which  have intrinsic 

tyrosine kinase activity (Zhong et al., 1994; Novak et al., 1995; Vignais and Gilman, 1999; Wang et 

al., 2000)  These receptors can phosphorylate and activate Stat3 either directly  or indirectly by  

activating JAKs or non-receptor associated tyrosine kinases such as Src- family kinases.   

Furthermore, non-receptor cytoplasmic  tyrosine kinases such as v-Src or BCR-ABL can 

phosphorylate Stat3 independently of receptor engagement (Danial and Rothman, 2000).  

 
1.4     Stat3-Mediated Transcriptional Activation 

 
The basic function of Stat3 is to regulate transcription of its target genes which is dependent 

mainly upon the interaction and recruitment of transcriptional coactivators and/or other 

transcriptional activators to the promoters of Stat3 target genes.  One of the major coactivators for 

Stat3 is the HAT p300/CBP, which acetylates conserved lysine residues within the N-terminus of 

the histone proteins.  Increased acetylation of histones is often associated with chromatin 

remodeling and transcriptional activation.   Studies have shown that Stat3 directly interacts and 

recruits p300/CBP to the promoters of Stat3 target genes.   Recent results have shown that, 
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following Oncostatin M stimulation,  p300/CBP interacts and acetylates Stat3 on two lysine 

residues (lys49 and lys87) in the N-terminal domain which results in the recruitment of p300/CBP 

to the SOCS3 promoter (Hou et al., 2008).   p300/CBP augments Stat3 transactivation through 

acetylation of histone tails, thereby relaxing the chromatin structure (Ray et al. 2005).   

Additionally, this recruitment facilitates recruitment of RNA Polymerase II to the SOCS3 promoter 

to efficiently initiate the transcription of SOCS3 (Hou et al., 2008).    

NcoA/SRC1a is another coactivator which is involved in the regulation of Stat3 

transcriptional activity.  Notably, it has been shown that, following IL-6 stimulation, activated Stat3 

interacts with the NcoA/SRC1a co-activator which potentiates Stat3 transcriptional activity through 

secondary recruitment of p300/CBP (Giraud et al., 2002).  Moreover, it was shown that 

Stat3/NcoA/SRC1a/p300 CBP complexes are recruited to the p21Waf1/Cip1  gene promoter (Giraud et 

al., 2002).   

Stat3  also interacts with  several  other transcriptional activators  to regulate transcription. 

Recently, it was shown that, following growth arrest and Oncostatin M stimulation, activated Stat3 

increases expression of  c/EBPδ through interaction with  transcriptional activator SP1.  SP1 

facilitates the formation of a transcriptional activation complex composed of pCREB, coactivators 

NcoA/SRC1 and p300/CBP and the transcriptional machinery components TBP and RNA 

Polymerase II, on the c/EBPδ promoter (Zhang et al., 2007).  Additionally, IL6-induced activated 

Stat3 cooperates with the AP-1 proteins c-Jun and  c-Fos on the a2-M promoter to enhance its 

transcriptional activity (Ginsberg et al., 2007).  Furthermore, Stat3 has been shown to cooperate 

with the initiator-binding transcription factor TFII-1 on the c-Fos promoter to enhance its 

transcriptional activity (Kim et al., 1998).   
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1.5    Stat3 in normal development 
 

 
The physiological roles of each individual STAT protein have been examined by using mice 

with a targeted disruption of a specific STAT protein.   Mice defective in other STATs displayed 

defective responses to cytokines, demonstrating an important role of these STATs in cytokine-

mediated biological responses (Akira, 2000).  However, in  contrast to other STAT-deficient mice, 

Stat3-deficient mice die during early embryogenesis (Takeda et al., 1997).  

To circumvent the embryonic lethality and assess the role of Stat3 in mouse adult tissues, 

the Stat3 gene was disrupted in specific tissues by utilizing the Cre-loxP recombination system 

(Takeda et al., 1999; Takeda et al., 2000; Akira, 2000).  The  Cre recombinase of the P1 

bacteriophage belongs to the integrase family of site-specific recombinases and its function is to 

catalyze the recombination between two of its recognition sites, called loxP.  The loxP site, a 

sequence motif of 34-base pairs (bp), contains a 13-bp inverted repeat on both sides and an 8-bp 

asymmetrical spacer determining the orientation of the loxP site (Rajewsky et al., 1996).  A single 

Cre recombinase molecule binds to each inverted repeat sequence of the loxP site (two Cre/one loxP 

site), and two Cre-loxP complexes (four Cre/two loxP sites) form a synapsis-like four-way Holliday 

junction, promoting strand exchange (Rajewsky et al., 1996).  When the cis-2 loxP sites are in the 

same orientation, Cre excises the DNA sequences between the 2 loxP sites, leaving a single loxP 

site behind.    

To perform conditional gene targeting for Stat3, exon 21 of the Stat3 gene (which encodes 

the 705-tyrosine residue critical for Stat3 activation) was flanked by identically oriented loxP sites 

(Stat3-flox allele) in mouse embryonic stem (ES) cells, and a mouse strain bearing the Stat3-flox 

allele was generated (Takeda et al., 1999; Takeda et al., 2000; Akira, 2000).  Specifically, a 

targeting vector containing three loxP sites (loxP sites 1, 2 and 3), the neomycin (Neo) resistance 

gene (used for positive selection) and the herpes simplex virus thymidine kinase (HSV-tk) gene 

 12



(used for negative selection) was constructed (see Figure 1.3).  The loxP sites 1 and 2 flank the 

neomycin (Neo) resistance gene and the loxP sites 2 and 3 flank the exon 21 of the Stat3 gene.   The 

Neo gene flanked by the two loxP sites (1 and 2) were introduced into intron 21 of the Stat3 gene 

and the third loxP site (3) was inserted into intron 22.  Additionally, HSV-tk gene was ligated at the 

5’ end of the homologous region.  To introduce the three loxP sites into the endogenous Stat3 allele 

in ES cells, this targeting vector was transfected into ES cells and the endogenous Stat3 allele was 

modified by homologous recombination between the targeting vector and the endogenous Stat3 

allele (Takeda et al., 1999; Takeda et al., 2000; Akira, 2000).  ES clones harboring the floxed-Stat3 

allele were selected in the presence of G418 and ganciclovir.   As the presence of the Neo gene into 

the intron of the floxed-Stat3 gene can influence the expression and function of Stat3, the Neo gene 

flanked by two loxP sites was eliminated by transient expression of Cre in the G418 and ganciclovir 

resistant-ES clones.   Transient expression of Cre in ES clones results in three different types of 

homologous recombinants (Types I, II and III recombinants; Figure 1.3).  Type I recombinant 

contains the two loxP sites flanking the exon 21 of the Stat3 allele where the Neo gene has been 

removed;  Type II recombinant contains two loxP sites flanking the Neo gene where the exon 21 of 

the Stat3 has been removed; and Type III  recombinant contains one loxP site where both the exon 

21 of the Stat3 and the Neo gene have been removed; (Takeda et al., 1999; Takeda et al., 2000; 

Akira, 2000).   Since ES clones expressing Type I or Type III recombinants do not express the Neo 

gene, they are sensitive to G418.  
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Figure 1.3:  Tissue-specific Stat3 disruption by utilizing  the Cre-loxP recombination system 
 

(A) Generation of floxed-Stat3 mice:  (1) Construct of the targeting vector containing three loxP sites 
(filled triangles). The neomycin resistance (Neo) gene flanked by two loxP sites were introduced into intron 
21 of the Stat3 gene. An additional loxP site was introduced into intron 22 to flank the exon 21 of Stat3.  
The herpes simplex virus thymidine kinase (HSV-tk) gene, used for negative selection (not shown in the 
figure) was ligated outside of the homologous sequences.   The targeting vector was transfected into mouse 
ES cells.  Exons drawn as filled boxes. (2) Genomic structure of the endogenous Stat3 allele in ES cells.   
(3) Targeted allele containing the three loxP sequences and the neo gene. Gene targeting was performed in 
ES cells by homologous recombination.  ES clones with the correct homologous recombination were 
selected with G418 and ganciclovir.  (4) Transient expression of the Cre protein in ES cells to delete the 
loxP-flanked Neo gene results in homologous recombination between the two loxP sites to give three 
different products (Types I, II and III recombinants).   To select Type I from Type III recombinants which 
are both sensitive to G418 were subjected to Southern blot analysis. (5) Generation of  mice bearing the 
Stat3-floxed allele. (B) Tissue-specific deletion of Stat3 is generated by crossing Stat3flox/flox mice to 
various strains expressing both the Cre protein under the control of a tissue-specific inducible promoter and 
the Stat3+/- gene.  Stat3 gets disrupted only in cells expressing the Cre-recombinase.  The Cre-recombinase 
enzyme recognizes the loxP sequences (a sequence motif of 34 bp) and excites the floxed-Stat3 from the 
DNA by site-specific recombination in the same orientation, leaving a single loxP site behind.  (Adapted 
from  Rajewsky et al., 1996; Akira, 2000; Takeda et al., 2000).   
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To differentiate  ES clones expressing Type I recombinants from Type III recombinants, 

G418-sensitive ES clones were subjected to Southern blot analysis.  The floxed-Stat3 ES clones 

(Type I recombinants) were injected into blastocysts to generate chimeric mice bearing the floxed-

Stat3 allele.  These Chimera were mated with wild-type mice (Stat3+/+) which yielded offspring 

heterozygous for the floxed-Stat3 allele (Stat3 flox/+), and finally mice homozygous for the floxed-

Stat3 allele (Stat3flox/flox) were obtained by crossing these heterozygotes (Takeda et al., 1999; 

Takeda et al., 2000; Akira, 2000).  To generate tissue-specific Stat3-deficient mice, Stat3flox/flox mice 

were mated with mice bearing both the Cre transgene under the control of a tissue-specific inducible 

promoter and the Stat3 heterozygous null Stat3 gene [Cre/Stat3+/- mice were obtained by crossing 

Cre-transgenic mice (Cre:Stat3+/+) with Stat3 heterozygous null mice (Stat3+/-)], which yielded mice 

with the Cre and the floxed-Stat3 gene (Cre/Stat3flox/+  or Cre/Stat3flox/-).   Stat3 gets disrupted only 

in cells expressing the Cre-recombinase. 

Using this conditional targeting technique,  Stat3 has been disrupted in several types of 

tissue, including T cells, macrophages, skin and mammary gland (Akira, 2000).  For T cell-specific 

deletion of Stat3, transgenic mice expressing the Cre protein specifically in T cells under control of 

the Lck promoter were crossed with floxed-Stat3 mice.   Mutant mice which had Stat3-deficient T 

cells displayed severely impaired IL-6-dependent T cell growth due to a defect in IL-6 mediated 

suppression of apoptosis, demonstrating the anti-apoptotic function of Stat3 (Takeda et al., 1998). 

Furthermore, Stat3-deficient T cells displayed partial impairment in IL-2-induced cell proliferation 

(Akaishi et al., 1998).  The function of Stat3 in macrophages and neutrophils was examined as well 

by crossing the floxed-Stat3- mice with transgenic mice expressing the Cre-recombinase under the 

control of the murine lysozyme M gene regulatory region.   Mice lacking Stat3 in macrophages and 

neutrophils were  highly susceptible to endotoxin shock and demonstrated increased production of 
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inflammatory cytokines such as TNFα (tumour necrosis factor-α), IL-1, and IFNγ (interferon) 

(Takeda et al., 1999).   

The functional role of Stat3 in the skin was assessed by crossing the floxed-Stat3 mice with 

mice expressing the Cre-recombinase under the control of the keratin 5 promoter, so that  Stat3 is 

ablated  throughout the epidermal and follicular keratinocytes.  Keratinocyte-specific Stat3-

disrupted mice were born with no apparent abnormalities, and their epidermis and hair follicle 

development was normal at birth.  However, Keratinocyte-specific Stat3-disrupted mice displayed 

an impaired second hair cycle, expressed sparse hair and developed spontaneously occurring ulcers 

with age (Sano et al., 1999).  Furthermore, keratinocyte-specific gene knockout mice showed 

retardation of skin wound healing (a re-epithelization process which involves keratinocyte 

migration, proliferation, and differentiation, elimination of damaged tissue and production of 

extracellular matrices) and that migration of Stat3-deficient keratinocytes was impaired (Sano et al., 

1999).  These results indicate that Stat3 plays a role in skin remodeling including wound healing 

and hair cycling processes. 

Paradoxically, Stat3 was also shown to be a negative regulator of  survival:  Stat3 

phosphorylation normally occurs at the onset of  mammary gland involution, and blocking Stat3 by 

the lox/Cre recombinase system delays the onset of involution (Chapman et al., 1999).  Specifically, 

mammary glands from crosses of transgenic mice expressing Cre recombinase under the control of 

the beta-lactoglobulin milk protein gene promoter with mice harbouring one floxed Stat3 allele and 

one null Stat3 allele, showed a decrease in epithelial apoptosis and a dramatic delay of the 

involution process upon forced weaning (Chapman et al., 1999).   Recently, a Stat3 target gene, the 

CCAAT/enhancer binding protein delta (C/EBPδ), which plays a positive role in mammary gland 

involution, has been identified (Kritikou et al., 2003; Thangaraju et al., 2005).  Mice with a Stat3 

ablation in the breast have shown reduced levels of C/EBPδ and this was likely responsible for the 
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delay in the onset of involution.  C/EBPδ has been shown to enhance the  expression of the insulin-

like growth factor binding protein 5 (IGFBP-5). IGFBP5 sequesters IGF-1 (insulin growth factor-1) 

by binding to IGF-1 and this results in  mammary gland involution.  Furthermore, it has been shown 

that C/EBPδ activates the expression of other pro-apoptotic genes, including BAK and p53 

(Kritikou et al., 2003; Thangaraju et al., 2005).    

 
1.6     Stat3 in Cancer 
 

 
Constitutive  activation of Stat3  has been implicated in numerous human cancers including 

blood malignances and solid tumours such as breast, head and neck, melanoma and prostate cancer 

(Yu and Jove, 2004; Buettner et al., 2002; Levy and Darnell, 2002). The earliest clues that Stat3 

contributes to malignant transformation were offered by the fact that Stat3 is constitutively activated 

in v-Src-transformed cell lines (Cao et al., 1996; Yu et al., 1995; Coppo et al., 2003).  Further 

studies showed that interrupting Stat3 signaling blocks the transformation of mouse fibroblasts by 

the Src oncoprotein (Bromberg et al., 1998; Turkson et al., 1998), indicating that Stat3 signaling is 

required for oncogenic transformation by v-Src.   In addition, an engineered constitutively activated 

mutant form of Stat3, known as Stat3C (with two cysteine residues in the C-terminus, allowing 

constitutively Stat3 dimerization), has been shown to transform immortalized mouse and rat 

fibroblasts in culture, to the point of tumour formation in nude mice (Bromberg et al., 1999).  This 

indicates that Stat3 activation may contribute to tumour progression in human cancers where it is 

activated.   

The constitutive activation  of Stat3 in tumours is not due to mutations in Stat3 but due to 

deregulation of protein tyrosine kinases or constitutive release of growth factors that activate Stat3 

(Germain and Frank, 2007).  For instance, increased levels of IL-6 causes constitutive Stat3 

activation in certain myeloma (Catlett-Falcone et al., 1999) and prostate cancer cell lines (Mora et 
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al. 2002).   Furthermore, increased activation of transforming growth factor-α (TGF-α)-mediated 

EGFR signaling activates Stat3 in head and neck cancer cell lines (Grandis et al., 1998).  It has been 

further demonstrated that TGF-α/EGFR-mediated growth of transformed epithelial cells is 

dependent on the activation of Stat3 since interrupting Stat3 signaling by either antisense 

oligonucleotides or dominant-negative Stat3 protein abrogates TGF-α-induced growth of these cells 

(Grandis et al., 1998). In addition, Src family kinases are responsible for Stat3 activation in some 

breast cancer and melanoma cell lines (Bromberg et al., 1998; Turkson et al., 1998).  In addition to 

its role in tumourigenesis, Stat3 is also involved in angiogenesis by directly transactivating  the 

vascular endothelial growth factor (VEGF) promoter which is able to induce the formation of new 

blood vessels and facilitate metastasis of tumour cells (Niu et al., 2002; Wei et al., 2003). 

Recent reports have shown that Stat3 plays a positive role in skin carcinogenesis (Chan et 

al., 2004a; Chan et al., 2004b; Chan et al., 2008).  Specifically, it was shown that diverse types of 

skin tumour promoters activated Stat3 in the mouse epidermis through EGFR activation (Chan et 

al., 2004a).  In addition, Stat3 was found to be constitutively activated in primary skin papillomas 

and squamous cell carcinomas generated by the two-stage carcinogenesis protocols using 7,12-

dimethylbenz[α]anthracene (DMBA) as the tumour initiator and 12-O-tetradecanoylphorbol-13-

acetate (TPA) as the tumour promoter (Chan et al., 2004a).  Furthermore,  Keratinocyte-specific 

Stat3C-expressed transgenic mice developed skin tumours through the two-stage carcinogenesis 

protocol with a shorter latency and in much greater number compared to normal mice (Chan et al., 

2008).  This result may be attributed, in part, to the observation that Stat3C-expressing 

Keratinocytes were resistant to DMBA-induced apoptosis, and showed increased proliferation in 

response to TPA compared to normal keratinocytes.  These tumours exhibited invasion into 

surrounding mesenchymal tissue at a very early stage and in later stages, these lesions progressed 

rapidly to squamous cell carcinoma , and were highly vascularized and poorly differentiated (Chan 
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et al., 2008).  In contrast to Keratinocyte-specific Stat3C-expressed mice, Keratinocyte-specific 

Stat3-disrupted mice did not develop any two-stage carcinogenesis-induced skin tumours (Chan et 

al., 2004b).  This result may be attributed, in part, to the observation that keratinocyte stem cells 

deficient in Stat3 were sensitive to DMBA-induced apoptosis and showed a significant reduction in 

the epidermal proliferative response induced by TPA (Chan et al., 2004b).  Overall the results from 

these papers, indicate that Stat3 plays an important role during both the initiation and promotion 

stage of epithelial carcinogenesis and as well as in the malignant progression. 

 
1.7     Stat3 inhibition promotes apoptosis in cultured tumour cells 
 

 
Several studies have shown that inhibition of Stat3 in cultured human tumour cell lines 

induces apoptosis or growth arrest with little effect upon  normal cells (Turkson et al. 1998).  

Apparently, survival of tumour cells is dependent on Stat3 signaling, while normal cells use 

alternate pathways to survive despite loss of Stat3.  Inhibition of Stat3 by double-stranded decoy 

oligonucleotides, which correspond closely to the Stat3 response element within the c-fos promoter, 

in human glioma cells resulted in the  induction of apoptosis and cell-cycle arrest which was 

accompanied with decreased  transcription of Stat3 target genes including c-myc, cyclin D1 and 

Bcl-xL (Gu et al., 2008).    Inhibition of Stat3 signaling in myeloma cells by the dominant-negative 

Stat3β mutant, inhibited the expression of the anti-apoptotic gene, Bcl-xL and caused apoptosis 

(Burke et al., 2001).   Inhibition of Stat3 signaling  by short interfering RNA (siRNA) has been 

shown to suppress growth and induce apoptosis in prostate cancer cell lines and astrocytoma cells 

(Lee et al., 2004; Konnikova et al., 2003).  Recently, Stat3 peptide inhibitors or peptidomimetics 

have been designed to disrupt phosphotyrosine-SH2 interactions, blocking the dimerization and 

DNA-binding activity of Stat3 (Turkson et al., 2004).  These peptidomimetics had the ability to 
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induce apoptosis in v-Src transformed cells without affecting normal cells, indicating that Stat3 

inhibition may have significant therapeutic implications.  

 
     1.8     Stat3 target genes 
      
       1.8.1      p53  
                1.8.1.1     Overview of p53 
 

p53, a transcription factor, acts as a “master” regulator of cell cycle arrest and apoptosis in 

the normal cell.  Under normal circumstances, p53 is latent in the cell and is maintained at very low 

or undetectable levels bound to its major inhibitor HDM2 (Human Double Minute 2 in human cells) 

or MDM2 (Murine Double Minute 2 in mouse cells) (Collot-Teixeira et al., 2004; Vousden, 2002a).   

In response to cellular stress such as DNA damage from UV or γ-irradiation, nucleotide depletion, 

hypoxia, and oncogene activation (eg. E1A, Myc), p53 levels and  transcriptional activity are 

increased (Prives and Hall, 1999).  Activation of p53 in response to stress signals can occur through  

an increase in p53 stability, or  post-translational modifications such as phosphorylation and 

acetylation, or  translocation from the cytoplasm to the nucleus (Vousden and Lane, 2007).  p53 

must form a tetramer via its oligomerization domain in order to bind to DNA at its specific 

sequence (Vousden, 2006a).  Activated p53  activates the expression of genes implicated in DNA 

repair, cell-cycle arrest, senescence or apoptosis (Vousden and Lu, 2002) .  The role of p53 in 

growth arrest and apoptosis will be discussed in more detail in section 1.8.1.5 of this thesis.   

The growth inhibitory functions of p53 prevent the proliferation of cells with damaged 

DNA.  Disruption of p53 function leads to checkpoint defects, cellular immortalization, genomic 

instability, inappropriate survival of cells and cancer (Vousden, 2006).  In fact, p53 is the most 

commonly mutated gene in human cancer, with 50% of cases having  p53 mutations.  In addition,  

mutations that disrupt p53 regulators such as MDM2  have been implicated in some cancers and 

several cancers which have wt p53 show reduced levels (Feki and Irminger-Finger, 2004).  For 
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instance,  80% of breast cancers do not have p53 mutations but a 5-10 fold reduction of p53 mRNA 

levels is found in breast carcinoma cells compared to normal breast epithelial cells (Raman et al., 

2000).   The most common p53 mutations are missense mutations in the DNA-binding domain 

(DBD), producing a full-length protein that is incapable of binding DNA and is therefore 

nonfunctional.  There are two types of p53 DBD mutants, the conformational mutants where the 

overall structure of the p53 is altered which prevents binding to  DNA, and the contact site mutants 

where there is an altered residue at a site which prevents direct contact with DNA (Feki and 

Irminger-Finger, 2004).   Evidence has shown that several of these p53 DBD mutants exhibit a 

dominant negative activity over wt-p53.   The dominant-inhibitory effect of mutant p53 was shown 

by using stable cell lines capable of inducibly expressing both p53 mutants in the DBD (either a 

conformational mutant, R175H, or contact site mutants, R248W and R273H) and wt-p53.  p53 

mutants were able to form heterotetramers with wt-p53 which resulted in a reduced ability of the 

wild-type protein to bind to the p53 responsive element (RE) of MDM2 and p21Waf1/Cip1 and 

subsequently  its ability to transactivate them.  It was also shown that mutant p53 inhibited the 

ability of wild-type p53 to induce cell cycle arrest and apoptosis  (Willis et al., 2004). 

 
                  1.8.1.2     Structure of  p53 

 
The human p53 is encoded  by a 20 kb gene containing 11 exons and located on 

chromosome 17q13 (Collot-Teixeira et al., 2004).  The p53 gene belongs to a conserved gene 

family containing two other members; p51/p63 and p73 which will not be described in this thesis.  

p53 protein contains 393 amino acids and is composed of several structural and functional domains: 

an N-terminal domain required for transcriptional activation which contains a binding site for the 

MDM2 gene product or transcription factors such as TafII70 and TafII31; a proline-rich domain 

containing multiple copies of a PXXP motif (P - proline and X - any amino acid); a central core 
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DNA-binding domain which is necessary for sequence specific DNA binding and contains the 

binding sites for SV40 large T-antigen; a flexible linker region; a tetramerisation domain and a 

basic C-terminal regulatory domain which is necessary for p53 oligomerization (Collot-Teixeira et 

al., 2004).   The structure of p53 and how p53 binds to DNA as a tetramer is shown in Figure 1.4. 

The N-terminal domain of p53 contains the transcriptional activation (TA) domain (amino 

acids 1-73) and an adjacent proline-rich domain (amino-acids 63-97).  The N-terminal TA domain 

of p53 has residues critical for the binding of both the co-activators needed for transactivation and 

the E3 ubiquitin ligase MDM2 which targets p53 for both repression of its transcriptional regulation 

functions and for p53 ubiquitination which results in proteasome-mediated degradation.  The TA 

domain is also involved in the activity and stability of p53 via its phosphorylation of  

serine/threonine residues such as Ser15, 20 and Thr18 (Sakaguchi et al., 2000).  These 

phosphorylations stabilize p53 by destabilizing MDM2/p53 interactions or increasing p53’s affinity 

for p300/CBP.   Mutational analysis of the  p53 TA domain showed that it can be divided into two 

sub-domains located at amino acids  1-42 and 43-73 (Chang et al., 1995) .  The proline-rich domain 

has been shown to interact with peptidyl prolylisomerase Pin1, which mediates conformational 

changes within the TA domain following phosphorylation of the N-terminus of p53 (Zacchi et al., 

2002; Zheng et al., 2002).    Pin1 specifically binds sites consisting of a phosphorylated serine or 

threonine residue preceding a proline; e.g. one of the binding sites of Pin1 in p53 is the 

phosphorylated-Thr81 – Pro82 site (Berger et al., 2005).   The proline-rich domain has also been  

shown to bind to the transcriptional co-activator protein p300/CBP (Dornan et al., 2003). p300/CBP 

contains a proline repeat-binding domain which binds to the PXXP sequence of p53.   In addition,  

it has been shown that  the TA domain is flanked by a recently identified repressor domain  (located 

between the residues 100-116), although the mechanism of its function has not yet been determined 

(Curtin and Spinella, 2005).  
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Figure 1.4:  Structure of the p53 protein  
 
(A) The domains of p53 include two N-terminal transactivation domains (TAD1 and TAD2); the 
proline-rich domain containing multiple copies of a PXXP motif, the DNA-binding domain (DBD); 
nuclear  localization signal (NLS); tetramerisation domain (TD) and the C-terminal regulatory 
domain (CRD).  The N-terminal domain (res. 1-73) is required for the regulation of p53 
transcriptional activity. The proline-rich domain (highlighted in red) is important for the Pin-
induced modification of the transactivation domain structure, and to interact directly with p300.  
The DBD binds to DNA and is also the site of interaction with several proteins, such as p53BP1, 
ASPP1/ASPP2, Hif-1a, Bcl-xL and Rad51.  The NLS is essential for importin α binding and p53 
nuclear import.   p53 also contains two leucine-rich nuclear export signals (NES), one in TAD1 
(residues 11-27) and one in the TD (residues 340-351)(not shown in figure).  The TD is essential for 
the formation of tetramers. The CRD is the major site for post-translational modifications as shown. 
Multiple residues clustered at the N- and C-terminus of p53 are post-translationally modified by 
phosphorylations (ser/tyr) and acetylations.  The kinases that phosphorylate the ser or  tyr- residues 
of p53 are shown above the residues.  The p300/CBP acetylates the K373 and K382 residues 
(Collot-Teixeira et al., 2004). (B)  Structure of the p53 tetramerization domain.  (a) Ribbon 
representation of a monomer (residues 326-356). The residues involved in stabilization of the 
monomer are indicated.  (b) Both chains of a dimer are represented and the residues involved in the 
formation of the dimer are indicated.  (c) The four chains of a tetramer are represented (Chene, 
2001).  (C) Structural model of the p53 tetramers bound to DNA.  Four p53 core domains 
(designated as 1, 2, 3 and 4) shown in ribbon representation interact with double-stranded DNA 
(shown in Purple).  The core tetramer is a dimer of dimers: 1-2 (in blue) and 3-4: (in green); the 
flexible linker (in gray) and the C-terminal tetramerization domain (red). (Adapted from Tidow et 
al., 2007) 
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p53 has two autonomous DNA-binding domains; the central core of the DNA-binding 

domain and the small C-terminal DNA-binding domain (CTD) (Laptenko and Prives, 2006; Wahl, 

2006). The large central core DNA-binding domain has high affinity for the consensus p53 RE 

found in p53 target genes.  The consensus p53 DNA RE consists of two pairs of head-to-head 

arranged pentamers, 5’-PuPuPuCA/TA/TGPyPyPy-3’ (Pu is purine, Py is pyrimidine) separated by 

0-13 nucleotides.  In order for p53 to inhibit cell-cycle progression or activate programmed cell 

death, p53 must recognize and bind to its RE that is located in its target promoters.  The consensus 

p53 REs are located within a few thousand base pairs of the transcriptional start site and most p53 

target promotors have at least two widely spaced p53 REs.  In order for the p53 DBD to bind to the 

consensus p53 REs of its target promoters, p53 needs to be a tetramer (Laptenko and Prives, 2006; 

Wahl, 2006).   

