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ABSTRACT 

 Stat3 is activated by cytokine receptors and non-receptor kinases and plays an 

etiological role in neoplasia. Stat3 activation entails phosphorylation at the tyrosine 705 

residue (Y705), dimerization through a reciprocal SH2 domain-phosphotyrosine 

interactions, and nuclear translocation. This cascade triggers transcription of genes 

involved primarily in survival. Our lab recently demonstrated that engagement of 

cadherins, cell-cell adhesion molecules, triggers a dramatic increase in Stat3 activity, 

through Rac/Cdc42, IL6 and Jak. 

                Full-length Stat3, termed Stat3α, has an SH2 domain, Y705 residue, and a 

COOH terminus containing the transcription activation domain (TAD). Stat3β is a 

naturally-occurring splice variant lacking the TAD. Therefore, Stat3β is defective in 

transcriptional activation, and competitively inhibits Stat3α signaling. 

                Given the sequence identity around the critical Y705 in Stat3α and Stat3β, we 

initially set out to examine the phosphorylation pattern of the two isoforms in cells 

expressing two representative oncogenes, Simian Virus 40 Large Tumor antigen (SVLT) 

or activated Src (vSrc).  My results demonstrate that extensive cell-cell adhesion brought 

about by cultured cell confluence results in phosphorylation of Stat3α preferentially.  On 

the other hand, SVLT and vSrc expression result in a preferential phosphorylation of 

Stat3β, although to a much lesser extent by vSrc. The increase in Stat3β phosphorylation 

by SVLT could be attributed, in part, to an increase in total Stat3β protein levels, brought 

about through an increase in the levels of the adenine deaminase acting on RNA-1 
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(ADAR1). In addition, β-pY705-Stat3 turnover is much slower than that of α-pY705-

Stat3, leading to accumulation and increased detection.  

 In any event, this increase β-pY705-Stat3 that reduces the activity of Stat3α 

inhibits transformation by SVLT and triggers apoptosis in transformed cells. Therefore, 

Stat3β is a naturally occurring variant which is able to curb transformation by oncogenes 

that require Stat3 function as part of their mechanism of action, a finding which could 

have important implications in cancer therapy. 
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Chapter 1 INTRODUCTION 

1.1 The Signal transducer and activator of transcription-3 (Stat3) 

1.1.1 Overview  

 Stat3 is a member of the STAT family of transcription factors and was originally 

identified as a mediator of interleukin-6 signaling1,2.  Stat3 is activated in response to stimulation 

of a large number of cytokine receptors especially of the IL6 family, such as glycoprotein 130 

(gp130), receptors of hormones and growth factors or receptor tyrosine kinases, as well as non-

receptor kinases such as Src3–7 and the breast tumor kinase8 (Figure 1.1). Following ligand 

stimulation of a receptor, Stat3 is phosphorylated at the critical Y705 residue. This 

phosphorylation event leads to Stat3 dimerization through a reciprocal interaction of the SH2 

domains with the phosphorylated Y705 residues9, followed by translocation to the nucleus. Once 

in the nucleus, pY705-Stat3 triggers transcription of a multitude of genes.  

1.1.2 Stat3 nuclear shuttling  

 Although Stat3 tyrosine phosphorylation and subsequent dimerization are required for 

DNA binding and transcriptional activity, unphosphorylated Stat3 has been shown to be 

constitutively shuttled across the nuclear membrane by importin proteins 10. Studies have reported 

the presence of a nuclear localization signal (NLS) within the coiled coil domain of Stat3 which 

allows for the aforementioned constitutive transit through the nuclear pore complex 10. This NLS 

appeared to be bipartite, consisting of Arg214/215 and Arg414/417, where site-directed 

mutagenesis of either of these residues severely impaired nuclear translocation of Stat3 11. 

Nuclear pore complex proteins, namely importin 3a, can bind to this NLS and drive the energy-

dependent shuttling of both phosphorylated and unphosphorylated Stat3 into the nucleus 10–12. 
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The coiled coil domain has also been shown to regulate Stat3 recruitment to gp130 and 

subsequent Y705 phosphorylation 12. 

1.1.3 Regulation of Stat3 signaling 

  In order to prevent overstimulation by Stat-mediated cytokine signaling, a number of 

regulatory mechanisms are in place. These include protein tyrosine phosphatases (PTP), 

suppressors of cytokine signaling (SOCS), and protein inhibitors of activated Stats (PIAS)13–18. 

 PTPs are subdivided into classical PTPs, which can be transmembrane proteins or non-

membrane proteins, as well as dual specificity PTPs, which can dephosphorylate phosphoserine, 

phosphothreonine, and phosphotyrosine residues13,17. PTPs act to dephosphorylate, and therefore 

inactivate, receptor tyrosine kinases, associated Janus kinases (Jak) family, or phosphorylated 

Stats. Dephosphorylated Stats will not dimerize, and will therefore be unable to activate 

transcriptional targets19,20. 

 SOCS are induced by the same cytokines the activate Stats, thereby acting as negative 

feedback regulators of Stat3-mediated cytokine signaling15,16. In fact, SOCS1 and SOCS3 are 

both activated by IL6 family receptors, gp130, which are directly upstream of Stat3 activation21,22. 