The small CTD of p53 has the ability to bind DNA nonspecifically.  This prevents the 

central core of the DBD from binding to the specific p53 RE  (Laptenko and Prives, 2006; Wahl, 

2006) .  Upon phosphorylation of serine residues and acetylation of lysine residues, the CTD does 

not bind to nonspecific DNA sequences, and this allows the central core of the DBD to bind to the 

p53 REs.  Also, the C-terminal 6-lysines of p53 may be involved in the regulation of p53 stability, 

as they are subjected to MDM2-mediated ubiquitination (Laptenko and Prives, 2006; Wahl, 2006).  

In addition, two of these lysines (373 and 382) can be acetylated by the HAT p300/CBP and this 

results in p53 stabilization and activation, and this induces p53 sequence-specific DNA binding (Gu 

and Roeder, 1997; Sakaguchi et al., 1998). 
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                 1.8.1.3     MDM2/HDM2 – Negative regulator of p53  
 

  
In normal growth conditions, MDM2 or HDM2 is the major regulator of p53 by negatively 

regulating both the transcriptional activity of p53 and its stability (Brooks and Gu, 2004; Brooks et 

al., 2004).   MDM2 inhibits the ability of p53 to regulate transcription of its downstream target 

genes by binding directly to the transactivation domain of p53 and blocking its interaction with the 

TATA-binding protein (TBP)-associated factors TAFII70 and TAFII31 (a multiprotein complex 

comprising the TBP and ten associated factors).  In addition, MDM2 is an E3 ligase which regulates 

p53’s stability through the ubiquitin-proteasomal pathway.  MDM2 binds to p53 and covalently 

attaches ubiquitin molecules to p53, which leads to proteasomal degradation in the nucleus, or the 

export of p53 to the cytoplasm. MDM2 has the ability to catalyze both monoubiquitination and 

polyubiquitination of p53 where the choice for one or the other has been shown to be dependent on 

the levels of MDM2 protein (Li et al., 2003).  When MDM2 levels are low, MDM2 preferentially 

catalyzes monoubiquitination of p53, while when the levels are high, p53 polyubiquitination occurs 

(Li et al., 2003).  MDM2 acts as an E3 ubiquitin ligase for p53 by either attaching one ubiquitin 

molecule to multiple lysines of the C-terminal of p53 or by attaching a polyubiquitin chain 

containing at least several tandemly conjugated ubiquitin moieties. Following polyubiquitination of 

p53, p53 is transported to the 26S proteasome  in the nucleus  for degradation (Brooks and Gu, 

2006).  MDM2-mediated monoubiquitination of p53 promotes p53 nuclear export by causing 

conformational changes to p53 thus exposing the nuclear export signal located in the C-terminus.   

It is unclear what the function  of monoubiquitinated p53 in the cytoplasm is (Nie et al., 2007).  It 

has been postulated that monoubiquitination of p53 exports p53 from the nucleus to the cytoplasm 

for transcription-independent functions of p53 such as interactions with mitochondrial proteins in 

the apoptosis response pathway.  Furthermore, it has been postulated that monoubiquitinated p53, 
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could be polyubiquitinated by an E4-like enzyme in the cytoplasm for degradation (Brooks and Gu, 

2004; Brooks et al., 2004), however there are no studies supporting this.   

An autoregulatory feedback loop exists where p53 activates transcriptionally its own 

negative regulator, MDM2 which keeps p53 levels low during normal growth and development 

(Wu et al., 1993).  MDM2 is important for the regulation of p53 as it has been shown that MDM2 

deficiency results in an early embryonic lethality in mice due to the increase of p53 levels to 

physiologically intolerable levels.  However, this lethality can be rescued by inactivation of both 

p53 gene copies (yielding MDM2-/- p53-/- genotype)  (Montes de Oca Luna et al. 1995).  This result 

indicates that the primary role of MDM2 during development is to negatively regulate p53.  

Furthermore, it has been shown that MDM2+/- heterozygous mice which harbor high levels of p53 

were more resistant to the development of lymphoid tumours induced by the expression of  Myc 

(Alt et al., 2003).  Overexpression of MDM2 was associated with the development of tumours in 

nude mice (Tokino and Nakamura, 2000).     

 In response to stress, the binding of MDM2 to p53 can be disrupted by phosphorylation of 

p53 at serine 15 and/or 20 thus increasing the half-life and transcriptional activation properties of 

p53 (Wahl, 2006).  For instance, DNA damage allows p53 stabilization by the induction of kinases 

such as casein kinase 1 and 2, ATM (ataxia telangiectasia mutated) and others. These kinases 

phosphorylate p53 within its MDM2-binding region,  inducing a conformational change so that p53 

can not bind MDM2 (Wahl, 2006).   The ATM/Checkpoint  kinase (Chk) cascade has an important 

role in stabilizing p53 as it has been shown that ATM- or Chk2-deficient cells are defective in their 

ability to phosphorylate p53 in response to ionizing radiation (Canman et al., 1998; Hirao et al., 

2000).   Furthermore, another means of ATM to stabilize p53 is by phosphorylating MDM2 at a site 

distant from the p53-binding region of MDM2 which impairs MDM2’s ability to target p53 for 

degradation (Hirao et al., 2000).  
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Another means of   negatively regulating the interaction of MDM2 with p53 is through the 

induction of p19ARF (in mice) or p14ARF (in humans).  Specifically, p19/p14ARF inhibits the binding 

of MDM2 to p53 by binding directly to MDM2 thus inhibiting the E3 ubiquitin ligase activity of 

MDM2. Also p19/p14ARF leads to the relocalization of MDM2 from the nucleoplasm to the 

nucleolus where MDM2 can not interact with p53 (Weber et al., 1999).   Several oncogenes such as 

the Adenovirus E1A and Myc can stabilize p53 through the induction of p19/p14ARF (Vousden, 

2002b).  E1A binds to pRb which releases E2F which in turn can induce p19/p14ARF.  Both E2F and 

Myc can induce p19/p14ARF indirectly by activating the DAP (death-associated protein) kinase, the 

pro-apoptotic calcium-regulated serine/threonine kinase, which induces  p19/p14ARF  (Raveh et al., 

2001).  

                 1.8.1.4     The Role of p53 as a Transcriptional Activator and Repressor 
  
 

 As mentioned above, p53 can regulate transcription of different genes, either positively or 

negatively.  It has been proposed that p53 acts as an activator of transcription by binding to its 

consensus RE within the promoter.  This results in a conformational change of the DNA via the  

recruitment of either chromatin remodeling factors (CRF) or p300/CBP and PCAF   (p300/CBP 

associated factor), HATs and/or methyltransferases (Lee et al., 2002; Lill et al., 1997; An et al., 

2004).  p53 can also stimulate transcription by enhancing the recruitment of several transcription 

factors, such as TFIIA and TFIID through direct interaction, and by inducing conformational 

changes in these complexes  (Xing et al., 2001). 

 p53 can inhibit transcription driven by all three mammalian RNA polymerases (I, II and III).   

Several mechanisms have been documented to describe how p53 inhibits transcription by RNA 

polymerase II (Laptenko and Prives, 2006).  In that respect,  p53 can act as a transcription repressor 

by binding to and inactivating a transcriptional activator.  For instance, it has been shown that p53 

represses the transcription of the eukaryotic initiation factor 4E (eIF4E) gene through direct binding 
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and repression of the c-myc transcriptional activator of the eIF4E gene (Zhu et al., 2005). In 

addition, p53 can inhibit transcription by displacing a transcriptional activator by binding to an 

overlapping binding site within the promoter. For instance, one possible way of p53 repressing the 

transcription of survivin is by disrupting the E2F-mediated activation of survivin.  This occurs 

through binding to a specific p53-binding site within the survivin promoter which overlaps with the 

E2F-binding site (Hoffman et al., 2002).  Another means of p53 acting as a transcription repressor is 

by recruiting chromatin-modifying factors such as histone deacetylases (HDACs).  For instance, 

p53 represses the transcription of  c-Myc and survivin  by recruiting  HDACs (Ho et al., 2005; 

Mirza et al., 2002).   The different mechanisms whereby p53 activates or represses transcription are 

shown in Figures 1.5 and 1.6.  p53 can also inhibit transcription indirectly by  the activation of p53-

dependent targets.  For instance, p53 inhibits the expression of  genes such as Chk1,  Cdc2, cyclin 

A2, survivin and others indirectly through activation of p21Waf1/Cip1 (Lohr et al., 2003).    

p53 represses RNA polymerase-I driven transcription by not allowing the initiation 

assembly to occur on  the rRNA promoter.  In addition, p53 represses RNA polymerase-III driven 

transcription by interacting directly with the components of  RNA polymerase III transcription 

machinery and indirectly, by p53-dependent degradation of TFIIIB (Laptenko and Prives, 2006).   
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Figure 1.5: Mechanisms of p53-dependent transcriptional activation 
 
 (A) Transcriptional activation via recruiting histone modifying factors (HMFs) such as HAT p300 
(upper panel) or nucleosome remodeling factors (NRFs) (lower panel).  (B) Transcriptional 
activation via interaction with the components of mediator complex and subsequent formation of 
the preinitiation complex.  Ac (acetate); TATA (TATA box); TBP (TATA-binding protein); TAFs, 
(transcription-associated factors); TFs (other transcription factors); RNA-Pol (RNA polymerase II).  
‘Off’ and ‘On’ stand for transcription switched off or on, respectively (Laptenko and Prives, 2006). 
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Figure  1.6:  Mechanisms of p53-dependent transcriptional repression 
 
 (A) p53 inhibits transcription by binding and inactivating a specific transcriptional activator  or (B) 
by displacing it from the adjusting or overlapping binding sites within the promoter.  (C) 
Transcriptional repression by affecting the assembly of transcription machinery through direct 
interaction with the transcription factors.  (D) Transcriptional repression via the recruitment of 
chromatin-modifying factor (such as HDAC) followed by subsequent modification of core histones 
and promoter closing. (E) Transcriptional repression by interacting with a co-repressor.  A (a site-
specific transcriptional activator); Ac (acetate); TATA (TATA box); TBP (TATA-binding protein); 
TAFs, (transcription-associated factors); TFs (other transcription factors); RNA-Pol (RNA 
polymerase II).  ‘Off’ and ‘On’ stand for transcription switched off or on, respectively.  (Laptenko 
and Prives, 2006). 
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                 1.8.1.5     Role of p53 in growth arrest and apoptosis  
 

 
    p53 is an extremely efficient inducer of growth arrest,  by regulating the G1/S and G2/M 

checkpoints of the cell cycle.  These checkpoints exist in order to prevent cells with damaged 

genomes from undergoing DNA replication.  For cell cycle arrest, p53 transactivates the cyclin-

dependent kinase inhibitor p21Waf1/Cip1 (ElDeiry et al., 1993; ElDeiry et al., 1995).   p21Waf1/Cip1  

mediates p53-dependent G1 arrest by binding to cyclin-dependent kinases (CDKs) and inhibiting 

their kinase activity so that they cannot phosphorylate the retinoblastoma (pRb) protein (Waldman 

et al., 1995).  In its hypophosphorylated (active) form, pRb sequesters the E2F transcription factor, 

thereby preventing the transition from G1 to S phase (Phillips and Vousden, 2001).   p53 is also 

involved in the G2/M checkpoint by targeting 14-3-3σ,  which causes a G2 cell cycle arrest.  14-3-

3σ  sequesters cdc25 which dephosphorylates the cyclinB/cdk1 complex that is essential for the 

G2/M transition (Hermeking et al., 1997).  p53 is involved in DNA repair by transactivating 

GADD45 (Kastan et al., 1992).  GADD45 binds to proliferating cell nuclear antigen (PCNA), a 

processivity factor, and this inhibits DNA replication and allows DNA repair to occur (Smith et al., 

1994). 

Another major function of p53 is to induce apoptosis.  Apoptosis plays an essential role in 

development and in the maintenance of the adult organism.   p53 can mediate the apoptotic response 

induced by both the intrinsic and extrinsic pathways.  Briefly, the intrinsic pathway is triggered by 

various intracellular stresses such as growth-factor withdrawal or DNA damage.  These stresses 

activate Bcl-2 family proteins such as Bax, Bak and proteins with Bcl2-homology-3 (BH3),  such as 

Bad, NOXA and PUMA (Cory et al., 2003; Chan and Yu, 2004; Chipuk et al., 2006).  Bax and Bak 

induce apoptosis by permeabilizing the outer mitochondrial membrane. This causes the release of 
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cytochrome C from the mitochondria to the cytosol (Cory et al., 2003; Chan and Yu, 2004; Chipuk 

et al., 2006).  Bad, Noxa and Puma  induce apoptosis by binding and inactivating the Bcl-2 and  

Bcl-xL anti-apoptotic proteins which inhibit the release of cytochrome C from the mitochondria 

(Cory et al., 2003; Chan and Yu, 2004; Chipuk et al., 2006).  In the cytosol,  cytochrome C 

proceeds to aggregate Apaf-1 (apoptotic protease activating factor 1) and form the apoptosome 

(Fridman and Lowe, 2003; Okada and Mak, 2004).  The resulting apoptosome complex binds and 

aggregates procaspase-9, and this leads to its activation into caspase-9.  Caspase-9 cleaves 

procaspase 3 into active Caspase-3.  Caspase-3, in turn, activates a series of other procaspases 

which, once active, cleave various death substrates whose cleavage creates the apoptotic phenotype 

(Fridman and Lowe, 2003; Okada and Mak, 2004).  Another protein that is released from the 

mitochondria is the Smac/Diablo which inactivates the anti-apoptotic proteins, IAPs (inhibitors of 

apoptosis) (Fridman and Lowe, 2003; Okada and Mak, 2004).     

p53 mediates apoptosis through the intrinsic apoptotic pathway by activating the 

transcription of proapoptotic genes including Bax and the BH3 proteins such as NOXA and PUMA 

(Miyashita and Reed, 1995; Oda et al., 2000; Nakano and Vousden, 2001).  p53 can also activate 

Bax independently of transcription by transcriptionally activating PUMA since PUMA expression 

promotes mitochondrial translocation and multimerization of Bax (Ming et al., 2006).  p53 uses this 

alternate mechanism to activate Bax since the p53 binding to the Bax promoter is weak,  compared 

to the p21Waf1/Cip1 or PUMA promoters (Kaeser and Iggo, 2002).  Additionally, p53 can translocate 

Bax to the mitochondria (Chipuk et al., 2003; Schuler et al., 2003).  p53 can also directly 

transactivate the transcription of caspase-1 and caspase-6 (Gupta et al., 2001; MacLachan and El 

Deiry, 2002).    It was also shown that p53 itself can also induce the permeabilization of the outer 

mitochondrial membrane directly, by forming complexes with Bcl-xL and Bcl-2, resulting in 

cytochrome C release (Mihara et al., 2003). 

 36



The extrinsic apoptotic pathway is activated by members of the Tumour Necrosis Factor 

(TNF) family of cytokine receptors,  also called “the death receptors” such as the FAS receptor and 

the TNF receptor 1 (TNFR1).  The death receptors are activated by ligand binding.  The Fas ligand 

(FasL) or APO2L/TRAIL bind  to the FAS receptor, while the Tumour Necrosis factor-α (TNF-α) 

binds TNFR1 (Fridman and Lowe, 2003; Okada and Mak, 2004).  Once the death receptors are 

activated, their cytoplasmic tails bind to and activate an associated protein called FADD (Fas-

associated death domain protein) which assembles the death-induced signaling complex (DISC).  

DISC binds to procaspase-8 or 10 and triggers self-cleavage and activation of these caspases. The 

activated caspase-8 or 10 activates the downstream procaspases involved in the intrinsic pathway to 

induce apoptosis (Fridman and Lowe, 2003; Okada and Mak, 2004).  

 p53 can regulate the extrinsic apoptotic pathway as well, although this mechanism is poorly 

understood.  It has been shown that p53 can transcriptionaly activate the Fas/CD95 (Bennett et al., 

1998; Bouvard et al., 2000), DR4 (Guan et al., 2001) and DR5 (Wu et al., 1997) death receptor 

genes, as well as the FasL gene (Fas Ligand) (Okazaki and Sakamuro, 2007).  The DR4 and DR5 

promoters are direct targets of p53.  In addition,  the cell-surface expression of the FAS receptor 

was also enhanced by p53 through promotion of its trafficking from the Golgi to the plasma 

membrane (Bennett et al., 1998; Wu et al., 1997; Guan et al., 2001). 

p53 can also induce apoptosis by counteracting survival signals, that is by transcriptionally 

repressing the activation of survival genes such as survivin, and  by recruiting HDACs (Mirza et al., 

2002).  In addition, p53 is able to inhibit the PI3 kinase pathway by transactivating the PTEN 

(Phosphatase and tensin homologue) promoter (Stambolic et al., 2001).  PTEN is a negative 

regulator of the PI3 kinase pathway and acts by dephosphorylating 3-phosphorylated 

phosphatidylinositides (Stambolic et al., 2001).   Figure 1.7 shows a summary of the different 

mechanisms whereby p53 induces apoptosis. 
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Figure 1.7: Model p53-mediated apoptosis  
 
p53 can regulate the expression of several genes involved both in the extrinsic and intrinsic 
pathways of apoptosis.  In the extrinsic pathway, p53 can increase the expression of cell death-
receptors such as Fas/CD95, death receptor 4 (DR4) and death receptor 5 (DR5).  In the intrinsic 
pathway, p53 regulates the expression of pro-apoptotic proteins such as Bax and Bid that are 
responsible for the permeabilization of the outer mitochondrial membrane where cytochrome c is 
released.  p53 regulates the expression of PUMA and NOXA as well which are responsible to 
inhibit Bcl-2.  Also p53 regulates the expression of APAF-1.  p53 can also inhibit the anti-apoptotic 
molecules Bcl-2 and Bcl-xL.    p53 can inhibit PTEN which inhibits the PI3-kinase pathway.  Also 
p53 is involved in the Redox metabolism by upregulating a number of genes in the the Redox 
metabolism such as ferredoxin reductase (FDXR).  FDXR increases the amount of reactive oxygen 
species (ROS) where ROS is able to disrupt the mitochondria and release cytochrome c (Fridman 
and Lowe, 2003). 
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                  1.8.1.6    The split choice of  p53 to  cause cell-cycle arrest or apoptosis 
 

 
 Cellular stresses activate p53 which can either promote cell-cycle arrest or elicit apoptosis.  

The choice of p53 to cause cell-cycle arrest or apoptosis upon DNA damage depends upon multiple 

variables, including the p53 expression level, the type of cellular stress, cell-type and promoter 

selection. Depending on the type of cellular stress, p53 induces either growth arrest or apoptosis: 

Low or repairable levels of stress or damage result in the induction of cell cycle arrest in order for 

DNA repair to occur and protect the cell from apoptosis.  More severe and irreparable damage or 

oncogenic stress leads to apoptosis in order to prevent cell transformation (Bensaad and Vousden, 

2005; Vousden and Lane, 2007).   

Another variable that can affect the choice of p53-response is the cell type.  Several studies 

have demonstrated  that overexpression of p53 resulted in cell-cycle arrest in some cells whereas 

other cells underwent apoptosis. In one of those studies, Polyak et al. (1996) showed that over-

expression of wild-type p53 by Ad-p53 infection  in several human colorectal cancer cell lines such 

as DLD1, Caco2, Lim2405, LoVo, LS123, SW480 and SW1417  which expressed similar protein 

levels of  p21Waf1/Cip1 and p53  yielded growth arrest in DLD1, Caco1, Lim2405, LoVo, LS123 cells 

and apoptosis in  SW480 and SW1417 cells after 24 hrs of infection. 

Promoter selection, such as p21Waf1/Cip1  vs.  apoptotic genes (Bax, PUMA and NOXA) by 

p53 plays an integral part in determining the response to p53.  There have been numerous studies 

showing that differences in the sequence and spacing of the p53-binding sites, the overall levels and 

post-translational modifications of p53, and the presence or absence of transcriptional cofactors can 

all contribute to promoter selection and choice of response (Vousden, 2006b).   Post-translational  

modifications of p53 including phosphorylation and acetylation of specific residues may allow 

differential recognition of target-gene promoters. It has been shown that phosphorylation of the 

serine residues 18 and 23 in mouse p53 is necessary for apoptosis, but not cell-cycle arrest or 
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senescence (Chao et al., 2006).  Furthermore, the degree of exposure to a chemotherapeutic agent 

can affect the posttranslational modifications of p53 which may affect promoter selection.  For 

instance, exposure of human cells to high levels of  etoposide, a topoisomerase II inhibitor, resulted 

in phosphorylation of human p53 on serine 46 which was associated with the induction of PTEN 

gene expression, activation of caspase 3 and apoptosis (Mayo et al., 2005).  Induction of PTEN and 

apoptosis induced by etoposide exposure was inhibited in human  cells which expressed a mutation 

of the serine 46 to alanine (p53S46A) (Mayo et al., 2005). This result shows that phosphorylation of 

serine 46 results in apoptosis by the induction of PTEN.  On the other hand, exposure of human 

cells to low amounts of etoposide, resulted in cell survival by the induction of MDM2 and not 

PTEN, as serine 46 was not phosphorylated (Mayo et al. 2005).   This result shows that the level of 

stress influences the phosphorylation status of serine 46 which determines gene promoter selection 

of p53 and growth arrest as opposed to apoptosis.   

Posttranslational modifications of p53 by differential acetylation of lysine residues have 

been shown to affect the p53 response, ie growth arrest vs. apoptosis.  Specifically, acetylation of 

lysine 320 prevents phosphorylation of crucial serine residues in the NH2-terminal region of p53,  

and this allows the activation of genes containing high-affinity p53-binding sites such as p21Waf1/Cip1 

and promotes cell survival after DNA damage (Knights et al. 2006).  On the other hand, acetylation 

of lysine 373 leads to hyperphosphorylation of serine residues in the NH2-terminus, and this allows 

the activation of genes containing low-affinity p53-binding sites such as Bax  and promotes 

apoptosis after DNA damage  (Knights et al., 2006). Overall posttranslational modifications of p53 

by either phosphorylation or  acetylation or a combination of both result in the promoter selection of 

p53 to induce growth arrest or apoptosis. (Vousden and Lu, 2002). 

Another variable that influences the selection of p53-binding sites is the cooperation 

between p53 and other transcription factors that interact with discrete DNA-binding sites within 
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different promoters.  For instance, it has been shown that p53 cooperates with Miz, another 

transcription factor, to activate p21Waf1/Cip1 to induce cell-cycle arrest (Herold et al., 2002).  

Furthermore, it has been shown that p53 interacts with NF-kB, a transcription factor, to 

transactivate the death receptor DR5 to induce apoptosis (Shetty et al., 2005).  In addition, binding 

of transcriptional repressors to selected promoters which contain the p53-binding sites can play a 

role in the modulation of p53 activity.  For instance, the transcription factor Slug protected 

hematopoetic progenitor cells exposed to gamma radiation from p53-induced apoptosis by 

repressing the p53-mediated transcription of PUMA (Wu et al., 2005).   

Furthermore, interaction of p53 with coactivator proteins might also influence the 

differential binding of p53 to different sets of promoters.  For instance, binding of p53 to ASSP1 

and ASSP2 selectively enhanced the transactivation effect of p53 upon the Bax or PIG-3 promoters  

but not p21Waf1/Cip1 or MDM2,  thus inducing p53-mediated apoptosis after DNA damage but not 

cell cycle arrest (Samuels-Lev et al., 2001).  Binding of p53 to MUC1 occurs on the p53-RE  of the 

p21Waf1/Cip1 gene promoter and this activates p21Waf1/Cip1 transcription, thus promoting growth-arrest 

upon DNA damage (Wei et al., 2005).   In addition, it was shown that MUC1 alone can inhibit the 

activation of Bax, thus inhibiting apoptosis after DNA damage (Wei et al., 2005).   

 
                 1.8.1.7      p53 as a Stat3 target gene 

 
 
Recently, it has been shown that  Stat3 activation by receptor and non-receptor tyrosine 

kinases inhibits p53 gene expression through a direct binding and repression of the p53 promoter 

(Niu et al., 2005).  It was also shown that inhibition of Stat3 by a dominant-negative mutant  

(Stat3β) or by Stat3 anti-sense oligonucleotides in melanoma cell lines led to increased p53 

expression at both the mRNA and protein levels (Niu et al., 2005).   In addition, Stat3 inhibition 

induced p53-dependent apoptosis and enhanced the effects of DNA-damaging agent-mediated p53 
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up-regulation and tumour cell apoptosis (Niu et al., 2005), which implies that Stat3 might promote 

survival through p53 downregulation.    

 
1.8.2     p21Waf1/Cip1 / Cyclin D1 as  Stat3 target genes 

 
 
Cyclin D1 is a cyclin-dependent kinase (CDK) that is involved in cell cycle progression. 

Cyclin D1, which forms a complex with CDK4 and 6, is activated during the G1 and G1/S 

transition phases and is responsible for the phosphorylation and inactivation of  the retinoblastoma 

(Rb) protein (Gartel and Tyner, 2002; Gartel and Radhakrishnan, 2005; Caldon et al., 2006).  The 

activity of Cyclin D1/CDK 4 and 6 is controlled by the cyclin-dependent kinase inhibitors such as 

p21Waf1/Cip1.  High expression of p21Waf1/Cip1 inhibits the Cyclin D1-CDK 4 and 6 complex  which 

results in growth arrest.  The expression of both  Cyclin D1 and  p21Waf1/Cip1 is elevated in several 

tumour cell lines harboring activated Stat3 or NIH 3T3 fibroblasts transformed with v-Src (Sinibaldi 

et al., 2000; Masuda et al., 2002; Amin et al., 2004) and in Stat3C expressing cells (Bromberg et al., 

1999).  Furthermore, Stat3 activation by v-Src induced transcriptional activation of p21Waf1/Cip1 or 

cyclin D1 which their transcription was blocked by co-expression of a Stat3 dominant-negative 

mutant (Sinibaldi et al., 2000).  

 
1.8.3     Bcl-2  and Bcl-xL as  Stat3 target genes 

 
 

 Bcl-2 and Bcl-xL are members of the Bcl-2 family of proteins which are involved in the 

intrinsic pathway of apoptosis.  Bcl-2 and Bcl-xL are negative regulators of apoptosis by blocking 

the release of cytochrome C from the mitochondria thus inhibiting apoptosis (Chao and Korsmeyer, 

1998; Cory et al., 2003).  Several studies have shown that in numerous cancer cell lines that have 

constitutively high Stat3 activity, Stat3 directly contributes to the induction of Bcl-xL and Bcl-2 

gene expression (Bromberg et al., 1999; Catlett-Falcone et al., 1999; Amin et al., 2004; Song et al., 
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2003).  In addition, expression of Stat3C in the mouse fibroblast cell line, NIH 3T3 and rat 

fibroblast cell line 3Y1 induced the transcription of a reporter construct containing the Bcl-xL 

promoter (Bromberg et al., 1999).  Furthermore, Stat3 inhibition in several cell lines resulted in the 

reduction of Bcl-xL and Bcl-2 expression (Bromberg et al., 1999; Catlett-Falcone et al., 1999; Amin 

et al., 2004; Song et al., 2003).  This implies that Stat3 might also inhibit apoptosis in a p53-

independent pathway, through the upregulation of the anti-apoptotic genes Bcl-2 and Bcl-xL. 

 
1.8.4     c-Myc as a Stat3 target gene 

 
 
c-Myc, a transcription factor, is overexpressed in a number of human cancers. c-Myc plays 

both a positive and a negative role in cell cycle progression by stimulating or repressing the 

expression of cell cycle regulators (Nasi et al., 2001).   c-Myc plays a positive role in cell cycle 

progression by transactivating the cyclin D-cdk4 which is required for cell proliferation (Hermeking 

et al., 2000). Furthermore,  c-myc transactivates the culin-1 gene which degrades p27kip1 (an 

inhibitor of Cyclin D-cdk4/6 and E-cdk2 complexes) (O'Hagan et al., 2000).  In addition, through its 

association with Miz-1 (another transcription factor), Myc can repress the expression of p21Waf1/Cip1 

(Wu et al., 2003).  Overexpression of c-Myc together with other survival factors such as IGF-1 or 

oncogenes such as Ras, can induce tumour progression (Harrington et al., 1994; D'Cruz et al., 

2001).  However,  in the absence of these survival signals, c-Myc induces apoptosis.  c-Myc 

expression gives rise to apoptosis by inducing  p14/p19ARF which inhibits the binding of 

MDM2/HDM2 to p53, thus increasing p53 levels.  Specifically, c-Myc upregulates the expression 

levels of DAP kinase, a pro-apoptotic calcium-regulated serine/threonine kinase, which in turn 

induces the expression of  p14/p19ARF (Raveh et al., 2001). In addition c-Myc can induce apoptosis 

by transcriptionally activating E2F-1 which is known to regulate apoptosis by p53-dependent or 
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independent  pathways (Leone et al., 2001; Fernandez et al., 2003).  Recently, it has been shown 

that c-Myc interacts with E2F1 to activate E2F1-inducible genes (Leung et al., 2008). 

 Several tumour cell lines that harbor activated Stat3 and Stat3C expressing cells have 

elevated c-Myc mRNA and protein levels, implicating a role for Stat3 in regulating c-myc 

expression (Bromberg et al., 1999; Shirogane et al., 1999; Bowman et al., 2001; Barre et al., 2003).  

Furthermore, NIH 3T3 fibroblasts transformed by v-Src had elevated levels of c-myc mRNA and 

protein levels compared to the parental, nontransformed cells.  Disruption of Stat3 by the expression 

of dominant-negative Stat3β protein significantly reduced endogenous c-myc mRNA and protein 

levels in vSrc-transformed cells (Bowman et al., 2001).  This implies that c-myc expression depends 

on Stat3 function in v-Src transformed cells.  

 
1.8.5     Survivin as a Stat3 target gene 

 
 

Survivin is a member of the inhibitor of apoptosis (IAP) protein family which plays a key 

role in apoptosis regulation.  Survivin  inhibits apoptosis through direct or indirect inhibition of 

initiator caspase-9 or caspase 2 and 3 (Fukuda and Pelus, 2006; Sah et al., 2006).  Survivin is 

strongly expressed in embryonic and fetal organs but undetectable in most terminally differentiated 

normal tissues (Fukuda and Pelus, 2006; Sah et al., 2006).  However, overexpression of survivin has 

been detected in many tumours, including breast cancer.  Survivin appears to also play a role in cell 

cycle progression since it is expressed in the G2/M phase of the cell cycle (Fukuda and Pelus, 2006; 

Sah et al., 2006).   In addition,  several studies have shown that disruption of survivin results in an 

increase  in apoptosis and inhibition of tumour growth (Fukuda and Pelus, 2006; Sah et al. 2006).  

Survivin is highly expressed in several tumour cell lines harboring constitutive activation of Stat3 

(Aoki et al., 2003; Kanda et al., 2004; Diaz et al., 2006; Gritsko et al., 2006; Amin et al., 2004; 

Chen et al., 2007).   Recently, Gritsko et al. (2006), have shown that Stat3  binds to the survivin 
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promoter and activates it. Stat3 inhibition by Stat3 antisense in MDA-MB-435 cells resulted in 

reduced survivin mRNA and protein levels and apoptosis induction (Gritsko et al., 2006).  This 

implies that Stat3 may inhibit apoptosis in a p53-independent way through the upregulation of 

survivin. 

 
1.9     Previous work from Dr. Leda Raptis Lab 

 
 

1.9.1     Cell-to-cell adhesion activates Stat3 
 

 
Our lab recently showed that cell to cell contact by cadherin engagement causes a dramatic 

activation of Stat3 (Vultur et al., 2004; Vultur et al., 2005).  That is, cadherin engagement through 

cell confluence or cell aggregation caused a dramatic increase in Stat3-tyr705 phosphorylation, 

Stat3 DNA binding and Stat3 transcriptional activity in normal  human breast epithelial cells, 

human breast carcinoma lines and normal mouse fibroblasts, which peaked at 1-2 days 

postconfluence and gradually declined at later time-points.  This density-mediated increase in Stat3 

activity was approximately half as high as the increase due to vSrc, a potent Stat3 stimulator.  This 

Stat3 activation was dependent upon cell-to-cell adhesion since disruption of cell adhesion by an 

EGTA/EDTA-containing, calcium chelating solution caused inhibition of Stat3 activity in post-

confluent normal human breast epithelial and breast carcinoma cells which was restored through 

cell aggregation (Vultur et al., 2004).  These results indicate that cell-to-cell adhesion rather than 

cell-matrix adhesion is required for the activation of Stat3. Later results indicated that cadherin 

engagement per se activates Stat3, by increasing Rac and Cdc42 protein levels and activity, which 

results in the induction of  IL6, a potent Stat3 activator.  Unlike its effect on Stat3, cell density did 

not have an effect upon the activity of the Ras/Raf/Erk pathway (Vultur et al., 2004).  

            The potential role of kinases involved in this Stat3 activation was explored next.  Stat3 

activation by cell-to-cell adhesion was partially suppressed following inhibition of JAKs with the 
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JAK-selective inhibitor, AG490, but targeted disruption or pharmacological inhibition of Fer, IGF1-

R or the c-Src family had no effect upon the cell to cell-adhesion-mediated, Stat3 activation.  

However, in breast carcinoma cell lines, known to have activated Src kinase levels, constitutively 

active Stat3, was inhibited by the Src-selective inhibitor PD180970 and by the JAK-selective 

inhibitor, AG490 (Vultur et al., 2004b).  These results indicate that there are two distinct  pathways 

of Stat3 activation where one is Src-dependent and the other is independent of Src action (Vultur et 

al., 2004) .   

 
III.     Rationale and Hypothesis 

 
 
 The observation that cell to cell adhesion dramatically activates Stat3 hinted for the first 

time at the possibility that the role of Stat3, hence the consequences of its inhibition, may differ 

upon cellular confluence.  To examine such a mechanism, it is important to evaluate the effect of 

Stat3 downregulation at different time-points relative to confluence.  My hypothesis is that Stat3 

activation at high confluence is needed to prevent apoptosis.  Stat3 may achieve this at least in part 

by downregulating pro-apoptotic genes, such as p53, and/or upregulating anti-apoptotic genes such 

as survivin.  More specifically, my objectives are: 

 
1) To develop effective approaches to downregulate Stat3 in normal and tumour cell lines. 
 
 
2) To examine the phenotypic effect of Stat3 inhibition in sparse vs. confluent normal and 

cancer cells, regarding apoptosis and growth rate.  
 

 
3) To examine the effect of Stat3 inhibition upon the protein levels of p53, p21Waf1/Cip1 and 

survivin in normal and cancer cells at different cell densities.   
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IV.     Significance  
 

 
Anticipated Significance:  This project was derived from recent observations from our lab  

indicating that cell-cell adhesion, which normally inhibits cell proliferation, can activate Stat3 in 

cultured cells.  This is unique to Stat3 since no activation of other signal transducers, such as 

Erk1/2, which are often coordinately activated with Stat3 by growth factors or oncogenes was 

observed under these conditions.  Most importantly, the density-dependent, Stat3 activation was 

resistant to inhibition by n many tyrosine kinases such as Src, Fyn, Yes, EGFR, IGF1R and fer, 

known to be involved in cell adhesion signaling.  This finding indicates that Stat3 inhibition may be 

a very effective way to induce apoptosis of tumour cells while sparing normal ones, under 

conditions where most tyrosine kinase inhibitors are ineffective and holds a great promise in anti-

cancer drug design.   
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Chapter 2 
 
 

Differential effects of Stat3 inhibition 
 in sparse vs. confluent normal and breast cancer cells 

 
 
Statement of Co-Authorship: 
 
This work was published in Cancer Letters (242:120-132).  Parts also appeared in Trends in 
Cancer Research (2:93-103). There are some additional data that are pending for future publication. 
 
 
Anagnostopoulou A, Vultur A, Arulanandam R,  Cao J,  Turkson J, Jove R, Joon S. Kim,  
Glenn M,  Hamilton AD and  Raptis L.  2006. Differential effects of Stat3 inhibition in sparse vs. 
confluent normal and breast cancer cells.  Cancer Letters, 242:120-132 
 
 
Anagnostopoulou A,  Vultur A, Arulanandam R,  Cao J, Turkson J, Jove R,  Joon S. Kim,  
Glenn M,  Hamilton AD and Raptis L.  2006.  Role of Stat3 in normal and SV40 transformed 
cells.  Trends in Cancer Research, 2:93-103. 
 
 
 
   For these papers, Dr. Joon S Kim, Dr. M Glenn and Dr. AD Hamilton prepared the 
peptidomimetics.  Dr. Turkson conducted the initial experiments, testing them in in vitro EMSA 
assays (Fig. 2A). Dr. Adina Vultur ran the initial electroporation and Western blotting experiments 
(Fig. 2.2C).  I conducted all experiments regarding the electroporation of the peptidomimetics, 
treatment with the CPA-7 inhibitor and examination of  apoptosis at different densities.  
 
 
The development of a method to prepare the Platinum compound Stat3 inhibitor CPA-7 is described 
in the following publication:  
 
Littlefield SL, Baird MC, Anagnostopoulou A  and Raptis L. (2008). Synthesis, characterization 
and Stat3 inhibitory properties of the prototypical Platinum (IV) Anti-cancer Drug, PtCl3 (NO2) 
(NH3)2 (CPA-7). Inorganic Chemistry, 47: 2798-2804. 
 
   For this paper, I tested a number of different CPA-7 preparations provided by Dr. Baird’s lab for 
inhibition of Stat3 activity. 
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Abstract 
 
 

   The Stat3 trascription factor has been found to be persistently activated in many cancers 

such as cancer of the breast and is required for transformation by a number of oncogenes.  In an 

unstimulated resting cell, Stat3 is found latent in the cytoplasm and, subsequent to ligand 

stimulation, it binds to activated receptors through its SH2 domain and is phosphorylated by the 

receptor itself or by the associated JAK or c-Src tyrosine kinases.  Phosphorylation of a single 

critical tyrosine residue, tyr705, activates Stat3 by stabilizing the association of two Stat3 

monomers through reciprocal phosphotyrosine-SH2 interactions to form a dimer.  This dimer then 

migrates to the nucleus, and binds specific DNA sites to initiate transcription of a number of genes 

associated with the regulation of cell proliferation and apoptosis, such as survivin, c-myc, Bcl-xL, 

Mcl-1 and cyclin D1.   

   It was previously demonstrated that cell to cell adhesion brought about through cell 

aggregation or confluence of cultured cells causes a dramatic increase in Stat3 tyr705 

phosphorylation and consequently Stat3 activity in both normal and tumour cells.  This hinted at the 

possibility that the role of Stat3 might be different in sparse vs. densely growing cells. To examine 

the role of Stat3 at specific time-points relative to confluence, we used two different approaches of 

Stat3 inhibition:  (1). Introduction of high levels of peptide analogs which block the Stat3-SH2 

domain, to inhibit Stat3 binding to activated receptors and its dimerization, using a technique of in 

situ electroporation.  (2). Treatment with two platinum compounds which bind the Stat3 protein and 

inhibit its binding to activated receptors and DNA.   

 The results demonstrate that Stat3 downregulation in mouse NIH3T3 fibroblasts 

transformed by the vSrc oncogene or the Large Tumour antigen of Simian Virus 40 (TAg) both of 

which were independently shown to activate Stat3, or in breast cancer lines harboring activated Src 

induced apoptosis at all densities but was more pronounced at post-confluence.  In contrast, in 
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sparsely growing normal mouse fibroblast NIH 3T3 cells, Stat3 inhibition induced merely a growth 

retardation.  However, in densely growing NIH 3T3 cells, Stat3 inhibition induced apoptosis.   This 

result demonstrates that Stat3 activation in densely growing cells may reflect a protective, survival 

mechanism that is engaged as cells reach confluence.  At least in part, apoptosis by Stat3 inhibition 

was mediated by p53, as shown by the resistance to cell death by Stat3 downregulation in colon 

carcinoma cells, HCT116, where the p53 gene is ablated.   In addition, Stat3 inhibition could also 

induce apoptosis through p53-independent pathways, since Stat3 inhibition in the human breast 

cancer cell line MDA-MB-435 that harbours mutated p53 resulted in apoptosis, at least in part, 

through downregulation of survivin.  Overall, our observations point to the possibility that 

constitutive activation of Stat3 may lead to tumourigenesis by downregulating wt-p53 in cancers 

that do not have p53 mutations.  As a result, targeting Stat3 in cancers with wt-p53 may be a 

promising therapeutic approach for restoring p53 function, thereby inducing p53-mediated 

apoptosis.  Targeting Stat3 in cancers with mutated p53 might also be beneficial by inducing p53-

independent apoptosis through inhibition of other targets; such as survivin. 

   
 



2.1 Introduction 
 

 
STAT proteins in cancer:   STAT proteins (Stat1 to Stat6) were originally discovered as 

components of cytokine signal transduction pathways. They were later shown to be also activated 

by receptor tyrosine kinases or the non-receptor tyrosine kinase Src (Wang et al., 2000; Vignais et 

al., 1996; Vignais and Gilman, 1999; Turkson et al., 1998; Bromberg et al., 1998).  In a resting cell, 

STATs are latent in the cytoplasm and, subsequent to ligand stimulation, STATs bind to activated 

receptors through their SH2 domains and are phosphorylated by the receptor itself or by the 

associated JAK or c-Src tyrosine kinases. Phosphorylation of a single critical tyrosine residue 

activates STATs by stabilizing the association of two STAT monomers through reciprocal SH2-ptyr 

interactions to form a dimer which migrates to the nucleus and binds specific DNA sites to initiate 

transcription from a number of genes. Seven distinct STAT proteins have so far been identified in 

mammalian cells (Bowman et al., 2000).   Signaling through Stat3 is determined by a key 

phosphorylation at tyr705. Inappropriate activation of Stat3 occurs with high frequency in a number 

of human cancers, including breast, prostate and others, and high Stat3 activity is required for the 

growth and survival of many tumour-derived, cultured cells (Song and Grandis, 2000; Catlett-

Falcone et al., 1999a; Turkson and Jove, 2000; Coffer et al., 2000; Garcia et al., 2001).  

Furthermore, a high frequency of elevated Stat3 activity was observed in human breast carcinoma 

lines that are known to harbor activated Src, a potent Stat3 activator  (Garcia et al., 1997; Garcia et 

al., 2001).  In addition, a constitutively-active Stat3 mutant (Stat3C) alone is sufficient to induce 

cell transformation and tumour formation in nude mice (Bromberg et al., 1999), providing genetic 

evidence for the tumourigenic potential of Stat3.  
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Cell to cell adhesion activates Stat3:   Recently it was demonstrated that cell to cell adhesion 

causes a dramatic increase in Stat3 phosphorylation at tyr705 and consequently Stat3 activity in 

both normal and tumour cells (Vultur et al., 2004; Vultur et al., 2005).  This increase peaked at 

approximately 1-2 days post confluence and gradually declined at later time-points. Further 

investigation showed that this event was refractory to inhibition of Src family kinases, EGFR, Fer or 

IGF1-R.  These observations hint at the possibility that the role of Stat3, hence the consequences of 

its inhibition, may differ depending upon cellular confluence. To examine such a mechanism, it is 

important to evaluate the effect of Stat3 inhibition at different time-points relative to confluence. 

 

The Simian Virus 40 Large Tumour Antigen (TAg):   TAg is an oncoprotein capable of 

neoplastically transforming many types of mammalian cells (Sullivan and Pipas, 2002). This results 

from its ability to activate a combination of several different mechanisms to override cellular 

growth controls. Such mechanisms include the interaction with two tumour-suppressor proteins, p53 

(Sullivan and Pipas, 2002) and the retinoblastoma-susceptibility gene product (pRb, (Chau and 

Wang, 2003)).  It was previously demonstrated that TAg activates the Ras/Raf/Erk pathway 

(Grammatikakis et al., 2001; Raptis et al., 1997).   In addition, recent results indicated that TAg 

expression results in increased phosphorylation of Stat3 at the crucial tyr-705 site, as well as 

stimulation of Stat3 DNA binding and transcriptional activity, at all levels of confluence examined.  

Moreover, Stat3 downregulation through genetic ablation, or transfection with siRNA, abrogated 

the ability of TAg to induce colony formation in soft agar or formation of foci overgrowing a 

monolayer, indicating that Stat3 activity is necessary for full neoplastic transformation by TAg 

(Vultur et al., 2005).   
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Downregulation of Stat3:  To examine the role of Stat3 in different cell densities, it is important to 

downregulate its activity at distinct time-points relative to confluence.  Results from Dr. Jove’s lab 

previously showed that PPYLKTK, the putative Stat3-SH2 domain-binding sequence, coupled to a 

membrane-translocation sequence (MTS, AAVLLPVLLAAP) can disrupt Stat3:Stat3 dimer 

formation and subsequent Stat3 DNA-binding activity in intact cells (Turkson et al., 2001).  Later 

results also demonstrated that the tripeptides PPYL and APYL, and peptidomimetics designed using 

APYL and PPYL as leads with a substitution of the Y-1 prolyl (or alanyl) residue by aromatic 

groups, are also strong disruptors of Stat3 DNA binding activity in vitro (Turkson et al., 2004a).  

One compound, ISS 610 was found to be able to  cross the plasma membrane and display biological 

activity in cultured cells (Turkson et al., 2004a).  However, although ISS 610 was quite effective in 

cell-free extracts, inhibition of Stat3-dependent transcription in whole cells was not complete even 

48 hrs following treatment, possibly due to low intracellular levels of peptidomimetic as a result of 

weak uptake, rapid degradation or both (Turkson et al., 2004a).  Therefore, to achieve an efficient 

and rapid Stat3 inhibition, we used a technique  termed in situ electroporation (Raptis et al., 2000; 

Raptis et al. 2006), for the instant introduction of peptide analogs to cells growing on an electrically 

conductive and transparent support of indium-tin oxide:  Cells are grown on an indium-tin oxide 

(ITO)-coated glass slide and loaded with the peptide through an electrical pulse, which opens 

transient pores on the cell membrane (Chang et al., 1992). Cells can be subsequently lysed for large-

scale experiments, or their morphology and biochemical properties examined using 

immunocytochemistry techniques. The latter offers the advantage that cell stress, as revealed by 

changes in morphology, can be simultaneously examined. Previous results indicated that in situ 

electroporation does not affect cellular metabolism in any detectable way, presumably because the 

pores reseal rapidly so that the cell interior is restored to its original state (Brownell et al., 1998; 

Raptis et al., 2005). Moreover, the instant introduction of the molecules into essentially 100% of the 
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cells makes this technique especially suitable for kinetic studies of effector activation.  In addition, 

we also employed two platinum compounds, PtCl4 and CPA-7, previously developed by Dr. Jove’s 

lab which are good inhibitors of Stat3 in vivo (Turkson et al., 2004b).  In collaboration with Dr. 

Baird of the Chemistry department of Queen’s University we improved on the method of synthesis 

of CPA-7.  My results using both approaches of Stat3 inhibition demonstrate that Stat3 

downregulation in cells transformed by Src or TAg, or in breast carcinoma lines induces apoptosis, 

which is more pronounced at the time of its peak activity post-confluence.  In normal cells on the 

other hand, Stat3 inhibition at post-confluence caused apoptosis but in subconfluent cells it induced 

merely a growth retardation.  

 
 

 
 

68



 
2.2 Materials and Methods 
 

 
2.2.1 Cell lines and culture techniques  

 
 
 Tissue culture medium (Dulbecco’s modification of Eagle’s medium, DMEM) was from 

ICN (Aurora, Ohio) and calf, fetal-calf and horse serum from Life Technologies Inc. (Burlington, 

Ontario). Normal mouse NIH3T3 cells (Raptis et al., 1997), NIH3T3 cells overexpressing the 

human EGF receptor (Decker, 1989) and NIH3T3 transformed by vSrc (Zhang et al., 2000), mouse 

10T1/2, 10T1/2 cells transformed by SV40-LT (Raptis et al., 1997) and mouse Balb/c 3T3 

fibroblasts have been previously described and were grown in plastic dishes in DMEM 

supplemented with 10% calf serum, in a  5% CO2 incubator. Human breast carcinoma lines MCF-7, 

MDA-MB-435 and MDA-MB-468 (Garcia et al., 2001) and human colon cancer lines HCT-116 

p53+/+ and p53-/- were grown in DMEM supplemented with 10% fetal calf serum.  HCT-116 p53+/+ 

and p53-/- were kind gifts from Dr. Richard Jove.  Human breast epithelial  MCF-10A cells  were 

maintained in DMEM:F12 medium (Gibco-Invitrogen, Grand Island, NY) supplemented with 5% 

horse serum, 10 μg/ml insulin (Sigma Aldrich, Oakville, ON), 500 ng/ml hydrocortisone (Sigma 

Aldrich, Oakville, ON), 20 ng/ml human EGF and 100 ng/ml cholera toxin. Cell confluence was 

estimated visually and quantitated by imaging analysis of live cells under phase contrast using a 

Leitz Diaplan microscope and the MCID-elite software (Imaging Research, St. Catharine’s Ont.).   

 Treatment with the PD180970 Src inhibitor was at a final concentration of 1 μM with 

redosing every 12 hrs for a total of  24 hrs (Vultur et al., 2004).  PtCl4 was purchased from Aldrich. 

The CPA-7 (Table 2.1) experiments were at first conducted with a small amount which was a gift 

from Dr. Turkson (Turkson et al., 2004b), but later we synthesized it using an improved procedure, 

in collaboration with Dr. Baird of the Chemistry Dept. of Queen’s University.  Both compounds 
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were dissolved at 20 mM in 50% Dimethyl Sulfoxide (DMSO) (BioShop Canada Inc., Burlington, 

ON) and subsequently added to serum-containing medium to obtain the final concentrations 

indicated.  

 
2.2.2 Apoptosis Assays 
 

 
  Apoptosis was assessed by TUNEL (terminal deoxynucleotidyl transferase-mediated dUTP 

nick end-labeling) staining using FITC-coupled nucleotides, according to the manufacturer’s 

instructions (Roche, #1684809).  Cells with apoptotic nuclei were visualized and photographed 

under fluorescence and phase-contrast illumination. For a more precise quantitation, cells growing 

in a 6 cm plate were trypsinised, fixed with 70% ethanol at 40C for 30 mins and stained with 

Propidium iodide (100 μg/ml; Sigma-Aldrich) in the presence of Ribonuclease A (100 μg/ml; 

Sigma) at 370C for 30 mins in the dark.  The  percentage of cells with a sub-G1 DNA content was 

assessed by Fluorescence-Activated Cell sorter (FACS; Beckman-Coulter Corp., Miami, FL, USA) 

analysis and the Expo32v1.3 software package (Beckman-Coulter Corp) (Lin et al., 2002). 

 
2.2.3 Western blotting 

 
 

Cells were grown to different densities and proteins extracted using 50 mM Hepes, pH 7.4, 

150 mM NaCl, 10 mM EDTA, 10mM Na4P2O7, 100 mM NaF, 2 mM Na3VO4, 0.5 mM PMSF, 10 

μg/ml aprotinin, 10 μg/ml leupeptin, and 1% Triton X-100 (Raptis et al., 2000).  Protein 

concentrations of cell extracts were quantified by using the bicinchoninic (BCA) protein assay kit 

(Sigma).  50 μg of cell extract protein were denatured by boiling in 3X SDS-mercaptoethanol buffer 

(150 mM Tris-HCl pH 6.8; 300 mM β-mercaptoethanol; 6% SDS; 30%  glycerol; 0.3% 

bromephenol blue) for 5 mins.  Samples were then resolved on a 10% polyacrylamide-SDS gel and 

transferred to a nitrocellulose membrane (Bio-Rad) using the Genie Blotter Apparatus (Idea 
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Scientific Co., Minneapolis, USA).  Non-specific binding was blocked by treatment with 1% 

Bovine Serum Albumin (BSA) or 5% nonfat milk dissolved in TBST (0.2 M Tris-HCl, 0.137 M 

NaCl, 0.2% Tween 20, pH 7.6) for at least 1 hr followed by an overnight incubation with the 

specified primary antibody at 40C.  Specific primary antibodies were used to immunodetect the 

tyrosine-705 phosphorylated activated form of Stat3 (Biosource International); p53 (Biosource), 

p21Waf1/Cip1 (Biosource), survivin (Biosource) or the dually phosphorylated activated form of Erk1/2 

(Biosource). Membranes were then rinsed three times, 5 min each, with TBST and were incubated 

with a 1:10,000 dilution of alkaline phosphatase-conjugated goat anti-rabbit or goat anti-mouse 

secondary antibody (Biosource) in TBST for 1 hr at room temperature.  Membranes were then 

washed three times for 10 min each with TBST and the bands visualized using enhanced 

chemiluminescence (ECL), according to the manufacturer’s instructions (PerkinElmer Life 

Sciences, Cat.# NEL602). As a control for protein loading, blots were routinely probed with the 

mouse monoclonal anti-Hsp90 antibody (Stressgen, Cat. # SPA-830), followed by a secondary 

antibody and ECL detection as above. Quantitation was achieved by fluorimager analysis using the 

FluorChem program (AlphaInnotech Corp).  

 
2.2.4 Electrophoretic mobility shift assays (EMSA) 
 

 
The procedures for nuclear extract preparation from human breast cancer MDA-MB-435 

cells,  NIH3T3 fibroblasts or their vSrc-transformed counterparts and electrophoretic mobility shift 

assays (EMSAs) were essentially as previously described (Yu et al., 1995). The 32P-labelled 

oligonucleotide probe used was the hSIE (high affinity sis-inducible element, m67 variant, 5’-

AGCTTCATTTCCCGTAAATCCCTA) that binds both Stat1 and Stat3 (Wagner et al., 1990).  To 

identify the bands, supershift assays were performed by preincubating the nuclear extracts with an 

anti-total Stat3 antibody (1μg, Cell Signaling, Cat.# 9132) for 30 min prior to the addition of the 
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radiolabelled probe (Zhang et al., 2000). The preparation was incubated at 30oC for 30 mins and 

then resolved on non-denaturing, 5% polyacrylamide gels in 0.25 x Tris-Borate-EDTA (TBE) 

buffer. Stat3-DNA complexes were detected by autoradiography. Quantitation was achieved by 

phosphorimager analysis.  

 I generated an improved procedure for EMSA by using a biotinylated oligonucleotide probe 

for Stat3.  Briefly, the m67 hSIE oligonucleotide probe was labelled with biotin at the 3’ end and 

incubated with nuclear extracts of hEGFR cells for 30 mins.  The complexes were resolved in non-

denaturing, 5% polyacrylamide gels in 0.25 x TBE buffer and transfered to a positively charged, 

nylon membrane (Bio-Rad Laboratories Ltd., Mississauga, ON, Cat. # 162-0165) in 0.5 x TBE 

buffer, which was UV treated to cross-link the DNA onto it.  Stat3-biotin-labeled DNA complexes 

were detected by using the LightShift Chemiluminescence EMSA kit (Thermo Fisher Scientific 

Inc., Rockford, IL, Cat. # 20148).  Briefly, the membrane was blocked and probed with 

streptavidin-HRP conjugate, incubated with a chemiluminescent substrate and exposed to an X-ray 

film.   

 
2.2.5 Luciferase assays for Stat3 transcriptional activity 
 

 
NIH3T3 cells expressing vSrc were a gift from Dr. Turkson (Turkson et al. 1998). They had 

been transfected with a Stat3-specific reporter plasmid (pLucTKS3) which harbors 7 copies of a 

sequence corresponding to the Stat3-specific binding site in the C-reactive gene promoter (termed 

APRE, TTCCCGAA) upstream from a firefly luciferase coding sequence, with G418-resistance co-

selection.  Individual clones were propagated and firefly luciferase activity measured following 

lysis with the Passive Lysis Buffer, according to the manufacturer’s protocol (Promega, Cat. # 

E4030). As a control, pLucTKS3-expressing cells were stably transfected with a different reporter, 

pRLSRE, which contains two copies of the serum response element (SRE) of the c-fos promoter, 
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subcloned into the , luciferase reporter, pRL-null (Promega), and Zeocin-resistance co-selection 

(Turkson et al., 2001). The firefly and renilla luciferases utilize different substrates and thus can be 

assayed independently in the same lysates using this kit.   

 
2.2.6 In situ electroporation of peptide analogs 
 

 
 It was performed essentially as described (Raptis et al., 2000; Raptis et al., 2006). Briefly, 

cells were grown on a glass slide (7x15 mm cell growth area) which was coated with electrically 

conductive, optically transparent, indium-tin oxide (ITO, Ask Science Products, Kingston, Canada)  

To improve adhesion of the cells to ITO, the slides were coated with CelTakTM (BD Biosciences, 

Cat. No. 354240).  The peptidomimetics were dissolved in DMSO then diluted in DMEM without 

calcium at a final concentration of 20 mM, added to the cells and introduced by an electrical pulse 

(2 μF, 30 volts) though an electrode placed on the cells (Fig. 2.1).  

To examine the relative potency of different peptidomimetics for Stat3 inhibition, we used 

NIH3T3 fibroblasts which were overexpressing the human EGF receptor (hEGFR) (Decker, 1989).   

Contrary to the parental line, EGF stimulation in hEGFR cells causes a dramatic increase in Stat3 

ptyr705 phosphorylation and activity.   Following electroporation of the peptidomimetics and a 5 

min incubation at 37oC, hEGFR cells were stimulated with 100 ng/ml EGF for 0-360 min as 

indicated and detergent cell extracts examined for  Stat3-ptyr705 levels or Stat3 DNA binding as 

above.  

 

 

 

 

 

 
 

73



 

 

 

 

Figure 2.1: Electroporation electrode and slide assembly   
 
 Cells are grown on glass slides coated with electrically conductive, optically transparent 
indium-tin oxide (ITO) within a “window” cut into a Teflon frame.  The material is added to the 
cells and is introduced by an electric pulse of a precisely controlled intensity and duration which is 
delivered through an electrode set placed directly on the frame.  The negative electrode (-) is placed 
above the cells grown in the window, supported by the Teflon frame (dotted lines), while the 
positive counterelectrode (+) contacts the conductive coating directly (Raptis et al., 2005). 
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2.2.7 Synthesis and characterization of [PtCl3(NO2)(NH3)2] (CPA-7) 
 

 
  In a typical reaction, 0.30 g of yellow cis-PtCl2(NH3)2 (cisplatin, 0.10 mmol) was 

suspended in  25 ml, 0.10 mM KCl (0.074 g/25 ml) and the mixture, protected from light by 

aluminum foil, was stirred while nitrogen dioxide was bubbled through the solution at a rate of 

approximately 1 bubble per second. The cylinder of NO2 was warmed in a water bath at ~45 °C in 

order to increase the vapor pressure of the gas (b.p. 21.1°C) to a useful level (Littlefield et al., 

2008).  

In most cases, an initial color change of the reaction mixture to light cloudy green was 

immediately noted and, within approximately 1-2 min, the suspension dissolved and formed a dark 

turquoise solution. Once this change was observed, the NO2 gas flow was terminated and 

atmospheric air was bubbled through the stirred solution overnight. During this time, the solution 

changed gradually from green to pale yellow. The following day, additional NO2 gas was bubbled 

briefly through the solution; if the solution remained yellow upon the addition of the gas, the 

reaction was considered to have gone to completion and the preparation was lyophilised. If, 

however, the solution turned green upon the addition of further NO2, bubbling of air was continued 

until the solution turned yellow, at which point the preparation was lyophilised. The yellow 

products obtained in the two procedures appeared to be identical. 

   This synthetic route was carried out several times to give 0.33-0.37 g of pale yellow 

powders which are slightly soluble in acetone to give yellow solutions and a white, insoluble 

material which was not identified but is presumably a potassium byproduct. The powders are 

soluble in water, dimethylsulfoxide and dimethylformamide; aqueous solutions are stable for a few 

hrs, DMSO and DMF solutions for several days.  Several preparations of CPA-7 were prepared.  

Appendix I describes the effect of the different preparations of CPA-7 upon the inhibition of ptyr-

705 Stat3 and Stat3 transcriptional activity. 
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2.2.8 Adenovirus infection 
 

 
 The adenoviral vector that expresses Stat3-Eva (a dominant-negative form of Stat3) and the 

adenoviral vector that expresses GFP (Ad-GFP) were a generous gift of Dr. Eric Haura. Stat3-Eva, 

a dominant-negative mutant form of Stat3,  contains two mutations in the Stat3 DNA binding 

domain but is capable of forming heterodimers with endogenous wild-type Stat3, preventing its 

binding to DNA (Song et al., 2003). Stat3-Eva was generated by using the mouse Stat3 cDNA 

sequence where amino acids 434 and 435 were mutated from glutamic acid to alanine, and amino 

acids 461-463 were mutated from valine to alanine using PCR-based mutagenesis (Song et al., 

2003).  For virus propagation and titration we used the human embryonic kidney 293 line which 

expresses the adenoviral E1 region and TAg (line HEK293T, or 293). For virus propagation, 293 

cells were grown in 10 cm dishes in DMEM with 10% FBS and infected with the Adenovirus 

vectors at 30-40% confluence at a multiplicity of infection (moi) of 0.1 pfu/cell.   Infected cells 

were fluorescent due to the expression of GFP.  The medium was changed daily and the virus 

harvested when cytopathic effect (CPE) appeared, approximately a week after the initial infection.  

During this time all of the cells were fluorescent due to the expression of GFP.  To harvest the virus, 

cells were detached by pipetting, centrifuged at 2000 rpm for 1 min  and the pellet resuspended in 

0.5 ml DMEM. The virus was released from the infected cell debris by four rounds of freezing in 

dry ice and thawing in a 370C water bath. Following clarification by centrifugation at 10,000 rpm in 

a Ti60 rotor, CsCl was added to the preparation to a density of 1.34 g/ml and virus purification 

achieved by equilibrium gradient centrifugation at 40,000 rpm in a Ti60 rotor.  Titration was 

achieved  by infecting 293 cells at limiting dilutions.   
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2.3 Results 
 
2.3.1     Differential effects of Stat3 inhibition in sparse vs. confluent normal, v-Src or TAg 
             transformed, and breast cancer cells 

 
2.3.1.1     Electroporation of peptidomimetics selectively blocks Stat3 phosphorylation and  
               activity in vivo 
  

 
A number of peptide analogs of the PpYL or ApYL tripeptides were designed as previously 

described, and tested for their ability to inhibit Stat3 DNA binding when added to cell-free nuclear 

extracts using Electrophoretic Mobility Shift (EMSA) assays (Turkson et al., 2004a) (Table 2.1 and 

Fig. 2.2A).  Four representative compounds (ISS 494-1, ISS 305 and ISS 239, along with the ISS 

221 described previously (Turkson et al., 2004a; Table 2.1)) with increasing efficiency of inhibiting 

Stat3 DNA binding activity in cell-free extracts, were chosen for further experimentation.  It is 

especially noteworthy that the ISS 239 analog displays a marked specificity for Stat3 vs. Stat1 (Fig. 

2.2A, b), despite the fact that the two proteins can form heterodimers.  On the other hand, although 

ISS 221 was more effective at inhibiting Stat3, it could also cause inhibition of Stat1 (Fig. 2.2A, c).   

To evaluate the effect of the peptidomimetics upon Stat3 phosphorylation in vivo, these 

compounds were electroporated in situ in NIH3T3 cells overexpressing the human EGF receptor 

(hEGFR (Decker, 1989), see Materials and Methods, section 2.2.6).  Contrary to NIH3T3, hEGFR 

cells respond to EGF treatment with a potent activation of Stat3, to levels approximately half the 

levels of NIH3T3 cells transformed by the prototype Stat3 activator, vSrc.  As shown in Fig. 2.2B, 

following stimulation with 100 ng/ml EGF,  Stat3-ptyr705 levels peak at ~10 min following EGF 

stimulation, then they gradually return to background within approximately 6 hrs, a pattern 

resembling  ERK1/2 activation by EGF in this system (Brownell et al., 1998).   
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Table 2.1   Disruption of DNA binding activity by Stat3 inhibitors 
 

 

IC50 (μM)α  
Compound 

 
Structure Stat3:Stat3 Stat3:Stat1 Stat1:Stat1 

ISS 610* 

 

 
42 ± 23 

 
125 ± 15 

 
310 ± 145 

 

ISS 221* 

 

 
75 ± 36 

 
455 ± 97 

 
310 ± 74 

ISS 239 

 

 
85 ± 32 

 
>800 

 
>800 

ISS 305 

 

 
320 ± 57 

 
>800 

 
>800 

ISS 494-1 

 

 
>800 

 

 
>800 

 
>800 

CPA-7**  
1.5 

 

 
3.5  

 
4.0  

 
 
 
Nuclear extracts containing active Stat3, or Stat3 and Stat1 were preincubated for 30 min with or 
without the PpYL analogs before incubation with the radiolabelled  hSIE probe and EMSA analysis.  
α  Values are means ± SEM of at least three independent assays.   
*    From  (Turkson et al., 2004a).  
**  From  (Turkson et al., 2004b). 
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To examine the ability of the inhibitors to block the EGF-induced Stat3-ptyr705 

phosphorylation, the compounds were electroporated into hEGFR cells grown to 50% confluence, 

cells stimulated with 100 ng/ml EGF and Western blots of total protein extracts probed with an 

antibody specific for the tyr-705 phosphorylated form of Stat3 (see Materials and Methods, section 

2.2.3). As a control, the same gel was probed for the abundant heat-shock protein, Hsp90. As shown 

in Fig. 2.2C (top panel), the potency of the peptidomimetics to inhibit Stat3 tyr705 phosphorylation 

in vivo parallels their ability to inhibit Stat3 DNA binding in cell-free EMSA assays; electroporation 

of the peptidomimetic ISS 221 resulted in a total abrogation of the EGF-triggered, Stat3-ptyr705 

phosphorylation, while ISS 494-1 had only a marginal effect. To assess the specificity of these 

compounds for Stat3 inhibition, levels of Erk1/2 activity were examined following electroporation, 

by probing with an antibody specific for the dually phosphorylated, ie activated form of this kinase 

(see Materials and Methods, section 2.2.3). As shown in Fig. 2.2C (middle panel), electroporation 

of the peptidomimetics did not affect Erk1/2 phosphorylation levels in this system. The above 

results taken together demonstrate that these peptide analogs are able to inhibit Stat3 activity in 

vivo, upon in situ electroporation into cultured, adherent cells.  

The stability of the compounds in the cell was examined next.  ISS 239 was electroporated 

into hEGFR cells and 24 hrs later cells were stimulated with EGF and Stat3-ptyr705 levels assessed 

as above. As shown in Fig 2.2D,  Stat3-ptyr705 levels were still very low, indicating that the 

compound could inhibit Stat3 phosphorylation for at least 24 hrs following electroporation.  Similar 

results regarding stability were obtained with the ISS 221 and ISS 305, while, as expected, ISS 494-

1 had no effect (not shown).  

Previous results indicated that one of the nuclear targets of active Stat3 is the Stat3 promotor 

itself (Narimatsu et al., 2001). As a result, Stat3 activation leads to an increase in Stat3 protein 

levels. Examination of the levels of total Stat3 protein in hEGFR cells 10 mins after electroporation 
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of ISS 221 and EGF stimulation did not reveal a substantial decrease compared to levels in control, 

nonelectroporated cells, presumably because the endogenous protein had not had sufficient time to 

decay (Fig. 2.2C, panel c).     

 To examine whether this inhibition in Stat3-tyr705 phosphorylation is accompanied by an 

inhibition in Stat3 transcriptional activity, we examined the levels of firefly luciferase activity in 

vSrc transformed NIH3T3 cells, stably expressing this gene under control of a Stat3-specific 

promotor (pLucTKS3 plasmid, cells termed vSrc/NIH3T3/Luc (Vultur et al., 2004)), at different 

densities.  Following electroporation of the compounds, cells were grown for 24 hrs and luciferase 

activity determined (see Materials and Methods, section 2.2.5).  Due to the presence of the v-src 

gene, these cells have constitutively high Stat3 activity levels, even at low densities.  Still, as shown 

before (Vultur et al., 2004), these cells had approximately 3 times higher Stat3 activity levels at 1 

day post confluence, than at a confluence of 60% (Fig. 2.2E).  Electroporation of the 

peptidomimetics reduced luciferase activity in a manner proportional to their ability to inhibit Stat3 

DNA binding activity in vitro, at confluences of both 60% and 100% (Fig. 2.2E).  On the other 

hand, Stat3-independent transcription from the c-fos, SRE promotor was not affected by 

electroporation of the peptidomimetics, indicating that the compounds inhibit Stat3 activity 

specifically. The above data taken together indicate that, aside from inhibition of Stat3-ptyr705 

phosphorylation, electroporation of the peptidomimetics can also inhibit Stat3 transcriptional 

activity in rodent fibroblasts.  It follows that these compounds may be potent and specific Stat3 

inhibitors, therefore we used them as probes to examine the role of Stat3 in cultured cells.  
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Figure 2.2: Peptidomimetics selectively block Stat3 phosphorylation and activity 
 
A:   EMSA analysis of Stat3 inhibitory activities of the peptidomimetic compounds  
a:  Nuclear extracts from vSrc-transformed, NIH3T3 cells containing activated Stat3 were treated 
with the indicated concentrations of ISS 239 for 30 min, prior to incubation with the radiolabeled 
oligonucleotide probe hSIE, which recognizes both Stat1 and Stat3, gel electrophoresis and 
autoradiography (Turkson et al., 2004a).  
b:   Nuclear extracts from EGF-stimulated, hEGFR cells containing activated Stat1 and Stat3 were 
treated with the indicated concentrations of ISS 239 (lanes 1-6) for 30 min, prior to incubation with 
the radiolabeled oligonucleotide probe hSIE , gel electrophoresis and autoradiography (Turkson et 
al, 2004a).  
c:  Same as above, ISS 221 (lanes 1-6) or ISS 494-1 (lanes 7-12).  
 
B:  Time-course of Stat3 activation in hEGFR cells:  NIH3T3 cells which overexpress the human 
EGF receptor (hEGFR) were grown to 50% confluence and stimulated with 100 ng/ml EGF for 
different times as indicated.  Western blots of detergent extracts of total protein were subsequently 
probed with an antibody against the tyr-705 phosphorylated form of  Stat3.  The same extracts were 
probed for Hsp90, as indicated in the bottom panel. Numbers at the left correspond to molecular 
weight markers.  Arrows point to the position of Stat3 or Hsp90, respectively. 
 
C:  Electroporation of peptidomimetics inhibits Stat3 phosphorylation: hEGFR cells were 
grown to 50% confluence and electroporated with the indicated peptidomimetics or the DMSO 
carrier alone (lane 2, see Materials and Methods, Section 2.2.6). Following a 5 min incubation, cells 
were stimulated with 100 ng/ml EGF for 10 min  Western blots of detergent extracts of total protein 
were subsequently probed with an antibody against the tyr-705 phosphorylated form of  Stat3 (panel 
a);  Erk1/2 (panel b); total Stat3 (panel c) or Hsp90 as a loading control (panel d), as indicated. 
Numbers at the left correspond to molecular weight markers.  Arrows point to the position of Stat3-
ptyr705, Erk1/2, total Stat3 or Hsp90, respectively, as indicated.  
 
D:   Stat3 inhibition by ISS 239 can persist for 24 hrs in hEGFR cells:  ISS 239 was 
electroporated in hEGFR cells which were stimulated with EGF, 5 min (lane 4) or 24 hrs (lane 3) 
later. 10 min following EGF addition, detergent cell extracts of total protein were blotted and 
probed with an antibody against the tyr-705 phosphorylated form of Stat3 (top panel) or Hsp90 
(bottom panel), as indicated. Numbers at the left correspond to molecular weight markers.  Control 
cells were electroporated with the DMSO diluent alone (lanes 2 and 5). Arrows point to the position 
of Stat3-ptyr705 and Hsp90 as indicated.  
 
E:  Inactivation of Stat3 transcription by the peptide analogs: NIH3T3 cells stably expressing 
vSrc and the Stat3-dependent pLucTKS3 reporter driving a firefly luciferase gene under control of 
the hSIE promotor element, and the Stat3-independent pRLSRE reporter driving a renilla luciferase 
gene under control of the c-fos SRE promotor, respectively (vSrc/NIH3T3/Luc cells) were grown to 
the indicated densities with daily media changes and 24 hrs following electroporation of the ISS  
305, ISS 239 or ISS 221  Stat3 inhibitors,  firefly (■) and renilla ( ) luciferase activities determined 
in cytosolic extracts (see Materials and Methods, Section 2.2.5). Values shown represent luciferase 
units expressed as % of the highest value obtained, means plus standard deviations of at least 3 
experiments, each performed in triplicate.  

 
 

83



2.3.1.2     Specific inhibition of Stat3 phosphorylation and activity in vivo through  
               treatment with platinum compound inhibitors 
 
 
We previously demonstrated that the APYL or PPYL peptide analogs inhibit Stat3 activity by 

blocking the Stat3-SH2 domain, hence Stat3 binding to receptors and tyr-705 phosphorylation 

(Turkson et al., 2004a).  To further examine the differential role of Stat3 in sparse vs. confluent 

cells, we used the platinum compounds, CPA-7 and PtCl4, which were previously shown to inhibit 

Stat3 activity in vivo at least in part by direct binding to Stat3 protein (Turkson et al., 2004b).  To 

more precisely examine the ability of these compounds to effectively inhibit Stat3 at specific time-

points relative to confluence, hEGFR cells were exposed to varying concentrations of these 

compounds for different time periods. As shown in Fig. 2.3A, a 10 min treatment with 50 μM  

CPA-7 (preparation 1, see Materials and Methods, section 2.2.7), caused a dramatic reduction in 

Stat3-ptyr705 phosphorylation, while at 5 μM there was a very weak effect.  As expected (Turkson 

et al., 2004b), treatment with PtCl4 was less effective; a 100 μM PtCl4, 10 min treatment was 

necessary for a reduction of ~50% in Stat3-ptyr705 levels.  On the other hand, as shown before 

(Turkson et al., 2004b), a 24 hr treatment with CPA-7 could effectively inhibit Stat3-ptyr705 even 

at 20 μM (Fig. 2.3B). As a control for specificity of CPA-7 for Stat3, we examined Erk1/2 

phosphorylation levels.  As shown in Fig. 2.3A (middle panel), probing the same extracts with an 

antibody specific for the dually phosphorylated form of Erk1/2 revealed the absence of an effect, 

even after treatment with 2 mM CPA-7 (Fig. 2.3A, middle panel, lane 4) indicating that CPA-7 

exhibits a marked specificity for Stat3.  The above results indicate that CPA-7 and PtCl4 can be 

taken up by the cell and rapidly inhibit Stat3 activity.  
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Figure 2.3: Inhibition of Stat3 phosphorylation and activity by CPA-7 treatment at different 
time periods 
 
A:  hEGFR (lanes 2-11) or vSrc-transformed, NIH3T3 (lane 1) cells grown to 50% confluence were 
treated with the indicated concentrations of CPA-7 for 10 min, then stimulated with 100 ng/ml EGF 
for 10 min as indicated. Blots of detergent extracts of total protein were probed with an antibody 
against the tyr-705 phosphorylated form of Stat3 (top panel); Erk1/2 (middle panel); or Hsp90 as a 
loading control (bottom panel), as indicated.  Numbers at the left correspond to molecular weight 
markers.  Arrows point to the position of Stat3, Erk1/2 or Hsp90 respectively, as indicated. 
 
B:  Same as above, 24 hr treatment.  
 
C: Inhibition of Stat3 transcription by CPA-7 at different densities: NIH3T3 cells stably 
expressing vSrc and the Stat3-dependent pLucTKS3 reporter driving a firefly luciferase gene under 
control of the hSIE promotor element, and the Stat3-independent pRLSRE reporter driving a renilla 
luciferase gene under control of the c-fos SRE promotor, respectively (vSrc/NIH3T3/Luc cells) 
were grown to the indicated densities with daily media changes and firefly (■) and renilla ( ) 
luciferase activities determined in cytosolic extracts following CPA-7 treatment  (see Materials and 
Methods, Section 2.2.5). Values shown represent luciferase units expressed as % of the highest 
value obtained, means plus standard deviations of at least 3 experiments, each performed in 
triplicate. 
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The ability of CPA-7 to inhibit Stat3 transcriptional activity was examined next using the 

Src-transformed, NIH3T3 cell line expressing the luciferase reporter as above.  Cells were grown to 

densities of 50%, 90% or 1 day post-confluence, treated with CPA-7 at concentrations of 20 or 50 

μM for 24 hrs and luciferase activity assessed. As shown before (Vultur et al., 2004), cell density 

increased Stat3 transcriptional activity (Fig. 2.3C).  In addition, as expected from the results on the 

inhibition of Stat3-ptyr705 phosphorylation, luciferase activity was dramatically reduced compared 

to untreated cells (Fig. 2.3C), indicating that CPA-7 can inhibit Stat3 transcriptional activity in vivo 

at all densities examined.    

 
2.3.1.3     Src inhibition in sparsely growing cells expressing activated Src promotes 

   apoptosis 
 

 
One of the strongest Stat3 activators is the viral Src oncogene (vSrc (Turkson et al., 1998; 

Bromberg et al., 1998)). It was previously shown that pharmacological inhibition of Src induces 

apoptosis of vSrc transformed cells, or tumour lines expressing abnormally active Src (Garcia et al., 

2001). Since cell to cell adhesion brought about through confluence was also shown to dramatically 

activate Stat3 (Vultur et al., 2004), we examined the effect of Src inhibition in sparse vs. confluent 

cultures.  NIH3T3 and vSrc/NIH3T3 cells and the breast carcinoma lines MDA-MB-468 and MDA-

MB-435 which were previously demonstrated to harbor activated Src (Garcia et al., 2001), were 

treated with the Src inhibitor, PD180970 at different densities and apoptotic death assessed by in 

situ TUNEL staining as well as by FACS analysis of the cellular subG1 profile ((Vultur et al., 

2004), see Materials and Methods, section 2.2.2).  As shown in Fig. 2.4A, PD180970 treatment 

caused a substantial reduction in Stat3-ptyr705 phosphorylation levels in both normal and vSrc-

transformed NIH3T3 cells. In addition, in agreement with previous data, Src inhibition with 

PD180970 induced apoptosis in vSrc transformed cells grown to 60% confluence, concomitant with 
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a reduction in Stat3-ptyr705 levels (Fig.  2.4B, left panel).   However, at timepoints beyond 100% 

confluence, PD180970 was much less effective in vSrc/NIH3T3 cells regarding both Stat3 

inhibition and apoptosis induction, than in cells grown to 60% confluence (Fig. 2.4B, left panel, 

Table 2.2).  This is in keeping with previous results indicating that the density-mediated, Stat3 

activation is independent from Src function (Vultur et al., 2004) and indicates that Src inhibition 

cannot reduce Stat3 activity, or induce apoptosis in vSrc-transformed cells in the face of extensive 

cell-cell contact.  Similarly, PD180970 treatment of the human breast carcinoma lines MDA-MB-

468 (Fig. 2.4C) and MDA-MB-435 (Table 2.2) induced apoptosis, which was more pronounced at 

lower densities.  In sharp contrast, as observed before, little apoptosis was noted in normal NIH3T3 

cells following Src inhibition (Fig.  2.4B).  The above results taken together indicate that Src 

inhibition, although able to inhibit Stat3 activity and induce apoptosis in sparse cells harboring 

activated Src, is relatively ineffective in confluent cultures.  

 
2.3.1.4     Stat3 inhibition in densely growing normal or Src-transformed cells promotes 
                apoptosis 
 
 
The effect of direct Stat3 inhibition was examined next.  ISS 239 was electroporated into 

vSrc/NIH3T3 cells or the normal NIH3T3 grown to different densities and 24 hrs later cells were 

fixed and apoptotic death assessed by TUNEL staining and FACS analysis of the sub-G1 profile as 

above.  In addition, cells were treated with the CPA-7 compound for 24 hrs, then fixed and 

apoptotic death assessed in a similar manner.   As shown in Fig. 2.4B (right-hand panel), no 

apoptosis was evident in subconfluent, NIH3T3 cells following electroporation of ISS 239, as 

assessed by FACS analysis of sub-G1 profile.  However, CPA-7 treatment in NIH3T3 cells or  

ISS 239 electroporation (Fig. 2.4D) caused a growth retardation, in agreement with previous studies 

showing that Stat3 plays a positive role in cell proliferation (Turkson et al., 1998; Bromberg et al., 

1998). On the other hand, electroporation of ISS 239 into normal NIH3T3 cells at 1 day 
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postconfluence (Fig. 2.4B and Table 2.2), or treatment with CPA-7 for 24 hrs (Fig. 2.4E, a and b 

and Table 2.2) resulted in a substantial increase in apoptotic death. At the same time, the inactive 

analog 494-1 had no significant effect.  Similar results were obtained following a 20 μM CPA-7 

treatment for 24 hrs, while apoptosis induction was more pronounced upon treatment with 50 μM 

(Table 2.2).  In addition, apoptosis was evident at 12 hrs or less at concentrations of 50 μM or 

higher.  Similarly, treatment with PtCl4 at 50 μM also induced apoptosis which was more 

pronounced and occurred faster at 100 μM.  The above data taken together indicate that, although 

Stat3 levels are very low in preconfluent, normal cells, Stat3 inhibition still causes a growth 

retardation, while at post-confluence, when Stat3 levels are high, Stat3 inhibition causes apoptosis.  

  Examination of the effect of ISS 239 upon the vSrc-transformed, NIH3T3 cells or the 

breast cancer lines, MDA-MB-468 and MDA-MB-435 revealed that this treatment induced 

apoptosis which was much more dramatic in confluent cultures (Fig. 2.4B, right-hand panel and 

Table 2.2). This is in sharp contrast to Src inhibition, which was much more effective in 

subconfluent cells (Fig. 2.4B, left panel).  At the same time, treatment with the inactive analog ISS 

494-1 had no significant effect.  Similarly, treatment of the vSrc/NIH3T3, MDA-MB-468 or MDA-

MB-435 cells with 20 μM CPA-7 for 24 hrs induced apoptosis which was stronger at 1-2 days post-

confluence (Fig. 2.4C and 2.4E, d vs. f, and Table 2.2). The above results taken together indicate 

that direct inhibition of Stat3 signaling in vSrc transformed mouse fibroblasts or breast cancer lines 

harboring activated Src induces DNA degradation and apoptosis, which is especially pronounced in 

confluent cells, when Stat3 activity is at its highest.   
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Figure 2.4:  Effect of Stat3 inhibition in subconfluent vs. confluent normal and tumour cells  
 
A:  Effect of PD180970 upon Stat3-ptyr705 levels at different cell densities of normal NIH3T3 
and vSrc-transformed cells. 
 

NIH3T3 cells (lanes 1, 2, 5 and 6) or vSrc-transformed NIH3T3 cells (lanes 3, 4, 7 and 8) 
were treated with the PD180970 Src inhibitor (lanes 5-8) or the DMSO carrier alone (lanes 1-4). 
Detergent cell extracts were probed for Stat3-ptyr705 (top panel) or Hsp90 (bottom panel).  
 
B: Effect of the PD180970 Src inhibitor (left panel) or the ISS 239 Stat3 inhibitor (right-hand 
panel) upon apoptosis of NIH3T3 or vSrc/NIH3T3 cells.  
 
 Left-hand panel:  vSrc-transformed, vSrc/NIH3T3 cells, or the parental NIH3T3 were 
treated with the Src-selective inhibitor, PD180970 or the DMSO carrier for 24 hrs at 60% 
confluence, or 1 day post-confluence, fixed, stained with propidium iodide and examined for 
apoptosis induction through subG1-profile analysis using a FACS flow cytometer. The results are 
averages ±SEM of three independent experiments.   
 Right-hand panel: vSrc-transformed, vSrc/NIH3T3 cells, or the parental NIH3T3 were 
treated with the Stat3 inhibitor ISS 239 or the DMSO carrier at 60% confluence, or 1 day post-
confluence.  24 hrs later cells were fixed, stained with propidium iodide and examined for apoptosis 
induction through subG1-profile analysis using a FACS flow cytometer. The results are averages 
±SEM of three independent experiments.   
 
C:  Src inhibition causes apoptosis which is more pronounced in subconfluent, breast 
carcinoma MDA-MB-468 cells, while Stat3 inhibition causes apoptosis which is more 
pronounced in confluent cultures.  
 
 MDA-MD-468 cells were treated with the PD180970 Src inhibitor or the CPA-7 Stat3 
inhibitor or the DMSO carrier alone at 60% confluence, or 1 day post-confluence.  24 hrs later cells 
were fixed, stained with propidium iodide and examined for apoptosis induction through subG1-
profile analysis using a FACS flow cytometer. The results are averages ±SEM of three independent 
experiments.   
 
D:  Stat3 inhibition in subconfluent, normal NIH3T3 cells causes growth retardation.  
 
 NIH3T3 cells were grown to densities of 50, 75 or 90% as indicated and viable cells counted 
by trypan blue staining following treatment with CPA-7 or electroporation of ISS 239, ISS 494-1 or 
DMSO, as indicated.  
 
E:  Stat3 inhibition causes apoptosis in confluent cells:  
 Mouse NIH3T3 (a, b) or vSrc/NIH3T3 cells (c-f) were treated with 40 μM CPA-7 at 50% 
confluence (c, d) or 1 day post confluence (a, b, e and f), as indicated.  Apoptosis was determined 
by TUNEL staining, using FITC-coupled nucleotides (see Materials and Methods, Section 2.2.2). 
Pictures were taken under fluorescence (b, d, f) or phase-contrast (a, c, e) illumination.  
Magnification: a, b: 240x, c-d: 200x, e, f: 140x. 
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Table 2.2   Effect of Stat3 inhibition in normal and tumour cells 
 

 

      Stat3 activityα,γ                                     Apoptosisδ 

 
 

Confluence              100%                  60%                                    100% +1d  
NIH3T3 - hEGFRα    
                         DMSOβ            100%±18 6%±2    9%±2 
                         ISS 494-1β              90%±21 6%±2  10%±3 
                         ISS 305β              30%±8 7%±2 14%±4 
                         ISS 239β                9%±3 8%±3 20%±5 
                         ISS 221β                2%±1 8%±2 30%±9 
    
                     CPA-7    
                                20 μM                1%±1 7%±2  28%±7 
                                50 μM                0% 8%±3                  45%±11 
                     PtCl4    
                                50 μM              30%±11 6%±2  25%±9 
                              100 μM              16%±9 7%±3                  41%±11 
                     PD180970              82%±16                     9%±3 11%±4 
    
vSrc/NIH3T3/Lucγ    
                         DMSOβ            100%±26               7%±3 10%±2 
                         ISS 494-1β 95%±22               8%±3 10%±2 
                         ISS 305β 85%±14             24%±8                  40%±13 
                         ISS 239β 60%±22             49%±14                  93%±32 
                         ISS 221β             33%±9             55%±18                  98%±37 
    
                     CPA-7    
                                20 μM              47%±14             43%±12                  93%±29 
                                50 μM 15%±3             73%±8                  96%±28 
                     PtCl4    
                                50 μM 51%±9             41%±9                  89%±14 
                              100 μM 18%±7             71%±15                  93%±16 
                     PD180970 30%±9             72%±12 30%±9 
                
MDA-MB-468α    
                     DMSO            100%±21               7%±3 10%±3 
                     CPA-7    
                            20 μM              18%±4             54%±11    94%±29 
                            50 μM   7%±2             64%±9                  98%±32 
                      PD180970              22%±6             61%±14  34%±9 
                                      
MDA-MB-435α    
                     DMSO            100%±24               8%±3  11%±4 
                     CPA-7    
                            20 μM              20%±8             51%±11                  94%±25 
                            50 μM   8%±4             63%±9                  97%±30 
                      PD180970              20%±4             60%±10                  32%±14 
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α   hEGFR cells were electroporated with the peptide analogs and following stimulation with 100 
ng/ml EGF for 10 min, cell lysates prepared. Parallel cultures were treated with CPA-7 or PtCl4 or 
PD180970 for 24 hrs, then stimulated with EGF for 10 min and cell lysates prepared, as indicated.  
Lysates were resolved by gel electrophoresis and Western immunoblots probed for the tyr705 
phosphorylated form of Stat3. MDA-MB-468 or MDA-MB-435 cells were similarly treated with 
PtCl4 or CPA-7 and cell extracts processed for Stat3-ptyr705 quantitation in a similar manner. 
Numbers represent relative values obtained by quantitation analysis. Averages ± SEM of at least 
three experiments are shown, with the average of the value for EGF-stimulated, hEGFR cells 
treated with the DMSO carrier alone, which was the same as in untreated cells, taken as 100% (see 
Materials and Methods, section 2.2.3).   
 
β    The peptide analogs or the DMSO carrier were electroporated in situ, as described in Materials 
and Methods, Section 2.2.6. 
 
 γ   Following electroporation or treatment with the Platinum compounds or PD180970, Stat3 
transcriptional activity was measured in vSrc/NIH3T3/Luc cells through luciferase assays (see 
Materials and Methods, Section 2.2.5). 
 
δ  24 hrs after electroporation or treatment with CPA-7, PtCl4 or PD180970, cells were stained with 
propidium iodide and their sub-G1 profile analysed by Fluorescence Activated Cell Sorting (see 
Materials and Methods, section 2.2.2) (Vultur et al., 2004). In these experiments, hEGFR cells were 
not stimulated with EGF.  
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2.3.1.5     Stat3 inhibition in densely growing cells transformed by the Simian Virus 40  
                Large Tumour antigen promotes apoptosis 
 

 
It was previously demonstrated  that TAg activates Stat3 and that it requires Stat3 for 

neoplastic transformation (Vultur et al., 2005).  Since this Stat3 activation was found to require cSrc 

activity, we examined the effect of Stat3 downregulation in sparse vs. densely growing, TAg-

transformed cells.  Following treatment of cells grown to different densities with the above 

inhibitors, cells were fixed and apoptotic death assessed by FACS analysis of the cellular subG1 

profile. As shown in Fig. 2.5A (left-hand panel), no apoptosis was evident in subconfluent, normal 

10T½ cells following electroporation of ISS 239  or treatment with CPA-7, as assessed by FACS 

analysis of sub-G1 profile.  However, ISS 239 electroporation caused a growth retardation (Fig. 

2.5B), in agreement with previous studies showing that Stat3 plays a positive role in cell 

proliferation (Turkson et al., 1998, Bromberg et al., 1998).  On the other hand, electroporation of 

ISS 239 into normal cells at 1 day postconfluence, or treatment with CPA-7 for 24 hrs resulted in a 

substantial increase in apoptotic death (Fig. 2.5A). At the same time, the inactive analog 494-1 had 

no significant effect.  In situ TUNEL staining gave similar results (Vultur et al., 2005).  Similarly, 

treatment with PtCl4 at 50 μM also induced apoptosis at post-confluence, while apoptosis was more 

pronounced and occurred faster at 100 μM.  The above data taken together indicate that, although Stat3 

levels are very low in preconfluent, normal cells, Stat3 inhibition still causes a growth retardation.  In 

addition, at post-confluence, when Stat3 levels are high, Stat3 inhibition can induce apoptosis of normal 

cells. 

              Examination of the effect of Stat3 inhibition in TAg-transformed cells, through electroporation

of ISS 239 or addition of CPA-7 to the growth medium, revealed that this treatment induced apoptosis

even at subconfluence, but apoptosis was much more dramatic in confluent cultures (Fig. 2.5A, 

right-hand panel).   At the same time, treatment with the inactive analog ISS 494-1 had no significant 
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effect.  The above results taken together indicate that inhibition of Stat3 signaling in TAg-

transformed mouse fibroblasts induces DNA degradation and apoptosis, which is especially pronounced

in confluent cells, when Stat3 activity is at its highest. 
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Figure 2.5:  Effect of Stat3 inhibition in subconfluent vs. confluent normal 10T½ and  
                    TAg- transformed 10T½ fibroblasts  
 

 
A: Stat3 inhibition in confluent, normal 10T½ and TAg-transformed 10T½ cells  
 

Normal 10T½ cells and TAg-transformed, 10T½-TAg-1 cells were electroporated with ISS 
494-1, ISS 239,  or treated with 50 μM CPA-7 or the DMSO carrier at 60% confluence or 1 day 
post-confluence, as indicated.  24 hrs later cells were fixed, stained with propidium iodide and 
examined for apoptosis induction through subG1-profile analysis using a FACs flow cytometer. The 
results are averages ± SEM of three independent experiments.   

Inset:  Examination of Stat3-ptyr705 levels by Western blotting in 10T½-TAg-1 cells 
electroporated with the ISS 239 inhibitor (lane 3) or the inactive ISS 494-1 analog (lane 2). 
 
B:  Stat3 inhibition in subconfluent, normal 10T½ cells causes growth retardation 
 

Normal 10T½ fibroblasts were grown to the densities shown and viable cells counted by 
trypan blue staining following treatment with CPA-7 or electroporation of ISS 239, ISS 494-1 or the 
DMSO carrier alone, as indicated. 
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2.3.2      Stat3 promotes survival by downregulating p53 
 

 
The above results revealed a dramatic difference in the response of the cell to Stat3 

inhibition depending upon cell density.   Stat3 downregulation in normal NIH3T3 fibroblasts at 

post-confluence caused apoptosis while in sparsely growing cells it induced merely a growth 

retardation.  At this time, preliminary results indicated that the Stat3 increase at post-confluence is 

followed by a reduction in p53 protein levels.  Therefore, we set out to examine whether the 

apoptosis observed upon Stat3 inhibition could be due to downregulation of p53.  

  
2.3.2.1     Stat3 downregulation increases p53 levels in normal mouse fibroblasts at all cell 

                        densities  
 
 

To examine the mechanism of Stat3 downregulation upon apoptosis induction, normal 

Balb/c 3T3 fibroblasts were treated with 20 μM CPA-7 when grown to densities of 65%, 90%, 

100%, 100+1day, 100+2days, 100+4days, 100+5days, 100+6days, and harvested 24 hrs later.  As 

shown in Figure  2.6, panel A,  there was a dramatic increase in Stat3-tyr705 phosphorylation with 

density in control, untreated Balb/c 3T3 cells which peaked at 100% + 5 days (Fig. 2.6, panel A, 

lane 1 vs. 6).  Treatment of Balb/c 3T3 cells with 20 μM CPA-7 caused a substantial reduction in 

Stat3, ptyr705 phosphorylation (Fig. 2.6, panel A, lanes 1-8 vs. 9-16).  Examination of p53 levels 

revealed a dramatic increase at all densities (Fig. 2.6, panel B, lanes 1-8 vs. 9-16).  The increase in 

p53 levels was taken as an indication that the effect of Stat3 may be mediated by the p53 

antioncogene.   
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Figure 2.6: Stat3 inhibition by CPA-7 causes upregulation of p53 levels in the normal mouse 
fibroblast cell line, Balb/c  3T3 
 

Balb/c 3T3 cells grown to different degrees of confluence as indicated, were treated either 
with DMSO (lanes 1-8) or 20 μM CPA-7 (lanes 9-16) for 24 hrs. Blots of detergent extracts of total 
protein were subsequently probed with an antibody against the tyr-phosphorylated form of Stat3 
(panel A); p53 (panel B) or Hsp90 (panel C) as a loading control.  The indicated degrees of 
confluence correspond to confluence before and after treatment.  Fifty micrograms of lysate was 
loaded in all cases.  Numbers at the left refer to molecular-weight markers.  Arrows point to the 
position of Stat3-ptyr705, p53 or Hsp90. 
 
 
 
 
 
 

 
 

100



 
2.3.2.2     Stat3 requires p53 function to induce apoptosis in confluent HCT-116 cells  
 

 
 To examine the p53 requirement for apoptosis induction upon Stat3 inhibition, we made use 

of the HCT-116 colon carcinoma line which harbours wt-p53 (HCT-116 p53+/+) and its derivative 

where the p53 was disrupted (HCT-116 p53-/-) through homologous recombination (Bunz et al., 

1998).  Cells were grown to different densities and treated with 20 μM CPA-7 or the DMSO carrier 

alone for 24 hrs, at which time cell lysates were prepared.  Lysates were resolved by gel 

electrophoresis and Western immunoblots probed for Stat3-ptyr705, p53 and p21Waf1/Cip1.   

As shown in Figure 2.7A, in HCT-116 p53+/+ cells with wt-p53  there was an increase in 

Stat3-ptyr705 phosphorylation with cell density, which peaked at  ~1 day post confluence (panel A, 

lane 4).  Treatment with 20 μM CPA-7 for 24 hrs caused a decrease in Stat3-ptyr705 levels, at all 

densities examined.  Examination of p53 levels revealed a dramatic increase with CPA-7 treatment, 

at all densities (panel B; lanes 1-9 vs. 10-18).   Cell density per se did not demonstrably affect the 

levels of p53.  However the levels of the p53 target, p21Waf1/Cip1, increased with cell density, which 

peaked at 1 day post confluence (panel B, lane 13) in CPA-7 treated HCT-116 p53+/+  cells.  

The effect of cell density upon Stat3-ptyr705 levels in HCT-116 p53-/- cells which are p53-

defective was examined next.  As shown in Fig. 2.8, panel A, lane 3, there was a similar increase, 

which peaked at 100% confluence.   Treatment of the HCT-116 p53-/- line with 50 μM CPA-7 for 

24 hrs caused a reduction in Stat3-ptyr705 levels, but of course p53 was undetectable. Probing the 

same lysates for p21Waf1/Cip1 revealed the presence of very low levels, indicating that p53, rather 

than Stat3, is the major activator of p21Waf1/Cip1 in this system.   
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Figure 2.7: Stat3 inhibition by CPA-7 causes upregulation of p53 and p21Waf1/Cip1 levels in the 
human colon cancer cell line, HCT-116 p53+/+   
 

HCT-116 p53+/+ cells grown to different degrees of confluence as indicated, were treated 
either with DMSO (lanes 1-9) or 20 μM  CPA-7 (lanes 10-18) for 24 hrs. Blots of detergent extracts 
of total protein were subsequently probed with an antibody against the tyr-phosphorylated form of 
Stat3 (panel A); p53 (panel B) or p21Waf1/Cip1 (panel C).  The indicated degrees of confluence 
correspond to confluence before and after treatment.  Fifty micrograms of lysate was loaded in all 
cases.  Numbers at the left refer to molecular-weight markers.  Arrows point to the position of 
Stat3-ptyr705, p53 or p21Waf1/Cip1. 
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Figure 2.8: Stat3 inhibition by CPA-7 has no effect upon the p21Waf1/Cip1  levels in the human 
colon cancer cell line, HCT-116 p53-/-   
 

HCT-116 p53-/- cells grown to different degrees of confluence as indicated, were treated 
either with DMSO (lanes 1-9) or 50 μM CPA-7 (lanes 10-18) for 24 hrs. Blots of detergent extracts 
of total protein were subsequently probed with an antibody against the tyr-phosphorylated form of 
Stat3 (panel A); p53 (panel B) or p21Waf1/Cip1 (panel C).  In this cell line p53 has been ablated as p53 
levels are not detectable (panel B). The indicated degrees of confluence correspond to confluence 
before and after treatment.  Fifty micrograms of lysate was loaded in all cases.  Numbers at the left 
refer to molecular-weight markers.  Arrows point to the position of Stat3-ptyr705 or p53 or 
p21Waf1/Cip1. 
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The cellular phenotype following treatment with different concentrations of CPA-7 was 

examined next.  HCT-116 p53+/+ and HCT-116 p53-/- cells were treated with CPA-7 at 100%+1d 

post-confluence and 24 hrs later cells were fixed and apoptotic death assessed by TUNEL staining 

and FACS analysis of the sub-G1 profile.  Treatment of the HCT-116 p53+/+ cells with 50 μM 

CPA-7 for 24 hrs. induced apoptosis which was more pronounced and occurred faster at 100 μM 

(Fig. 2.9, a and b; Table 2.3).  Apoptosis induction was more pronounced upon treatment with 100 

μM.  In sharp contrast, HCT-116 p53-/- cells did not succumb to apoptosis even following treatment 

with 100 μM CPA-7 (Fig. 2.9, c and d; Table 2.3).  This result indicates that CPA-7 induces 

apoptosis in a p53-dependent manner. 
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Figure 2.9: Stat3 inhibition by CPA-7 induces p53-mediated apoptosis  
 
 Human colon cancer cells HCT-116 p53+/+ and HCT-116 p53-/- were treated with 50 and 100 
μM CPA-7 respectively  at 1 day post confluence, as indicated.   Apoptosis was determined by 
TUNEL staining, using FITC-coupled nucleotides (see Materials and Methods, section 2.2.2). 
Pictures were taken under fluorescence (b and d) or phase-contrast (a and c) illumination.  
Magnification: 240x.  
 
 
Table 2.3   Effect of Stat3 inhibition in human colon cancer cells HCT-116 cells p53+/+ or p53-/- 

 

 Apoptosisa 

 
Confluence 100% +1d 
HCT-116 p53 (+ /+)   
                     DMSO 11%±4 
                     CPA-7  
                            50 μM 91%±27 
                          100 μM 
 

98%±31 

HCT-116 p53 (-/-)   
                     DMSO 7%±2 
                     CPA-7  
                            50 μM 19%±5 
                           100 μM 32%±10 

 
α HCT-116 p53+/+ and HCT-116 p53-/- cells were treated with CPA-7 or the DMSO carrier at 100%+1d post-
confluence and 24 hrs later cells were stained with propidium iodide and their sub-G1 profile analysed 
by Fluorescence Activated Cell Sorting.  Values are means ± SEM of at least three experiment 
asays. (see Materials and Methods, section 2.2.2) (Vultur et al., 2004).  
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We next examined the role of Stat3 in breast cancer lines.  At first we tested the normal 

human breast epithelial MCF-10A line and the human breast cancer line MCF-7, both of which 

harbor wt-p53.  Cells were grown to different densities and treated with 0 or 20 μM or 50 μM CPA-

7 for 24 hrs, at which time cell lysates were prepared and probed for Stat3-ptyr705, p53 and 

p21Waf1/Cip1.  As shown in Figures 2.10 and 2.11 (panel A), there was an increase in Stat3-ptyr705 

phosphorylation with density, which peaked at 2 days postconfluence (Fig. 2.10, panel A, lane 7) in 

MCF-10A cells and at 100% confluence in MCF-7 cells (Fig. 2.11, panel A, lane 3).  Treatment of  

MCF-10A  cells  with 50 μM  CPA-7 and MCF-7 cells with 20 μM CPA-7 caused an increase in 

p53 and p21Waf1/Cip1 levels (Fig. 2.10, panels B and C,  lanes 1-10 vs. 11-20  and Fig. 2.11, panels B 

and C, lanes 1-6 vs. 7-12) at all densities examined.  As in the colon cancer line HCT-116 p53+/+, 

cell density increased  p21Waf1/Cip1 levels which peaked at 90% confluence in  CPA-7 treated MCF-

10A and at 95% confluence in CPA-7 treated MCF-7 cells (Fig. 2.10, panel C, lane 14 and Fig. 

2.11, panel C, lane 9), without affecting  p53 levels.   

Examination of the cellular phenotype demonstrated that, following CPA-7 treatment, 

normal breast epithelial MCF-10A and breast cancer MCF-7 cells changed into a rounded, refractile 

morphology at postconfluence.  CPA-7 treatment of MCF-10A cells induced a growth retardation in 

sub-confluent cultures while CPA-7 treatment in MCF-7 caused apoptosis (not shown).  These 

results are consistent with the above results where Stat3 downregulation in normal cells (MCF-10A) 

induces growth retardation in sub-confluent cultures but apoptosis in post-confluent cultures.  

Additionally Stat3 downregulation in cancer cells (MCF-7) induces apoptosis both in sub-confluent 

and post-confluent cultures which was more pronounced at postconfluent cultures.   
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Figure 2.10: Stat3 inhibition by CPA-7 causes upregulation of p53 and p21Waf1/Cip1 levels in the 
normal human breast epithelial cell line, MCF-10A   
 

MCF-10A cells grown to different degrees of confluence as indicated, were treated either 
with DMSO (lanes 1-10) or 50 μM CPA-7 (lanes 11-20) for 24 hrs. Blots of detergent extracts of 
total protein were subsequently probed with an antibody against the tyr-phosphorylated form of 
Stat3 (panel A); p53 (panel B) or p21Waf1/Cip1 (panel C).  The indicated degrees of confluence 
correspond to confluence before and after treatment.  Fifty micrograms of lysate was loaded in all 
cases.  Numbers at the left refer to molecular-weight markers.  Arrows point to the position of 
Stat3-ptyr705, p53 or p21Waf1/Cip1. 
 

 

 

 

 

 

 
 

107



 

 

 
Figure 2.11: Stat3 inhibition by CPA-7 causes upregulation of p53 and p21Waf1/Cip1 levels in the 
human breast cancer cell line, MCF-7    
 

MCF-7 cells grown to different degrees of confluence as indicated, were treated either with 
DMSO (lanes 1-6) or 20 μM CPA-7 (lanes 7-12) for 24 hrs. Blots of detergent extracts of total 
protein were subsequently probed with an antibody against the tyr-phosphorylated form of Stat3 
(panel A); p53 (panel B); p21Waf1/Cip1 (panel C) or Hsp90 (panel D) as a loading control.  The 
indicated degrees of confluence correspond to confluence before and after treatment.  Fifty 
micrograms of lysate was loaded in all cases.  Numbers at the left refer to molecular-weight 
markers.  Arrows point to the position of Stat3-ptyr705, p53, p21Waf1/Cip1 or Hsp90. 
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We next examined the effect of Stat3 downregulation in breast cancer MDA-MB-435 cells 

which harbor mutant p53.  MDA-MB-435 cells were grown to different cell densities and treated 

with 0 or 50 μM CPA-7 for 24 hrs and the levels of ptyr705, p53, p21Waf1/Cip1 and survivin examined. 

As shown in Figure 2.12 (panels A and C), Stat3-ptyr705 and survivin levels in MDA-MB-435 cells 

increased with cell density which peaked at 90% and 100% confluence respectively (panel A, lane 3 

and panel C, lane 4).  Treatment of cells with CPA-7 resulted in the downregulation of Stat3-

ptyr705 and survivin levels (panels A and C, lanes 1-7 vs. 8-14) but without affecting the levels of 

p53 (panel B, lanes 1-14).  p21Waf1/Cip1 levels were undetectable.    

Another means of downregulating Stat3 is through infection with an Adenovirus vector 

expressing the dominant-negative Stat3 mutant, Stat3-EVA.  This mutant is defective in DNA 

binding, although phosphorylation of tyr705 and ser727 is unaffected (Song et al., 2003).  Infection 

of breast cancer MDA-MB-435 cells at different multiplicities revealed a dramatic downregulation 

of Stat3 DNA binding activity at approximately 100 pfu/cell (Fig. 2.13, lane 7 vs. lane 3).  As 

shown in Fig. 2.14, infection of MDA-MB-435 cells with the Ad-EVA vector did not affect the 

levels of p53 (Fig. 2.14, lanes 2-8 vs. lanes 9-15).  
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Figure 2.12: Stat3 inhibition by CPA-7 causes downregulation of survivin levels in the human 
breast cancer cell line, MDA-MB-435    
 

MDA-MB-435 cells grown to different degrees of confluence as indicated, were treated 
either with DMSO (lanes 1-7) or 50 μM CPA-7 (lanes 8-14) for 24 hrs. Blots of detergent extracts 
of total protein were subsequently probed with an antibody against the tyr-phosphorylated form of 
Stat3 (panel A); p53 (panel B); survivin (panel C) or Hsp90 as a loading control.  The indicated 
degrees of confluence correspond to confluence before and after treatment.  Fifty micrograms of 
lysate was loaded in all cases.  Numbers at the left refer to molecular-weight markers.  Arrows point 
to the position of Stat3-ptyr705, p53, survivin or Hsp90. 
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Figure 2.13:   Inhibition of Stat3 DNA binding activity by Ad-Stat3-Eva, a dominant-negative 
mutant form of Stat3 
 
 Human breast carcinoma cell line, MDA-MB-435 grown at 80% confluence was infected 
with 100 or 250 or 500 PFU’s per cell Ad-GFP (lanes 4-6) or Ad-Stat3-Eva (lanes 7-9) for 24 hrs.  
Nuclear extracts were incubated with the radiolabeled oligonucleotide probe hSIE, which 
recognizes Stat3, gel electrophoresis and autoradiography. The bottom, left arrow points to the 
position of the complex Stat3:hSIE. In lane 1, the same sample as in lane 2 was incubated with the 
anti-Stat3 antibody.  The position of the supershifted Stat3-hSIE-antibody complex is indicated with 
the top left arrow.  Lanes 1 and 2: 10SV2b tumour.  Lane 3: 10T1/2. The indicated degrees of 
confluence correspond to confluence before and after infection with Ad-GFP or Ad-Stat3-Eva. 
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Figure 2.14: Ad-Stat3-Eva does not affect the p53 levels in the human breast cancer cell line, 
MDA-MB-435 
 
 MDA-MB-435 cells were infected with 100 Pfu’s per cell Ad-GFP or Ad-Stat3-Eva (lanes 
2-8 and lanes 9-15 respectively) for 48 hrs.  Blots detergent extracts of total protein were 
subsequently probed with an antibody against the tyr-phosphorylated form of Stat3 (panel A); p53 
(panel B) or Hsp90 (panel C) as a loading control.  The indicated degrees of confluence correspond 
to confluence before and after infection of Ad-GFP or Ad-Stat3-Eva.  Numbers at the left 
correspond to molecular weight markers.  Arrows point to the position of Stat3-ptyr705, p53 or 
Hsp90.    Lane 1: 10SV2b tumour. 
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2.4 Discussion 

 
 

Cellular interactions with neighboring cells profoundly influence a variety of signaling 

events including those involved in mitogenesis, survival and differentiation. Unlike tissue-culture 

conditions, cells in a tumour have extensive opportunities for adhesion to their neighbors in a three-

dimensional structure, therefore in the study of these processes it is important to take into account 

the effect of surrounding cells. 

 

2.4.1 Stat3 inhibition at high cell densities induces apoptosis 
 

 
   Previous results showed that Stat3 inhibition in tumour cells induced apoptosis, while the 

effect upon their normal counterparts was undetectable (Turkson et al., 2004a; Turkson et al., 

2004b).  We later discovered that cell to cell adhesion, brought about through confluence or cell 

aggregation causes a dramatic increase in Stat3 activity which was evident even in normal cells 

(Vultur et al., 2004).  Therefore, to evaluate the role of Stat3 in cell proliferation and survival we 

examined the effect of Stat3 downregulation at different time-points relative to confluence in 

normal and tumour cells using two different and complementary approaches: (1). Introduction of 

high levels of four peptide analogs which block the Stat3-SH2 domain to inhibit Stat3 binding to 

activated receptors and its dimerization (Turkson et al., 2004a).  (2). Treatment with two platinum 

compounds which bind the Stat3 protein and inhibit its binding to activated receptors and DNA 

(Turkson et al., 2004b). Using both approaches to inhibit Stat3 at specific time-points relative to 

confluence, we demonstrated a profound difference in the effect of inhibition of Stat3 activity in 

sparsely growing vs. confluent cells. Although Stat3 levels are very low in sparsely growing, 

normal cells, Stat3 inhibition causes a growth retardation, indicating a role for Stat3 in cell 

proliferation. In contrast, in densely growing, normal cells Stat3 inhibition causes apoptosis.  On the 
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other hand, in agreement with previous results, Stat3 inhibition in vSrc or TAg transformed or 

breast carcinoma cells caused apoptosis even at subconfluence, but the degree of apoptosis was 

much greater in post-confluent cultures.  

Results from a number of labs showed that Stat3 induces transcription of a number of genes, 

including myc, Bcl-xL, the Hepatocyte Growth factor receptor (Hung and Elliott, 2001), cyclin D1 

and E, as well as the cyclin dependent kinase inhibitor, p21Waf1/Cip1    (Sinibaldi et al., 2000), which 

play important roles in both cell proliferation and survival (Battle and Frank, 2002). Our 

observation that Stat3 inhibition in densely growing, normal cells promotes apoptosis points to the 

possibility that the increased Stat3 activity may reflect a protective, survival mechanism that is 

engaged as cells reach confluence.  Indeed this increase, which peaks after confluence when cells 

are growth arrested and entering apoptosis, may represent a valiant but futile attempt by the cell to 

overcome apoptotic death. The fact that direct Stat3 inhibition induces apoptosis very effectively in 

confluent cells, further underscores the importance of Stat3 in apoptosis inhibition, a finding which 

could have significant therapeutic implications.  In any event, these data reveal that the total level of 

Stat3 signaling at any given time in a cell is the cumulative effect of both the confluence state and 

the Stat3 inducing factors under study.       

 
2.4.2 Src inhibition at low densities induces apoptosis 
 

 
Our results further indicate that Stat3 activation by Src may play an important role in 

preventing apoptosis, in addition to promoting growth and neoplastic transformation.  Src inhibition 

in tumour or vSrc transformed lines induced apoptosis in cells growing at low densities, when vSrc 

is the source of most Stat3 activity.  Once cells reach confluence however, cell to cell adhesion 

becomes a significant source of Stat3 activity, which is Src-independent (Vultur et al., 2004) and is 

sufficient to provide a survival signal. For this reason, cells may become resistant to Src inhibition 

 
 

114



both for Stat3 activation and apoptosis induction. The fact that direct Stat3 inhibition induces 

apoptosis very effectively in both sparse and confluent vSrc transformed cells, underscores the 

importance of Stat3 in cell survival, especially in densely growing cells. Since the Stat3 increase 

was resistant to inhibition of Src, EGFR, IGF1R and Fer, these results point to the possibility that 

Stat3 inhibition may be a powerful way to kill tumour cells when inhibitors of Src and perhaps other 

kinases are ineffective.  Our studies further validate Stat3 as a target for cancer chemotherapy, a 

finding which could have significant therapeutic implications. 

 
2.4.3 Stat3 inhibition in TAg-transformed cells induces apoptosis 
 

 
Another viral oncogene that activates Stat3 is TAg.  TAg expression results in increased 

phosphorylation of  Stat3 at the crucial tyr-705 site, as well as Stat3 DNA binding and 

transcriptional activity at all densities (Vultur et al., 2005). Moreover, Stat3 down-regulation 

through genetic ablation, or transfection with dominant-negative mutants or siRNA, abrogated the 

ability of TAg to induce colony formation in soft agar or formation of foci overgrowing a 

monolayer. These results indicate that Stat3 activity is necessary for full neoplastic transformation 

by TAg.  TAg activates Stat3 through pRb binding and inactivation, leading to E2F activation. 

Activated E2F can transcriptionally activate a number of membrane tyrosine kinases, which would 

activate Stat3.  

Extensive evidence has demonstrated the role of E2F in inducing apoptosis, through both 

p53-dependent and indendent mechanisms (Sears and Nevins, 2002).  However, since E2F also 

transcriptionally activates a number of membrane tyrosine kinases such as PDFRα, IGF-1R or Src, 

which, in turn, would activate Stat3 which prevents apoptosis, the net effect of E2F activation is 

proliferation and neoplasia.  Stat3 inhibition on the other hand in TAg transformed cells which 

exhibit high levels of E2F, will result in apoptosis (Figure 2.15), in a manner similar to vSrc-
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transformed cells. Since E2F is a very common nuclear target of many activated oncogenes, such a 

mechanism could explain the differential sensitivity of many tumour cells to apoptosis upon Stat3 

inhibition (Catlett-Falcone et al., 1999b).   
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Figure 2.15: Role of Stat3 in trasformation by v-Src or TAg 
 
 TAg expression activates E2F through binding to and inactivation of pRb.  A multitude of 
oncogenes, such as Ras and Src can also activate E2F through myc.  E2F can induce apoptosis, 
through both p53-dependent and independent mechanisms. However, E2F can also transcriptionally 
activate a number of membrane tyrosine kinases such as PDGFRα, IGF1-R or Src, which, in turn, 
would activate Stat3, a potent apoptosis inhibitor.  Therefore in vSrc or TAg transformed cells 
which express high levels of E2F and Stat3, the net effect of E2F activation is proliferation and 
neoplasia. Upon Stat3 inhibition in TAg or vSrc-transformed cells will drive E2F to induce 
apoptosis (Sears and Nevins, 2002).  
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2.4.4 p53 increase can mediate apoptosis induced by Stat3 inhibition in cultured cells 
 

 
   It has been recently shown that Stat3 activity downregulates p53 gene transcription by direct 

binding and repression of the p53 promoter (Niu et al., 2005).  Based on this observation, we 

examined whether the observed effects of Stat3 inhibition could be mediated by p53.  To achieve 

this, Stat3 was downregulated in cell lines with wt, mutant or deficient p53, at different cell 

densities.  Our results show that Stat3 inhibition in both normal and tumour cells with wt-p53 

resulted in the upregulation of p53 levels at all densities examined.  Furthermore, both apoptosis 

and growth arrest were more pronounced in cells with wtp53, compared to cells with mutated or 

disrupted p53.  These results indicate that the effect of Stat3 inhibition may be p53-dependent.   

The reasons for the different effects of Stat3 inhibition and p53 upregulation in sparse vs. 

confluent cultures in normal cells are not entirely clear.  The effect of p53 was found to vary with 

cell density, ranging from a reversible cell cycle arrest at low densities to the irreversible response 

of apoptosis at post-confluence.  It is possible that promoter selection might determine the choice of 

p53 response mediated by Stat3 inhibition at different densities (Vousden, 2006).  In fact, the levels 

of the p21Waf1/Cip1, a p53 target gene, increased upon Stat3 downregulation, in conjunction with the 

p53 increase, which was more pronounced at lower densities, before the onset of apoptosis. Since it 

was previously demonstrated that an increase in p21Waf1/Cip1 levels correlates with p53-mediated 

growth arrest upon DNA damage, it is possible that the p53-mediated, growth arrest is via 

p21Waf1/Cip1 induction.  Although p21Waf1/Cip1 is also a target of Stat3 (Sinibaldi et al., 2000) in p53 -/- 

colon cancer cells, or in breast cancer cells with mutant p53, p21Waf1/Cip1 was essentially absent, 

indicating that p53, rather than Stat3, is the major source of p21Waf1/Cip1 activation in both systems.  

As normal cells reach confluence, p53 induces apoptosis.  In the case of DNA damage, p53 

induces apoptosis by preferentially binding to or activating apoptotic target genes such as Bax, 

PUMA or NOXA (Miyashita and Reed, 1995; Oda et al., 2000; Nakano and Vousden, 2001), but 
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which of these genes, if any, are upregulated upon Stat3 inhibition, and which factors guide 

promoter selection  in confluent cultures is at present unknown.  As this work was in progress, it 

was independently demonstrated that Stat3 can bind to and downregulate the p53 promoter directly 

(Niu et al. 2005), which offers an explanation for the observed p53-dependence for apoptosis 

induced by Stat3 inhibition, therefore that nature of p53 targets responsible for apoptosis was not 

examined further.  It is also possible that cell density might activate transcription factors that 

cooperate with p53 to decide which promoter the p53 would activate.  For instance, it has been 

shown that p53 cooperates with Miz1, another transcription factor, to activate p21Waf1/Cip1  to  induce 

cell-cycle arrest (Herold et al., 2002).  If Miz1 levels are higher in subconfluent than confluent 

cultures, then Miz1 would preferentially bind to the p21Waf1/Cip1 promoter in sparse cells.  

Stat3 inhibition could also induce apoptosis through p53-independent pathways since Stat3 

inhibition in p53-deficient cell lines resulted in apoptosis, although higher CPA-7 levels were 

necessary.  This could occur through downregulation of other Stat3-target genes which are involved 

in cell survival, such as cyclin D and E and Bcl-xL.  In fact, our results showed that Stat3 inhibition 

in  the breast cancer cell line, MDA-MB-435, which has a mutant p53,  resulted in the 

downregulation of survivin at all densities examined, indicating that Stat3 inhibition may induce 

apoptosis at least in part through the downregulation of survivin, in this cell system. Further work to 

examine this possibility is necessary.  

Overall, our observations point to the possibility that constitutive activation of Stat3 may 

lead to tumourigenesis by downregulating wt-p53 in cancers that do not have p53 mutations such as 

the majority of breast cancers.  As a result, targeting Stat3 in cancers with wt-p53 may be a 

promising therapeutic approach for restoring p53 function, thereby inducing p53-mediated 

apoptosis.  Targeting Stat3 in cancers with mutated p53 might also be beneficial by inducing p53-

independent apoptosis through inhibition of other targets, such as survivin.    
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Chapter 3 
 

 
Effect of the constitutively activated form of Stat3, Stat3C upon rat F111 fibroblasts 
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Abstract 
    
 Gap junctions are plasma membrane channels that enable the passage of small molecules 

between the interiors of adjacent cells. Neoplastic transformation by oncogenes such as activated 

Src or Simian Virus 40 Large Tumour (TAg) is known to disrupt gap junctional, intercellular 

communication (GJIC).  Moreover, this reduction in junctional permeability could be effected at 

lower levels than the levels required for anchorage-independent growth or tumourigenicity. 

  Since both v-Src and TAg  are potent activators of Stat3, we set out to examine the role of 

Stat3 upon GJIC. To this effect Stat3C, a constitutively active mutant form of Stat3, was expressed 

in rat F111 fibroblasts and GJIC examined.  

  GJIC was previously examined by a technique of in situ electroporation on a slide, part of 

which is coated with electrically conductive and transparent indium-tin oxide (ITO).  An electric 

pulse is applied through an electrode placed on the cells in the presence of the tracking dye, Lucifer 

yellow (LY).  The pulse causes LY’s penetration into the cells growing on the conductive part of 

the slide, and the subsequent migration of the dye to the non-electroporated cells growing on the 

non-conductive area is microscopically observed under fluorescence illumination.  

  Although this technique is adequate for a number of cell lines, the turbulence generated as 

the electrode is removed can cause cell detachment, which makes GJIC examination problematic.  

To overcome these problems, we devised a modified technique where junctional communication 

can be examined in the absence of an upper electrode:  Cells were grown on two co-planar 

electrodes separated by a barrier which diverts the electric field, rendering it vertical to the cell 

layer.  The results revealed that, in sharp contrast to other oncogenes, Stat3C increases gap 

junctional communication even though it induced anchorage independence in these cells, but to a 

lower degree compared to vSrc or TAg.  Therefore Stat3C, although it can act as an oncogene, it 
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promotes, rather than disrupt gap junctional communication, indicating that Stat3 function may be 

actually required to maintain junctional permeability.  
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3.1 Introduction 
 
  
 Stat3 is implicated in a wide variety of cellular functions and it is an effector of many 

oncogenes (Yu and Jove, 2004).  To assess its contribution to the transformed phenotype and its 

potentially etiologic role in tumour progression, Bromberg et al. (1999) generated a constitutively 

activated mutant form of Stat3, Stat3C.  Stat3C was designed by substituting two cysteine residues 

for  A661 and N663 within the C-terminal loop in the SH2 domain, which allows two monomers of 

Stat3C to constitutively dimerize by means of disulfide bonds. Stat3C was able to transform mouse 

NIH 3T3 and rat 3Y1 fibroblasts as demonstrated by anchorage-independent growth of transfected 

cells in soft agar and tumourigenicity of Stat3C-transfected fibroblasts in nude mice. Moreover 

Stat3C was able to induce transcription of Stat3 target genes such as cyclin D1, c-myc and Bcl-xL, 

to a higher degree compared to wild-type Stat3.  These results indicate that Stat3C alone was 

sufficient to induce transformation of cultured cells (Bromberg et al., 1999).  Even though in this 

study it was reported that Stat3C in the absence of exogenous stimulation was able to exert its 

activity and function without the requirement of the tyrosine-705 phosphorylation, recent reports 

have indicated that Stat3C is tyrosine phosphorylated both in the absence or presence of exogenous 

stimulation (e.g. IL-6) and that this phosphorylation is required for functional DNA binding and 

transcriptional activity (Liddle et al. 2006; Li and Shaw, 2006).  This was depicted by using Stat3C 

mutants (where the tyr-705 was substituted with phenylalanine), which they were not able to bind to 

DNA as sufficiently as wt-Stat3C and were defective in transactivating Stat3 target genes (Liddle et 

al. 2006; Li and Shaw, 2006).   In addition, it was shown that the DNA-binding affinity of phospho-

Stat3C is elevated with respect to that of phospho-Stat3, resulting in a slow off-rate which protects 

Stat3C from inactivation by nuclear phosphatases (Li and Shaw, 2006).   

 Gap junctions are plasma membrane channels that serve as conduits for the passage of ions 

(sodium, potassium, calcium), nutrients (e.g. glucose), metabolites (e.g. ATP),  second messengers 
 
 

127



(cAMP and IP3) and short peptides (<1 kD) between the interiors of neighboring cells.   Gap 

junctions are comprised of connexons or hemichannels which consist of six connexin molecules. 

Two adjacent connexons from apposing plasma membranes dock to form a complete gap-junction 

channel.  Individual gap-junction channels are arranged in hexagonal arrays which are referred to as 

‘gap-junction plaques’ (Goodenough et al., 1996; Vinken et al., 2006).  Oligomerization of 

connexins into hemichannels starts in the endoplasmic reticulum and is completed in the Golgi 

complex, where vesicles containing hemichannels travel or are transported to fuse with the plasma 

membrane (Goodenough and Paul, 2003; Laird, 2006).    At least 20 distinct members of the Cx 

gene family have been identified in mammals (Evans and Martin, 2002; Saez et al., 2003).  They all 

share a similar structure of four hydrophobic  membrane-spanning domains,  two extracellular 

loops, one cytoplasmic loop, one cytosolic N-terminal tail, and one C-terminal region (Vinken et al., 

2006) (Figure 3.1).  

  Gap junction channels open and close in a regulated manner.  Gating of the gap junction 

channel is controlled by multiple factors such as phosphorylation of connexins and changes in 

calcium concentration, intracellular pH and transjunctional membrane potential (Lampe and Lau, 

2004; Krysko et al., 2005).  It has been postulated that a reduction in GJIC leads to neoplastic 

transformation, since a wide range of neoplastic cell lines and primary tumours have dysfunctional 

GJIC (Vinken et al., 2006).  Moreover, a large number of oncogenes such as vSrc (Lin et al., 2006), 

the middle Tumour antigen of polyoma virus (Azarnia and Loewenstein, 1987; Raptis et al., 1994), 

TAg (Khoo et al., 1998),  vRas (Atkinson and Sheridan, 1988; Brownell et al., 1996a), as well as 

tumour promoting agents such as 12-O-tetradeconylphorbol-13-acetate (TPA) (Lampe et al., 2000) 

have been shown to interrupt junctional permeability in a variety of cultured cells derived from 

mouse or rat.  The subsequent abrogation of GJIC is thought to allow tumour cells to escape from 

normal growth regulation by the surrounding cells.   
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Figure 3.1:  Structure of connexin molecules  
 
A) Topology of connexin molecules.  M1-M4 represent the four transmembrane domains. The 
carboxy- and amino-terminal domains (CT and NT, respectively) face the cytoplasm, as does the 
hydrophilic cytoplasmic loop (CL) domain between M2 and M3.  The hydrophilic domains between 
M1 and M2 and between M3 and M4 form two extracellular loops, E1 and E2 (Goodenough and 
Paul, 2003).   
 
B)  Schematic drawing showing possible arrangement of connexons to form gap junction channels.  
Connexons consisting of six connexin subunits (red and blue) may be homomeric (identical 
subunits) or heteromeric (more than one connexin isotype), and when associated end to end, form a 
double membrane gap junctions channel that may be homotypic (if connexons are identical) or 
heterotypic (if the two connexons are different) (Goodenough and Paul, 2003) .  
 
C) a) Electron microscopic micrographs showing gap junction between two adjacent   granulosa 
cells, which were prepared from ovarian follicles of adult regularly laying Japanese quail.  b)  
Freeze fracture and negative staining micrographs showing intercellular channels in gap junctions 
(Goodenough and Paul, 2003).  
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Interestingly, a loss of GJIC also accompanies the cessation of proliferation and differentiation of 

murine preadipocytes (Azarnia and Russell, 1985; Brownell et al., 1996a).  

 Since constitutive activation of Stat3 has oncogenic properties and Stat3 is required for 

transformation by vSrc or TAg, we examined the role of the constitutively activated mutant form of 

Stat3 (Stat3C) upon GJIC, one of the transformation-associated properties of cells transformed by 

many oncogenes. 

 The investigation of functional permeability is usually conducted through the introduction of 

a fluorescent dye such as Lucifer yellow (LY) by microinjection, scrape-loading (el-Fouly et al., 

1987) or preloading with dye (Goldberg et al., 1995), followed by observation of its migration into 

neighboring cells, or by measuring the recovery of fluorescence after photobleaching (Wade et al., 

1986). These methods are generally expensive and time-consuming or introduce the potential 

complication of cellular damage. We previously developed a technique for GJIC measurement 

which can overcome these problems (Raptis et al., 1994; Raptis et al., 2006). Cells are grown on a 

glass slide, half of which is coated with electrically conductive, optically transparent,  ITO (Raptis 

et al., 2000b; Raptis et al., 1994). A LY solution is added to the cells and an electrical pulse 

delivered through an electrode placed on top of the slide (Fig. 3.2A). Cells growing on the 

conductive side of the slide are electroporated, while those on the adjoining, non-conductive area do 

not receive any current, therefore they are not permeabilized (Raptis et al., 1994). The electrode set 

is subsequently removed, the unincorporated dye washed and the cells observed under phase 

contrast and fluorescence illumination. Tracer movement can be evaluated several mins after the 

electrical pulse, by overlapping the phase contrast and fluorescence images of the cells (Raptis et 

al., 1994; Vultur et al., 2003; Tomai et al., 1998).  As previously demonstrated, dye transfer through 

gap junctions can be precisely quantitated in this way, simultaneously and in a large number of 
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cells, without any detectable disturbance to cellular metabolism (Brownell et al., 1998; Raptis et al., 

1994; Tomai et al., 1999; Tomai et al., 1998; Brownell et al., 1996b). 

 Although this technique has been employed extensively for GJIC examination, it is not 

adequate for a number of cell types which do not adhere well to their solid support.  This is often 

especially acute if cells are grown to high confluences, when they may detach due to the turbulence 

and suction forces created as the top electrode is removed after electroporation, making it 

impossible to examine GJIC.  Even detachment of a small part of the cell layer during removal of 

the electrode may allow the dye to penetrate under the cell sheet where it cannot be removed by 

washing, and this makes the examination of GJIC problematic. Coating the slide with CelTakTM, 

fibronectin or collagen, although it improves cell adhesion (Anagnostopoulou et al., 2006), it does 

not eliminate the problem. Besides, these coatings can increase the voltage required for 

electroporation, so that a slight variation in the thickness of the coating may affect the uniformity of 

poration. For these reasons the ability to electroporate without the use of an upper electrode is 

highly desirable and this was achieved by using two co-planar electrodes, separated by a dam which 

diverts the electric current upwards to cause a sharp transition in electric field intensity.  

   This technique was at first tested to examine GJIC in differentiated adipocytes.  In this 

case, GJIC has to be determined in differentiated adipocytes, ~10 days after confluence, when cell 

adhesion to the substratum is weak.  The elimination of an upper electrode made it possible to 

demonstrate that differentiation blocks GJIC, therefore this technique was used to examine GJIC in 

Stat3C-expressing rat F111 cells.  The results revealed that contrary to other oncogenes, Stat3C 

increases gap junctional communication, even though it did induce anchorage independence.  

Therefore Stat3, although it can act as an oncogene, it promotes, rather than disrupt gap junctional 

communication, that is Stat3 function is actually required to maintain junctional permeability.  
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3.2 Materials and Methods 

 

 3.2.1 Cell lines and culture techniques  
 
 
 Cells were grown in Dulbecco’s modification of Eagle’s medium (DMEM) supplemented 

with 10% fetal calf serum (10% FCS) (Life Technologies Inc., Burlington, Ontario) and maintained 

at 370C in a humidified, 5% CO2 incubator.  A549 human lung carcinoma cells, 3T3L1 

preadipocytes and normal rat F111 fibroblasts were obtained from ATCC.  The rat F111 fibroblasts 

have been used extensively in the study of the effect of a variety of oncogenes upon the cellular 

phenotype because they display a very low rate of spontaneous transformation (Grammatikakis et 

al., 2002). For the experiments described below, we used a subclone of rat F111 fibroblasts which 

have fewer GJIC than the parental ones (Raptis et al., 2000b).  Cell confluence was estimated 

visually and quantitated by imaging analysis of live cells under phase contrast using a Leitz Diaplan 

microscope and the MCID-elite software (Imaging Research, St. Catharine’s Ont.).   

 
3.2.2 Stat3C expression in rat F111 fibroblasts with a retroviral vector 
 

 
 The retroviral vector system was a kind gift from Dr. Daniel Link (McLemore et al., 2001).  

The Stat3C had been generated by site-directed mutagenesis and cloned into the MSCV retroviral 

vector with an IRES motif linked to the EGFP.  The Phoenix packaging line expressing this plasmid 

(MSCV-Stat3C-GFP) was given to us as well  (McLemore et al., 2001).  This line was grown in 

10% calf serum in 10-cm petri-dishes.  To prepare a high titer stock, the medium was changed at 

90% confluence.  5 ml of DMEM was placed on the cells and the cells incubated in a 370C 

incubator at 5% CO2 for three days.  At this point the cells were grown in 2% calf serum instead of 

10% in order to make filtering easier and facilitate infection that might be hampered by competing 

proteins.  To neutralize negative charges, Polybrene (Sigma Aldrich, Oakville, ON) was added to 
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the medium to a final concentration of 8 μg/ml from a 200xStock.  To acidify the medium, one to 

two drops of 1M unbuffered HEPES was added to the medium.  To remove any floating cells and to 

sterilize, the medium was filtered through a 0.2 μm filter.  Normal rat F111 fibroblasts grown to 

20% confluence in 6-cm dishes were infected with 1.25 ml of filtered medium and incubated for 6 

hrs in a 370C incubator set at 10% CO2.  After incubation, the inoculum was aspirated.  10% FCS 

added to the cells and cells incubated at 5% CO2.  48 hrs later GFP fluorescing cells were observed 

under fluorescence illumination using an Olympus 1X70 microscope.  To examine the effect of 

Stat3C upon cell morphology, the morphology of the infected cells was observed every single day 

under phase-contrast for several days. 

 
 3.2.3 pRc-CMV-Stat3C-Flag plasmid transfection in normal rat F111 
                       fibroblasts  
 
 
 The pRc-CMV-Stat3C-Flag plasmid was a kind gift from Dr. Jackie Bromberg (Memorial 

Sloan-Kettering Cancer Center, New York).  The plasmid confers resistance to neomycin and 

ampicillin to bacteria and G418 resistance to mammalian cells. The total size of the plasmid is 8.1 

kb, and the expression of Stat3C is under the control of the CMV promoter (Bromberg et al., 1999).  

The plasmid was grown in competent DH5α E. coli cells and purified as previously described 

(Birnboim and Doly, 1979).  The plasmid was transfected into normal F111 fibroblasts by using 

calcium-phosphate precipitation as previously described (Bromberg et al., 1999). Briefly, cells were 

grown to 50% confluence in a 24-well limbro plate and transfected with 0 or 0.2 or 0.5 or 1 or 2 μg 

of DNA per limbro well.  For each well, DNA was resuspended in 45 μl sterile dH20 and transferred 

to a 5 ml transparent tube containing 5 μl of 2.5 M CaCl2. 6H20. 50 μl of 2xBES (50 mM BES 

(Sigma), 280 mM NaCl, 1.5 mM Na2HPO4. 2H2O pH adjusted to 6.96 using NaOH) was then added 

to the mixture. The mixture was then observed under a microscope lamp for opalescence, indicating 

 
 

134



the formation of the DNA, calcium and phosphate precipitate, and the suspension added to each 

well with the medium (1 ml of 10% calf serum). The cells were incubated in 5% CO2 incubator at 

370C for 4 hrs.  For more efficient transfection, after 4 hrs of incubation, the medium was removed 

and 0.5–1 ml of 15% glycerol in 1xBES was added and the cells placed in the CO2 incubator for 2 

mins.  Then the 15% glycerol was suctioned off and 10% FCS in DMEM was added. 24 hrs later 

cells from each well were passed in a 6-cm petri dish and grown for 48 hrs.  Stable transfected F111 

cells were then selected with 400 μg/ml of G418. This medium was changed every four to five 

days.  10 days later individual G418-resistant colonies were picked, expanded into lines and 

screened for total Stat3 protein levels by Western blotting.   

 
3.2.4 Western blotting 

 
 

Control F111 cells and their Stat3C-expressing counterparts were screened for total Stat3 

protein levels by Western blotting.  Western blotting was performed as described in Chapter 2.  

Briefly, 50 μg of clarified cell extract were resolved on a 10% polyacrylamide-SDS gel and 

transferred to a nitrocellulose membrane (Bio-Rad).  The membranes were probed with antibodies 

against the total Stat3 protein (Cell Signaling, Cat. # 9132), followed by alkaline phosphatase-

conjugated goat secondary antibody (Biosourse). The bands were visualized using enhanced 

chemiluminescence (ECL), according to the manufacturer’s instructions (PerkinElmer Life 

Sciences, Cat. # NEL602). As a control for protein loading, blots were routinely probed with the 

mouse monoclonal anti-Hsp90 antibody (Stressgen, Cat. # SPA-830), followed by a secondary 

antibody and ECL detection as above. 
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3.2.5 Anchorage-independent growth assays 

 
 To examine the ability of Stat3C-expressing F111 lines for anchorage-independent 

proliferation, ~104 cells were suspended in 2 ml of 0.33% agarose (Sigma) containing DMEM 

supplemented with 15% FCS, on top of a feeder layer of the same medium containing 0.8% 

agarose, in 6-cm Petri dishes.  Growth was recorded and photographs were taken 20 days later 

under brightfield illumination.   

 

3.2.6 Adipocytic differentiation 

 
 For GJIC examination, 3T3L1 preadipocytes were plated in the chamber shown in Figure 

3.4 and grown in 10% FCS. At confluence, the cells were treated with differentiation medium 

containing 10 μg/ml insulin, 0.5 mmol/L 3-isobutyl-1-methyl xanthine (IBMX) and 10% FCS.  This 

medium was changed 48 hrs later to medium containing 10 μg/ml insulin and 10% FCS. Lipid 

droplets appeared ~ 10 days later and GJIC examined as described in the result’s section 3.3.1. 

 

 3.2.7 Gap junctional intercellular communication assays – standard  
                        procedure 
 
 
 In the standard configuration of the apparatus (Fig. 3.2A) (Raptis et al., 2006), cells are 

grown on a glass slide [1] coated with electrically conductive, optically transparent ITO [1a] 

(Colorado concept coatings, Boulder CO, USA), in a window cut from electrically insulating teflon 

[5]. The thickness of the coating is 800 Angstroms, for a surface resistivity of 20 Ω/sq (Raptis et al., 

2006).  In order to study the transfer of material from cell to cell, the conductive coating was 

removed lengthwise from half the slide, including the area within the window (Fig. 3.2A, [b]) by 

etching with acids (Raptis et al., 1994). Cells growing on this non-conductive surface do not receive 
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any pulse, therefore they are not permeated. The slide is placed inside a 3 cm petri dish and gas 

sterilized. Prior to pulse application, the growth medium is removed, the cells washed twice with 

prewarmed, Calcium-free DMEM and the same medium, supplemented with 5 mg/ml LY (HPLC-

purified, dipotassium salt,  Biotium) added to the cells.  A series of short electric pulses (25-45 

volts, 0.1 μF, 6 times, for a conductive area of 4x4 mm) are delivered by placing an electrode set on 

top of the slide as shown in Fig. 3.2A.  During the pulse, current flows through the positive contact 

bar [2] along the conductive surface of the slide, up through the electroporation solution and the 

cells growing in this space [4], to the bottom surface of the negative electrode [3] and back to the 

pulse source. This treatment opens pores on the plasma membrane which rapidly reclose without 

any disruption in cellular metabolism (Brownell et al., 1998). Unincorporated LY is washed with 

Calcium-free DMEM supplemented with 10% dialysed calf serum which facilitates pore closure 

(Bahnson and Boggs, 1990). Tracer movement is evaluated 5 mins after the pulse by overlapping 

phase contrast and fluorescence images of the cells taken with an Olympus IX70 microscope.  
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Figure 3.2: Electrode and slide assembly for the study of intercellular, junctional 
communication - standard slide 
 
A: Top panel:  Side view 
  A coating of ITO [1a] (shown greatly enlarged for clarity) on the upper surface of the glass 
slide [1] makes a conductive path from the positive contact bar [2], through the cells [4] and the 
electroporation solution to the bottom surface of the negative electrode [3]. "+" and "-", denote 
connections to the positive and negative poles of the pulse source, respectively. [5], insulating 
Teflon frame, [6], electrode holder.  Note that the negative electrode is inclined to compensate for 
the resistance of the coating (Raptis et al., 2006). 
 
 Lower panel: Top view 
 The outline of the positive [7] and negative [8] electrodes and their relative position on the 
slide in relation to the frame [5] and the window where the cells are grown are indicated. The lightly 
shaded area [a] represents the conductive coating. [b], area where the conductive coating has been 
removed.  Arrowhead points to the transition line between conductive and non-conductive areas. 
 
B:  Examination of gap junctional communication using the above apparatus.  Human lung 
carcinoma A549 cells were plated in the window [a, b] as shown in (A) and electroporated in the 
presence of 5 mg/ml LY. After washing the unincorporated dye, cells from the same field were 
photographed under fluorescence (right panel) or phase contrast (left panel) illumination.  Arrows 
point to the transition line between conductive and non-conductive areas.  Note the absence of 
fluorescence in cells growing on the non-conductive part of the slide (Tomai et al., 1999).  
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3.3 Results  
 

 
 3.3.1 Improved procedure for examination of gap junctional  
                        communication by in situ electroporation on two co-planar indium-tin  
                        oxide electrodes 
 
  
 To examine gap junctional communication, it is important to be able to reliably distinguish 

cells that received LY by electroporation, from cells that have taken in dye from neighbouring cells 

through gap junctions. To achieve this, a sharp transition in electrical field intensity between 

electroporated and non-electroporated areas must be established.  When an upper electrode is used, 

the electric field follows a path that is straight up from the conductive ITO surface, through the cells 

that are growing on it, so that no electroporation takes place on the adjacent glass surface from 

which the ITO has been removed [Fig. 3.2, A and B (Raptis et al., 2006)]. Although this technique 

has been employed extensively for GJIC examination, it is not adequate for a number of cell types 

which do not adhere well to their solid support.  This is often especially acute if cells are grown to 

high confluences, when they may detach due to the turbulence and suction forces created as the top 

electrode is removed after electroporation, making it impossible to examine GJIC. Therefore, we set 

out to modify this technique by electroporating non-adherent cells without the use of an upper 

electrode.   

 In initial experiments involving electroporation without an upper electrode (Fig. 3.3A) we 

attempted to use a slide where a 3 mm-wide strip of ITO had been removed [c], leaving two co-

planar electrodes ([a,b] and [e,f]), supported by the same glass slide substrate [1].  A containing 

wall [4] made of hydrophobic plastic and bonded to the slide held the cells and growth medium over 

this region. When the two sections of ITO coating were connected to a power source and short 

pulses alternating in polarity delivered, cells growing on the ITO surfaces were electroporated (Fig. 

3.3C).  However, electroporation using this approach produced a gradient of fluorescence at the 
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edges of the ITO coating (Fig. 3.3C), even for A549 cells which do not have gap junctions [Fig. 

3.2B and ref. (Tomai et al., 1999)].  This indicated a gradient of actual field strength, which makes 

this approach unsuitable for the examination of junctional communication. This gradient could be 

the result of a combination of the coplanar relationship of the ITO electrodes and the electrical 

characteristics of the membranes of the cells growing in this region.  In the absence of cells, based 

on the principle of electricity tending to flow preferentially along the path of least resistance, it is 

expected that the flow of current would be from one ITO surface to the other, laterally in a diffuse 

straight line. However, when cells are growing on the ITO surfaces and on the plain glass between 

them, the impedance of the cell membranes would affect the rate and pattern of electrical charge 

flow (Ghosh et al., 1993; Wegener et al., 2000).  As previously described (Wegener et al., 2000), 

the cell membrane is essentially insulating, so that current leaving the electrode has to flow in the 

narrow space underneath the cells before it can escape into the bulk electrolyte above them. Thus, 

as the charge carriers escaping from the edge of each ITO electrode are attracted to the opposite 

pole, they concentrate in the region immediately beyond the edge of the ITO coating, such that a 

sufficient charge across the cell membrane builds up as to cause electroporation of these cells 

(Ghosh et al., 1993).  At the same time, the electroporation event causes a sudden lowering of 

impedance across these cells, allowing electrical current to flow more easily through the cells into 

the bulk electrolyte surrounding them (Ghosh et al., 1993). The net effect is that several rows of 

cells are electroporated at progressively weaker voltages, until the intensity of the electric field 

drops below the threshold necessary for electroporation in cells farther away from the edges of the 

coating. This results in a gradient of fluorescence, in a pattern indistinguishable from the gradient 

seen following dye transfer through gap junctions (Fig. 3.3B and 3.3C) (Tomai et al., 1999), which 

makes this approach unsuitable for GJIC examination.  
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Figure 3.3:  Electroporation in the absence of an upper electrode 
 
A:  Top view.  Cells were grown on an ITO-coated slide from which the coating was removed in a 
strip [c] as shown. The two conductive sides, [b, e] serving as electrodes, continue outside the cell 
growth area [a, f], and are connected to the positive [2] and negative [3] poles of the pulse 
generator.  
 
B:  Side view.  The slide with the cells growing on the ITO-coated and the bare glass regions is 
schematically shown. Current from the pulse generator connected to contact point [3] passes into 
the thin conducting ITO layer [1a], under the wall of the chamber [4] to area [e] to the opposite 
electrode [b] as shown. [8], electric field lines. An electrical potential is created across the cells 
growing on [e] and those on the glass area [c] (Fig. 2A), immediately next to the edge as current 
passes into the electroporation buffer, which acts as an electrolyte, around and through the 
electroporated cells.  
 Bottom panel, enlargement of the edge of the conductive coating. Dotted lines with arrows 
indicate the electric field lines along the surface of the slide, around the cells and through the 
surrounding fluid. The gray-scale represents the relative intensity of LY fluorescence; darker gray 
cells have been electroporated with higher fields than their lighter neighbors. 
 
C:  A549 cells were plated in a chamber as in (A) above and electroporated in the presence of LY 
(30v, 0.2 μF, 6 times, with the polarity reversed on alternate pulses). After washing the 
unincorporated dye, cells from the same field were photographed under fluorescence (b) or phase 
contrast (a) illumination. Note the gradient of fluorescence in cells growing on the non-conductive 
part of the slide, despite the fact that these cells do not have gap junctions, as shown in Fig. 3.2B 
(Tomai et al., 1999).  Arrows point to the transition line between conductive and non-conductive 
areas. 
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 In an attempt to ensure that only cells in contact with the ITO surface are electroporated, a 

0.5 mm barrier of nonconductive plastic was inserted in the middle of the glass area, bonded onto 

the glass and attached to the inner sides of the wall (Fig. 3.4, A and B, [5]). The two ITO electrodes 

([2] and [3]) were connected to the pulse source.  However, they were electrically isolated until 

sufficient electroporation medium was added to cover the barrier [5], thus establishing an electrical 

path between the fluid pools on either side of the barrier.  The results of this simple change were 

dramatic and consistent.  Apparently, the path of the electric current during the electroporation 

pulses is diverted through the layer of fluid above the barrier so that it now consists of a diffuse 

field that is substantially above the ITO and cell layer, rather than adjacent to them (Fig. 3.4B).  

Extensive experimentation demonstrated that in this setup, cells such as A549 do not display a 

gradient of fluorescence, indicating a sharp transition in electroporation intensity (Fig. 3.4C).   

 To test this approach, we examined GJIC in differentiating 3T3L1 preadipocytes.  The 

results are shown in Fig. 3.4, D and E.  Cells were plated in a chamber as in Fig. 3.4A and 

electroporated in the presence of LY (see Materials and Methods, section 3.2.7).  Pulses were 

delivered with alternating polarity to minimize the build-up of ions at either edge of the ITO 

coating. As shown in Fig. 3.4D, undifferentiated, confluent 3T3L1 cells display extensive junctional 

communication. In stark contrast however, ten days following confluence and induction of 

differentiation, no transfer from the terminally differentiated cells to their neighbors is observed, 

even if the latter are not completely differentiated yet (Fig. 3.4E).   

 These results indicate that electroporation on two co-planar ITO with a barrier is a good 

approach to study GJIC in non-adherent cells such as terminally differentiated adipocytes.  

Therefore, we used this approach to study the effects of Stat3C upon GJIC of rat F111 fibroblasts.  
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Figure 3.4: Electroporation on two co-planar ITO electrodes, with a barrier separating the 
two areas 
 
A:  Top view. Cells were grown on an ITO-coated slide from which the coating was removed in a 
strip as shown. The two conductive sides [a, f], serving as electrodes, were connected to the positive 
and negative poles of the pulse generator [2] and [3]. A nonconductive barrier [5] divides the strip 
of bare glass in half and separates the chamber into two sections.  
 
B:  Side view.  The slide with the cells growing on the ITO coated and the bare glass regions is 
shown. When electroporation buffer is added to the chamber to a level above the height of the 
barrier [5] then an electrical path between the electrodes [e and b] is formed. Note that the ITO layer 
[1a] is shown with dramatically exaggerated thickness for clarity, although its actual thickness is 
much less than the thickness of the cells.  
 
C:  A549 cells were plated on the slide in (A) above and electroporated in the presence of LY as in 
Fig. 3.3 above.  After washing the unincorporated dye, cells from the same field were photographed 
under fluorescence (b) or phase contrast (a) illumination. Note the absence of fluorescence in cells 
growing on the non-conductive part of the slide. Arrows point to the transition line between 
conductive and non-conductive areas. 
 
D:   3T3 L1 preadipocytes were plated in the window shown in (A) above and electroporated in the 
presence of LY.  After washing the unincorporated dye, cells from the same field were 
photographed under fluorescence (b) or phase-contrast (a) illumination.  Note the gradient of 
fluorescence, indicating extensive dye transfer through gap junctions (Raptis et al., 2006; Tomai et 
al., 1999).   
 To quantitate gap junctional communication, electroporated cells growing at the border with 
the non-conductive zone (stars), and fluorescing cells growing on the non-conductive side of the 
slide, into which the dye had transfered through gap junctions (dots) were identified. The number of 
cells into which the dye has transfered per electroporated border cell can be calculated by dividing 
the total number of fluorescing cells on the non-conductive side by the number of cells growing at 
the border with the conductive coating.  
 Arrows on the conductive side point to the transition line between conductive and non-
conductive areas. Magnification: 200x.  
 
E.   3T3L1 preadipocytes were plated in the window shown in (A) above and induced to 
differentiate by the addition of IBMX, insulin and Dexamethasone at confluence (see Materials and 
Methods, section 3.2.6).  Ten days later, terminally differentiated adipocytes were electroporated in 
the presence of LY.  Note the absence of dye transfer through gap junctions. Arrows point to the 
transition line between conductive and non-conductive areas. Arrowheads point to a terminally 
differentiated adipocyte growing on the transition line between conductive and non-conductive 
areas.  Magnification: 200x.  
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3.3.2 Effects of Stat3C upon transformation and gap junctional  
            communication of Rat F111 fibroblasts 

 
 

3.3.2.1     Stat3C does not change the morphology of rat F111 fibroblasts  
               but it induces anchorage-independent growth   

 
 
 Previous results have shown that Stat3C induces transformation in mouse NIH 3T3 and rat 

3Y1 fibroblasts (Bromberg et al., 1999).  To examine the effect of Stat3C upon the rat fibroblast 

line F111, Stat3C was expressed by retroviral vector infection (MSCV-Stat3C-GFP, see Materials 

and Methods, section 3.2.2).  As shown in Figure 3.5, the Stat3C-expressing line F111-MSCV-

Stat3C-GFP (c and d) had the same elongated morphology as the parental F111 cells (a and b). 

 We next examined whether Stat3C confers anchorage-independence, by stably transfecting 

the pRc-CMV-Stat3C-Flag plasmid into F111 cells (see Materials and Methods, section 3.2.3).   A 

panel of 83 independent clones expressing different levels of Stat3C were obtained by G418 

resistance selection and subsequently tested for total Stat3 protein levels by Western blotting (see 

Materials and Methods, section 3.2.4).  Four representative G418-resistant clones expressing 

different levels of Stat3C were examined by Western blotting (Figure 3.6, lanes 2-5).  As shown in 

Figure 3.6A, lines  F111-Stat3C-5d, F111-Stat3C-7c and F111-Stat3C-9e (lanes 3-5 vs. 1) 

expressed ~ 3 times higher levels of total Stat3, compared with the background of control F111 

cells.  
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Figure 3.5:  Stat3C does not change the morphology of rat F111 fibroblasts 
 
 Normal rat F111 fibroblasts were infected with a retroviral vector expressing Stat3C and 
GFP (MSCV-Stat3C-GFP, c and d) and after 48 hrs. of infection the morphology of the cells was 
observed by using the Olympus 1X70 microscope.  Photographs were taken under phase-contrast (a 
and c) or fluorescence (b and d) illumination.  Note the morphology of the infected glowing cells 
expressing Stat3C (c) was the same as the uninfected cells (a).  Magnification: 200X. 
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 It was previously shown that cell density increases the levels of  Stat3-ptyr705 (Vultur et al., 

2004).  Since Stat3 activates its own promoter (Namaritsou et al., 2001), this increase in active Stat3 

causes an increase in total Stat3 as well.  Therefore, to examine the levels of transduced Stat3C, 

Stat3 levels were assessed at different densities.  As shown in Figure 3.6B, lines F111-Stat3C-5d, 

F111-Stat3C-7c and F111-Stat3C-9e expressed progressively higher levels of total Stat3 protein 

levels at all densities examined (lanes 5-8, 9-12, 13-16 vs. 1-4).   Clones F111-Stat3C-5d and F111-

Stat3C-7c which were found to express the highest levels of total Stat3 at all densities examined, 

were chosen for further experimentation.   

 Examination of their ability to grow under anchorage-independent conditions, indicated that 

F111-Stat3C-5d and F111-Stat3C-7c cells were able to grow in agar (Fig. 3.7, b and c), in a manner 

proportional to levels of total Stat3 expression.  However, growth in agar was not as high as F111 

cells transformed by other oncogenes, such as  TAg (Khoo et al., 1998) , v-Ras (Atkinson and 

Sheridan, 1988) or mT of polyoma (Azarnia and Loewenstein, 1987).    
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Figure 3.6:  Quantitation of total Stat3 protein levels by Western immunoblotting of cell 
lysates 
 
(A) Rat F111 fibroblasts were transfected with the pRc-CMV-Stat3C-Flag plasmid and selected for 
G418-resistance.  Detergent cell extracts of total protein from the lines indicated at the top were 
resolved by electrophoresis and transferred to a nitrocellulose membrane which was probed with the 
antibody against total Stat3 protein. Lane 1: control F111 cells.  Lanes 2-5: four representative F111 
clones, expressing different Stat3C levels.  (B) Control F111, F111-Stat3C-5d, F111-Stat3C-7c and 
F111-Stat3C-9e cells were grown to different densities and detergent cell extracts of total protein 
were blotted and probed with an antibody against total Stat3 proteins.  The bands were visualized 
using enhanced chemiluminescence (ECL), according to the manufacturer’s instructions 
(PerkinElmer Life Sciences, Cat. # NEL602).  Fifty micrograms of lysate was loaded in all cases.  
Numbers at the left refer to molecular-weight markers.  Arrows point to the position of total Stat3 
protein. 
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Figure 3.7:  Stat3C induces weak anchorage-independent growth in rat F111 fibroblasts 
 
 The control F111 cell line (a) or its Stat3C-expressing counterparts, F111-Stat3C-7c (b) or 
F111-Stat3C-5d (c), were placed in agar and photographed 20 days later under phase-contrast 
illumination.  Note F111-Stat3C-7c and F111-Stat3C-5d cells were grown in agar to a degree that 
was proportional to total Stat3 protein levels expression and GJIC (see Figure 3.8).  Levels of total 
Stat3 proteins (see Table 1) and GJIC are noted for comparative reasons.  
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 3.3.2.2     Stat3C increases gap junctional communication 
 
 
 To examine the effect of Stat3C upon GJIC in Rat F111 fibroblasts, control F111 cells or 

lines F111-Stat3C-5d or F111-Stat3C-7c were plated in electroporation chambers as shown in 

Figure 3.4 and GJIC assessed.  As shown in Figure 3.8 and Table 3.1, lines F111-Stat3C-5d and 

F111-Stat3C-7c  displayed higher levels of GJIC, compared to control F111  cells and to a degree 

that was proportional to their Stat3C protein levels.  This result indicates that unlike other 

oncogenes, Stat3C expression rather than interrupt, it actually increases gap junctional 

communication. 

Table 3.1  Stat3C increases GJIC 
 

Cell line Stat3α 

(%) 
GJICβ  Agar Growthγ 

(%) 
Control F111 cells 100% ±10 1.75 ± 0.15 0 

F111-Stat3C-7c 180% ±14 2.36 ± 0.23 55 
F111-Stat3C-5d 290% ±16 2.80 ± 0.21 100 

 
α Cells were grown at 50% confluence and total Stat3 protein levels were measured by Western 
blotting.  Numbers represent relative values obtained by quantitation analysis.  Averages ± SD of at 
least three experiments are shown, with the average of the values for Control F111 cells taken as 
100%.   
 
βGJIC was assessed by in situ electroporation two days after confluence, which was determined 
visually and by imaging analysis (see Materials and Methods, section 2.2.7 and Fig. 3.4).   
Quantitation was achieved by dividing the number of cells into which dye had transferred through 
gap junctions (denoted by dots), by the number o f cells at the edge of electroporated area (denoted 
by stars, Fig. 3.8, panels c-d).  Numbers are averages of at least five experiments, where transfer 
from at least 200 contiguous border cells was calculated. The data are expressed as means ± SD. 
 
γAnchorage-independent growth was quantitated by suspending ~104 cells in 2 ml of 0.33% agarose 
containing DMEM supplemented with 15% FCS, on top of a feeder of the same medium containing 
0.8% agarose.  Growth was assessed 20 days later by microscopic observation.   Numbers represent 
percentages of colony growth, with the levels of the highest expresser, F111-Stat3C-5d, defined as 
100%. 
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Figure 3.8: Stat3C increases gap junctional permeability in rat F111 fibroblasts 
 
 Control F111 cells or F111-Stat3C-5d were plated in the chamber shown in Fig. 3.4 and 
electroporated in the presence of LY(see Materials and Methods, section 2.2.7).  After washing the 
unincorporated dye, cells from the same field were photographed after 5 mins under fluorescence (b 
and d) or phase contrast (a and c) illumination.    Stars denote cells at the edge of the electroporated 
area which were loaded with LY by electroporation. Dots denote cells where the dye transferred 
through gap junctions. Arrowhead on the conductive side point to the transition line between 
conductive and non-conductive areas. Magnification: 200x. Note Stat3C-expressing F111 cells  
have higher GJIC compared to control F111 cells. 
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3.4 Discussion 

 
 

 We describe an improved method for studying gap junctional intercellular communication 

by in situ electroporation on two coplanar ITO electrodes. The elimination of an upper electrode is 

especially valuable for the nontraumatic examination of junctional communication of cells that do 

not adhere well, such as NIH 3T3 cells overexpressing the Epidermal Growth factor receptor 

(Anagnostopoulou et al., 2006), F111 cells expressing Stat3C,  a variety of neoplastically 

transformed lines, primary tumour cells, insect cells or very sensitive cells such as terminally 

differentiated adipocytes, whose physiology may be disturbed by placing and removing an 

electrode. Moreover, the possibility of using identical conditions regarding pulse intensity and LY 

solution in the two chambers offers the opportunity for a direct and precise comparison of the effect 

of different treatments to the same cell type, upon junctional communication. This is especially 

important considering that the apparent GJIC measured may be greatly affected by the dye 

concentration, the exact pulse conditions and time after the pulse when the cells are observed. 

However, if GJIC in two different types of cells is measured, the fact that these cells may require 

slightly different voltages for optimum permeation must also be taken into account.  An added 

advantage is that since there is no need for an upper electrode, and the electrical contacts are outside 

the cell growth chamber, sterility can be easily maintained. The possibility of observing intercellular 

communication between large numbers of cells simultaneously, permits a precise quantitation of the 

degree of intercellular communication.  Most importantly, the above approach can also be employed 

for the introduction of a variety of nonpermeant molecules, such as quantum dots, peptides or 

siRNA, followed by detection of changes in gene expression by immunocytochemistry or other 

techniques in situ.  In this case, the assessment of the effect of the introduced material can be 

greatly facilitated by a slide configuration providing non-electroporated cells side by side with the 
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electroporated ones as a control  and this can be especially valuable in signal transduction studies 

(Raptis et al., 2000a).  

  Stat3C, an engineered constitutively activated form of Stat3, has been shown to transform 

mouse NIH 3T3 fibroblasts and rat 3Y1 fibroblasts and induce tumours in nude mice (Bromberg et 

al., 1999).  Surprisingly, Stat3C expression in rat F111 fibroblasts did not change their morphology 

into a transformed one, however they were able to grow to some degree in the absence of anchorage 

to a solid surface.  This result indicates that Stat3C acts as a weak oncogene in this system.   

 Several  oncogenes such as  middle Tumour antigen of polyoma virus (Azarnia and 

Loewenstein, 1987; Raptis et al., 1994),  (Khoo et al., 1998), vRas (Atkinson and Sheridan, 1988; 

Brownell et al., 1996b) or the activated chaperone, Hsp90N (Grammatikakis et al., 2002)  are able 

to interrupt GJIC,  in levels lower than the ones required for anchorage-independent growth or 

tumourigenicity.  Moreover, vSrc can also suppress GJIC, through direct phosphorylation of 

connexin-43 at tyr247 and tyr265 (Lin et al., 2001).  Since constitutively active Stat3 has oncogenic 

properties and vSrc is a potent Stat3 activator, we examined whether Stat3C may suppress GJIC in 

rat F111 fibroblasts.  Unexpectedly, our findings indicated that, contrary to other oncogenes, Stat3C 

increased GJIC.  This result indicates that Stat3 signaling plays a positive role upon GJIC. This is in 

agreement with recent data obtained by our lab which showed that Stat3 inhibition in cells which 

have extensive GJIC caused a dramatic reduction in junctional communication.  This result further 

underscores the role of Stat3 as a positive regulator of gap junctional communication. 

 Stat3 signaling might play a positive role in the maintance of GJIC by activating the widely 

expressed gap junction protein, connexin-43.  This might be the case since recent data from our lab 

have shown that Stat3 inhibition in normal rat liver epithelial cell line, T51B, which expresses both 

connexin-43 and Stat3 resulted in the downregulation of connexin-43 protein levels.  Whether 

connexin-43 is a direct Stat3 target gene needs to be elucidated.    
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 It is well known that one of the major functions of Stat3 is to promote cell survival by 

preventing apoptosis through transcriptional activation of several anti-apoptotic genes, such as 

survivin (Gritsko et al., 2006), Bcl-xL (Bromberg et al., 1999) and Mcl-1 (Epling-Burnette et al., 

2001).  Apoptotic death is accompanied by dramatic shape changes, such as rounding which force 

the cell to give up all its intercellular contacts including the gap junctions.  In fact, it was recently 

demonstrated that induction of apoptosis, by cyclohexamide, etoposide, or puromycin led to a rapid 

loss of cell coupling, most probably due to caspase-3-mediated degradation of connexion-43 in 

primary bovine lens epithelial cells and NIH3T3 fibroblasts (Theiss et al., 2007).  Since activated 

Stat3C, which would oppose apoptosis, increases gap junctional permeability, it is tempting to 

speculate that the increase in GJIC might be due to the inhibition of apoptosis.  Overall, our results 

demonstrate that Stat3, although it is generally growth promoting and in an activated form can act 

as an oncogene, its function is actually required for the maintenance of junctional permeability.   
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Chapter 4 

 
Discussion 

 
 

 A large body of literature has established Stat3 as a protein promoting cell division and 

survival.  In fact, in a manner parallel to Ras, Stat3 is found to be overactive in many cancers and in 

a constitutively active form it can transform cultured cells to agar growth and tumourigenicity 

(Bromberg et al., 1999).  However, the effect of cell to cell adhesion upon Stat3 activity and the role 

of Stat3 under conditions of high confluence had not been examined.  My results demonstrate that 

Stat3 plays a crucial role in promoting survival in both normal and tumour cells, and this role is 

most important at high cell densities, when the opportunity for cell to cell adhesion is maximised. 

  
4.1     Stat3 in normal cells 
 
 

Although, as previously reported,  normal cells have low Stat3 activity when sparse, cell to 

cell adhesion can cause a dramatic increase (Vultur et al., 2004). In sharp contrast, cell density does 

not lead to activation of the Ras/Raf/Erk pathway, known to be activated by a large array of 

receptor or non-receptor tyrosine kinases. Results from our lab also indicated that this pathway is 

activated only in response to serum or growth factor addition, indicating that cell density regulates 

Stat3 activity independent from the Ras pathway.  That is, the two pathways, often both activated by 

growth factors or oncogenes, are not coordinately regulated by cell to cell adhesion.  Our 

observation that direct Stat3 inhibition in densely growing normal cells promotes apoptosis, points 

to the possibility that the increased Stat3 activity may reflect a protective, survival mechanism that 

is engaged as cells reach confluence.  Indeed this increase, which peaks after confluence when cells 

are growth arrested and entering apoptosis, may represent a valiant but futile attempt by the cell to 

overcome apoptotic death.  
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The mechanism of Stat3 activation by cell to cell adhesion is not entirely clear.  Recent 

results have shown that Stat3 can be activated through homophilic interactions by the epithelial (E)-

cadherin, responsible for the formation of cell to cell adherens junctions in mouse HC11 breast 

epithelial cells (Arulanandam et al., 2008). Indeed, by plating cells onto surfaces coated with 

fragments encompassing the two outermost domains of this cadherin, it was shown that cadherin 

engagement can activate Stat3, even in the absence of direct cell to cell contact.  The results also 

showed an unexpected and dramatic surge in total Rac1 and Cdc42 protein levels triggered by 

cadherin engagement, due at least in part to inhibition of ubiquitin-mediated degradation, and an 

increase in Rac1 and Cdc42 activity. Moreover, downregulation of Rac1 or Cdc42 activity using a 

dominant-negative mutant or shRNA expressed with retroviral vectors, prevented the cell-cell 

adhesion-mediated Stat3 activation, indicating that Rac1 and Cdc42 are responsible for the Stat3 

stimulation observed.  Furthermore, inhibition of cadherin interactions using a peptide, a soluble 

cadherin fragment or genetic ablation, induced apoptosis, pointing to a significant role of this 

pathway in cell survival signaling (Figure 4.1A).  

The nature of the kinase(s) responsible for the Stat3-tyr705 phosphorylation and activation 

following E-cadherin engagement and Rac1/Cdc42 activation is unknown.  Extensive previous 

studies using both genetic ablation and pharmacological inhibition approaches indicated that the cell 

to cell adhesion-mediated Stat3 activation requires JAK but is resistant to inhibition of the Src, Fyn, 

Yes, EGFR, IGF1R and Fer kinases, individually (Vultur et al., 2004).  It is possible that other 

receptors, such as IL6-R play an important role.  However, it is also possible that a number of 

kinases are involved in the cell to cell adhesion-mediated, Stat3 activation, so that inhibition of a 

single kinase at a time would not have a noticeable effect.  An additional possibility is that negative 

regulators of Stat3 such as protein tyrosine phosphatases may become inactivated in confluent 

cultures, thereby promoting Stat3 phosphorylation and activity.  Some of the phosphotyrosine 
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phosphatases that have been shown to inactivate directly or indirectly Stat3 phosphorylation are the 

nuclear phosphatase TC-PTP (Yamamoto et al.,2002), cytoplasmic phosphatase PTPRT (protein-

tyrosine phosphatase receptor T) (Zhang et al. 2007), and the cytoplasmic phosphatase Shp2 (Src-

homology 2 (SH2)-containing phosphatase-2) (Ohtani et al.,2000).  The nuclear phosphatase TC-

PTP has been shown to negatively regulate Stat3 by dephosphorylating tyr-705 of Stat3  in the 

nucleus, which results in the exporting of dephosphorylated Stat3 from the nucleus to the cytoplasm 

by the chromosome region maintenance 1 (CRM1) export receptor (Bhattacharya and Schinder, 

2003; Yamamoto et al.,2002; McBride et al., 2000).  CRM1 exports Stat3 by recognizing the two 

nuclear export signals of Stat3, which are located in the DNA binding domain of Stat3 (McBride et 

al., 2000).   The cytoplasmic phosphatase PTPRT has been shown to bind and dephosphorylate 

Stat3 at the tyr-705 residue (Zhang et al. 2007).   The Shp2 phosphatase has been shown to inhibit 

the cytokine receptor gp130-mediated Stat3 activation by binding to the ptyr-759 of the gp130 

subunit of the IL-6R (Ohtani et al., 2000).  Furthermore, Shp2-deficient mutant mouse ES cells had 

increased levels of Stat3 activity, showing that Shp2 may act as a negative regulator of Stat3.  Even 

though it has been shown that Shp2 directly interacts and dephosphorylates Stat1 and Stat5, it has 

not been shown whether it interacts and dephosphorylates Stat3 directly (Xu and Qu, 2008).  

Whether inhibition of these phosphatases is involved in the cell to cell adhesion mediated Stat3 

activation is presently unknown.    

We also investigated the role of p53 in Stat3 signaling.  My results indicate that Stat3 

inhibition in normal cells caused a p53-mediated response which was found to vary with cell 

density, ranging from a reversible cell cycle arrest at low densities to an irreversible response of 

apoptosis at post-confluence.  The cell cycle arrest in subconfluent cultures could be due to the 

upregulation of the p53 substrate, p21Waf1/Cip1.  However,  following an increase,  p21Waf1/Cip1 levels 

were reduced again at high confluences, although p53 levels remained essentially unchanged.  It is 
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possible that cell density might activate repressors of p21Waf1/Cip1 or downregulate other 

transcription factors that can also activate p21Waft1/Cip1 such as Miz-1 (Wu et al., 2003).  At high cell 

densities, Stat3 inhibition induced p53-dependent apoptosis.  The nature of p53 substrates mediating 

the apoptotic response has not been examined.  However,  it is certainly possible that, besides p53, 

other Stat3 targets might also be involved, such as Bcl-xL or survivin. Whether these anti-apoptotic 

Stat3 target genes are modified in response to Stat3 activation in confluent cells remains to be 

investigated.   

 
4.2     Stat3 in transformed and tumour cells 
 
 

A number of oncogenes are known to activate the E2F family of transcription factors.  For 

example, TAg activates E2F  through direct binding to Rb (Sullivan and Pipas, 2002), while 

oncogenes such as vSrc and vRas activate E2F through myc activation (Sears and Nevins, 2002). A 

detailed examination of E2F-activated genes by microarray analysis indicated that E2F1 has many 

targets, among which is a number of membrane receptor tyrosine kinases, including known Stat3 

activators such as PDGFRα, IGF1R, VEGF and others (Young et al., 2003).  In fact, it has long 

been demonstrated that TAg-transformed rodent fibroblasts secrete autocrine factors which enable 

the cells to proliferate when suspended in soft agar (Kaplan and Ozanne, 1982, Ciardiello et al., 

1990). Such an induction of growth factor or receptor genes by E2F would explain the observed 

Stat3 activation in TAg-transformed cells, which might be needed to mediate signals generated in 

the producer cell by the autocrine loop. The role of E2F is further underscored by the fact that pRb 

ablation also leads to Stat3 stimulation.   

   The nature of the tyrosine kinase(s) potentially activated by TAg and responsible for Stat3 

phosphorylation and activation is an interesting subject with important ramifications. Stimulation of 

a large number of receptors, such as growth factor receptors with tyrosine kinase activity, as well as 
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cytokine receptors lacking intrinsic tyrosine kinase activity (e.g. IL6) is known to result in 

phosphorylation and activation of Stat3, mediated by the receptor tyrosine kinase itself and/or JAKs 

or Src (Yu and Jove, 2004). Previous results, indicating that inhibition of the Src and JAK kinases 

in TAg expressing cells did reduce Stat3 phosphorylation (Vultur et al., 2005), reveal that these 

kinases are indeed required for Stat3 phosphorylation following TAg transformation. In addition, 

targeted disruption of the IGF1R gene had a dramatic effect upon Stat3 activation by TAg. It is 

especially interesting to note in this respect that IGF1R is one of the receptor kinases previously 

found to be transcriptionally upregulated by E2F (Young et al., 2003).  Since IGF1R could activate 

Src, it is possible that Stat3 may be downstream from the cascade E2F/IGF1R/Src/Stat3. On the 

other hand, Stat3 phosphorylation was not detectably affected by genetic ablation of Fer, another 

membrane tyrosine kinase receptor,  in fibroblasts cultured from knockout mice, suggesting that this 

kinase by itself, which is not an E2F target (Young et al., 2003), does not play a significant role.  

We cannot however exclude the possibility that additional tyrosine kinases, besides Src and IGF1-R 

may also be involved, at least in part, in the TAg-mediated Stat3 activation.  

My results further indicate that Stat3 activation by vSrc or TAg may be an importqant 

survival signal, in addition to promoting growth and neoplastic transformation.  In fact, extensive 

evidence has demonstrated the role of E2F in inducing apoptosis, through both p53-dependent and 

independent mechanisms (Sears and Nevins, 2002).  However, since E2F also activates growth 

factor receptors, which, in turn, activate Stat3 which prevents apoptosis, the net effect of E2F 

activation is proliferation and neoplasia (Fig. 4.1B).  Upon Stat3 inhibition however, a cell with 

high E2F levels will suffer apoptosis, rather than displaying accelerated proliferation and neoplasia. 

Since E2F is a very common nuclear target of many activated oncogenes, such a mechanism could 

explain the differential sensitivity of many tumour cells to apoptosis upon Stat3 inhibition. In any 

event, these data reveal that the total level of Stat3 signaling at any given time in a cell is the 
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cumulative effect of both the confluence state and the Stat3 inducing factors under study. Therefore, 

Stat3 is emerging as a point of convergence of many oncogenes.  As such it may be an important 

target for chemotherapy for tumours that may be resistant to inhibition of individual tyrosine 

kinases known to be hyperactive in many cancers. 

 

4.3     Stat3 and gap junctions 
 
 
 Results from several labs indicated that a number of oncogenes, such as vSrc and vRas 

suppress gap junctional, intercellular communication (Brownell et al., 1997, Brownell et al., 1996, 

Atkinson and Sheridan, 1988).  Unexpectedly, despite the fact that it can act as an oncogene, my 

findings indicated that expression of the constitutively activated form of Stat3, Stat3C, in rat 

fibroblasts increases gap junctional permeability. The mechanism of this increase is not clear.  

However, it might be related to the anti-apoptotic role of Stat3 (Gritsko et al., 2006) (Yu and Jove, 

2004), since apoptotic death is commonly accompanied by dramatic shape changes, such as 

rounding which force the cell to give up all its intercellular contacts including the gap junctions.  In 

fact, it was recently demonstrated that induction of apoptosis by cyclohexamide, etoposide or 

puromycin led to a rapid loss of cell coupling, most probably due to caspase-3- mediated 

degradation of connexin-43 in primary bovine lens epithelial cells and NIH3T3 fibroblasts (Theiss 

et al., 2007). Since activated Stat3C, which would oppose apoptosis, increases gap junctional 

permeability, it is tempting to speculate that the increase in GJIC might be due to the inhibition of 

apoptosis.  Conversely, this is further supported by recent results indicating that Stat3 inhibition in 

rat liver epithelial cells, in addition to inducing apoptosis, also inhibits GJIC.  Further work to 

elucidate this point is underway.  In any event, my findings demonstrate that Stat3C, although it can 

act as an oncogene, it promotes, rather than disrupt gap junctional communication, indicating that 

Stat3 function may be actually required to maintain junctional permeability. 
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 Figure 4.1:   Role of Stat3 in normal and transformed cells  
(A)  Stat3 activation mediated by cell-cell adhesion in normal cells:  Cadherin engagement 
increases total Rac1 and Cdc42 protein levels and Rac1 and Cdc42 activity, at least in part through 
inhibition of proteasome action.  This, in turn, through activation of JAKs, leads to activation of 
Stat3 and cellular survival (Arulanandam et al. in preparation).  (B)  Role of Stat3 in 
transformation by v-Src or TAg: TAg expression activates E2F through binding to and 
inactivation of pRb.  A multitude of oncogenes, such as vSrc and vRas can also activate E2F 
through myc.  E2F may then transcriptionally activate a number of kinases, such as PDGFRα, 
IGF1-R or Src, which would activate Stat3, a potent apoptosis inhibitor.  E2F can also induce 
apoptosis, through both p53-dependent and independent mechanisms. Upon inhibition of Stat3 
activity, TAg or vSrc expression results in apoptosis (Sears and Nevins, 2002) through upregulation 
of apoptotic genes such as p53 or downregulation of anti-apoptotic genes such as survivin. Overall, 
the main role of Stat3 in post-confluent cultures is to prevent apoptosis which in turn could result in 
an increase of GJIC. 
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4.4     Relevance to cancer   
 
  Cellular interactions with neighboring cells profoundly influence a variety of signaling 

events including those involved in mitogenesis, survival and differentiation.  Cells cultured in a 

petri dish at subconfluence are in contact mostly with the plastic substrate and the growth medium, 

with little cell to cell contact.  However, cells in a tumour have extensive opportunities for adhesion 

to their neighbors in a three-dimensional structure, therefore in the study of these processes it is 

important to take into account the effect of surrounding cells.  In fact, the relevance of cell 

interactions observed in densely growing, cultured cells to the in vivo situation is stressed by recent 

findings demonstrating a close correspondence of genes expressed specifically in lymph node 

carcinoma of the prostate (LNCaP) cells cultured to high densities, with genes associated with 

prostate cancer in vivo (Chen et al., 2006).  The fact that these genes were different from genes 

identified in LNCaP cells grown under log-phase conditions underscores the importance of the 

examination of signaling pathways in densely growing, cultured cells.  In any event, disruption of 

cadherin engagement inhibits Stat3 activity and induces apoptosis, which may indicate that the role 

of Stat3 in densely growing cells may represent an attempt by the cell to avoid apoptotic death.  The 

fact that cadherins can perform this function by activating two distinct Rho family GTPases (Rac 

and Cdc42) in an apparently redundant fashion, in both epithelial cells and fibroblasts, points to a 

central role of this pathway in cell survival signaling, a finding which could have important 

therapeutic implications. 
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Appendix I 
 

 Synthesis of CPA-7 and assessment of biological activity  
 

The use of the CPA-7 Stat3 inhibitor had been previously published (Turkson et al., 2004b).  

Unfortunately, its method of synthesis was patented and inadequately described.  For this reason, in 

collaboration with Dr. Michael Baird of the Dept. of Chemistry of Queen’s University we 

developed a new method of CPA-7 synthesis (Littlefield et al., 2008).  Three different preparations 

of CPA-7 were synthesized as described in Materials and Methods, Section 2.2.7.   In the attempt to 

synthesize CPA-7, another compound which had similar characteristics to CPA-7 was prepared  as 

well.  In contrast to CPA-7 which is a yellow powder, this compound was a green powder and 

therefore named “green”. Characterization of this compound is ongoing. In addition, Dr Baird’s lab  

tried to develop CPA-7 by using another approach with AgNO2.   Following synthesis, the 

biological activities of all preparations were examined and compared to that of PtCl4 (Fig. 5.1).  To 

examine the ability of the different preparations of CPA-7 to inhibit ptyr-705 Stat3, NIH3T3 cells 

overexpressing the human EGF receptor (hEGFR cells) were used. Cells were plated in 3 cm petri-

dishes and treated with different concentrations of the drugs for 24 hrs, followed by activation of the 

EGFR by EGF addition. Since the activity of Stat3 is affected by cell to cell adhesion  (Vultur et al., 

2004) the effects of CPA-7 and PtCl4 upon Stat3 activity were examined at confluence of 50%.  

Proteins in detergent cell extracts were subsequently probed for Stat3-ptyr705. As shown in Figure 

5.1A and B, all preparations caused a dramatic reduction  in Stat3-ptyr705 levels at concentrations 

of greater than 50 μM (Fig. 5.1A: lanes 5, 10, 15 vs. lane 2 and Fig. 5.1B: lanes 5, 10 vs. lane 2).  

All three preparations of CPA-7 (see Fig. 5.1A: lanes 8-12 vs. lanes 13-17 and Fig. 5.1B: lanes 3-7 

vs. lanes 13-17) and CPA-7 synthesized with AgNO2  (Fig. 1B lanes 8-12 vs. lanes 13-17)  had a 

similar effect upon ptyr-705 Stat3.  The green compound was able to downregulate ptyr-705 Stat3 
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more effectively compared to the others (Fig. 5.1A: lanes 3-7 vs. 8-12).  PtCl4  was less effective, 

with a comparable reduction at concentrations of greater than 100 μM (Figure 5.1A: lane 19).   

As a control for specificity of inhibition of Stat3, the extracts were probed for the dually 

phosphorylated, ie activated form of an unrelated kinase, the extracellular signal regulated kinase 

(Erk1/2).  As shown in Figure 5.1A and B (bottom panel), the three different preparations of  CPA-

7 and CPA-7 prepared with AgNO2 had no effect upon Erk1/2 activity at concentrations of up to 

100 μM, although at 250 μM, there was a reduction of approximately 2-fold (Fig. 5.1A: lanes 8 and 

13 and Fig. 5.1B: lanes 3 and 8).  The green compound appeared to be more specific in 

downregulating ptyr-705 Stat3 since it had no effect upon Erk1/2 levels even at 250 μM (Fig. 5.1A, 

lane 3).  Also PtCl4 treatment had no measurable effect upon Erk1/2 levels at any of the 

concentrations tested. 

To examine the effect of these compounds upon Stat3 transcriptional activity, we conducted 

luciferase assays using vSrc-transformed cells expressing a luciferase gene construct under control 

of a Stat3-specific promotor (pLucTKS3 plasmid).   Cells were grown to 50% confluency and 

treated with different concentrations of CPA-7 (preparation 1), CPA-7 prepared by AgNO2, the 

green compound or PtCl4 (10 to 50 μM) for 24 h, followed by measurement of luciferase activity in 

detergent cell extracts.  As shown in Figure 1C, all drug treatments were able to reduce Stat3 

transcriptional activity effectively.  The green compound was more effective, compared to the 

others, while PtCl4 treatment was the less effective one.  More specifically, treatment with 50 μM 

CPA-7 (Prep. 1) and CPA-7 synthesized with AgNO2 caused approximately a 60% reduction in 

activity, while the same concentration of the green compound caused approximately a 80% 

reduction  and of PtCl4 caused approximately a 40% reduction. The residual activity could be due to 

the endogenous luciferase present in these cells, which had not had sufficient time to decay during 

the 24 hrs. of treatment. On the other hand, Stat3-independent transcription from the c-fos, SRE 
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promotor element was not affected by the drug treatments, indicating that this compound inhibits 

Stat3 activity specifically. The above data taken together indicate that, aside from inhibition of 

Stat3-ptyr705 phosphorylation, CPA-7 can also inhibit Stat3 transcriptional activity.   
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Figure 5.1:  Inhibition of Stat3 phosphorylation and activity by CPA-7 treatment 
A and B:  CPA-7 can inhibit Stat3-tyr705 phosphorylation. Mouse NIH3T3 fibroplasts 
overexpressing the human EGF receptor (hEGFR) were grown to 50% confluence and treated with 
the green  compound (A: lanes 3-7) or three different preparations of CPA-7 (A: lanes 8-17 and B: 
3-7) or  CPA-7 prepared with AgNO2 (B: lanes 8-12) or PtCl4 (A: lanes 18-22) at different 
concentrations or the DMSO carrier alone (A and B: lanes 1,2) for 24 h, as indicated. Cells were 
subsequently stimulated with 100 ng/ml EGF for 10 min. Blots of detergent extracts of total protein 
were probed with an antibody against the tyr-705 phosphorylated form of Stat3 (Top panel) or 
Erk1/2 (Bottom Bannel) as indicated. Numbers at the left correspond to molecular weight markers. 
Arrows point to the position of Stat3 or Erk1/2 respectively, as indicated.  Note: As expected, 
CPA-7 is  more effective at downregulating ptyr-705 compared to PtCl4. The green compound 
is more specific to downregulate ptyr-705 Stat3 since it did not affect the Erk1/2 levels at all 
the concentrations examined.  
 
C: CPA-7 can inhibit Stat3 transcriptional activity. NIH3T3 cells stably expressing vSrc and the 
Stat3-dependent pLucTKS3 reporter driving a firefly luciferase gene, and the Stat3-independent 
pRLSRE reporter driving a renilla luciferase gene under control of the c-fos SRE promoter, 
respectively (vSrc/NIH3T3/Luc cells) were grown to 50% confluence and firefly (coloured square) 
and renilla (white square) luciferase activities determined in cytosolic extracts following the CPA-7 
(preparation 1) or CPA-7 prepared with AgNO2 or the green compound or  PtCl4 treatment, as 
indicated. Values shown represent luciferase units expressed as % of the highest value obtained, 
means plus standard deviations of at least three experiments, each performed in triplicate.  
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