SOCS act coordinately to counteract Stat signaling by competitively competing with 

unphosphorylated Stats for phosphotyrosine sites on Jaks or receptor tyrosine kinases (RTK), 

through SH2 domains. SOCS may also trigger ubiquitination of Jaks, Stats, or RTKs, marking 

them for proteasomal degradation13,15,16. 

 PIAS inhibit a variety of transcription factors, including Stats13,23,24. More specifically, 

PIAS act to inhibit Stat3 activity by binding to Stat3 dimers and preventing them from 

appropriately binding to DNA. PIAS have also been reported to recruit histone deacetylases to 

regulate Stats at the transcriptional level13,22,24, and PIAS also exhibit small ubiquitin-like 
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modifier (SUMO)-ligase activity13,25, a post-translational modification that can target proteins for 

proteasomal degradation.        
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Figure 1.1 Regulation of Stat3  
(A) “Classical” activation of Stat3: Upon ligand binding to cytokine or growth factor 

receptors, Stat3 is phosphorylated at the critical Y705 residue by receptor tyrosine kinases, 
or associated Jak or Src non-receptor tyrosine kinases. pY705-Stat3 dimerizes and is 
transported to the nucleus, where it activates the transcription of a number of pro-survival 
genes. (Adapted from Geletu et al., 2014 112) 

(B) Inactivation of Stat3-mediated cytokine signaling: Upon tyrosine phosphorylation and 
dimerization of Stat3, signal transduction is inhibited by PTPs, SOCS, and PIAS. 
 (a) PTPs can act directly on nuclear Stat dimers, as well as on phosphorylated receptors 
and Jaks. (b) SOCS are shown to inhibit binding of Stats to Jaks or RTKs. SOCS can also 
target different proteins of the signal transduction cascade for degradation by 
ubiquitination. (c) Nuclear PTPs dephosphorylate Stat3 dimers and lead to disassembly. (d) 
PIAS are shown bound to Stat dimers to inhibit transcriptional activation. (e) 
Proteolytically cleaved or alternatively spliced truncated Stat3 variants can exhibit 
dominant negative activity by dimerizing with wildtype Stat3 but prevent transcriptional 
activation. (Adapted from Levy and Darnell, 200218) 
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1.2 Stat3 and cancer 

 Results from a number of labs demonstrated that Stat3 is associated with a wide variety 

of normal and pathological cellular states3,26–28. In fact, Stat3 is overactive in many cancers, 

including most major carcinomas and haematologic malignancies. Human-derived tumour 

specimens across a vast number of clinical studies have also shown the presence of Stat3 

upregulation in well over 50% of all breast, lung, and approximately 95% of all head and neck 

cancers 29.  Stat3 is also a direct part of the pathway of neoplastic transformation by many 

oncogenes such as Src4,5 and Simian Virus 40 Large tumor antigen (SVLT)30, and has proven to 

contribute towards all the major hallmarks of cancer 31. In fact, a constitutively active form of 

Stat3, termed Stat3C, which is dimerized through the introduction of a disulphide bridge at the 

carboxy end is sufficient to induce neoplastic transformation in mouse fibroblasts, pointing to an 

etiologic role of Stat3 in neoplasia3. The areas discussed in this section are summarized in Figure 

1.2.    

 Several groups have reported the involvement of Stat3 in activating genes promoting 

proliferation and survival, such as myc, Bcl-xL, survivin, cyclin D, HGF and others32,33. Stat3 has 

been shown to repress expression of the tumour suppressor p53, thereby conferring an anti-

apoptotic effect34. Additionally, loss of p53 function in pancreatic cancers has also been 

associated with upregulated Stat3 signaling 35.  

1.2.1 Stat3 and cancer cell “stemness” 

 Leukemia inhibitory factor (LIF) signaling through gp130 activates Stat3 in a signal 

transduction cascade reported to perpetuate the cancer stem cell phenotype 36–38. In fact, mouse 

embryonic stem cell survival, and stem cell pluripotency or multipotency are all dependent on 

LIF-triggered Stat3 signaling 37. LIF is involved in regulating cell growth and differentiation, 

where LIF levels are negatively correlated with cell differentiation. Given that LIF is a member of 
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the IL6 family cytokines, and it can directly activate the gp130/Stat3 axis, LIF ultimately 

activates Stat3 within predominantly undifferentiated cells and promotes their proliferation and 

survival. It has been shown that inhibition of Stat3 activity, through small molecule inhibitors or 

RNAi-mediated Stat3 knockdown, in putative glioblastoma-derived stem cells (GBM-SC) 

impaired the capacity of these cells to generate neurospheres, thus effectively abrogating self-

renewal 39. Additionally, levels of the neural stem cell marker nestin were reduced in GBM-SC 

subjected to Stat3 inhibition, while the neuronal marker βIII-tubulin increased, suggesting Stat3 

inhibition curbs cancer cell “stemness” or multipotency and induces partial differentiation 39.     

1.2.2 Stat3 and local tissue invasion 

 Stat3 has been shown to contribute to cancer cell invasiveness by upregulating the 

expression and activity of a number of matrix metalloproteinases (MMPs) 40, MMP 2 and MMP9 

in particular. MMPs are proteins involved in the degradation of the extracellular matrix (ECM), 

angiogenesis in a tumour microenvironment, and facilitating mobility of cells within the ECM. A 

high affinity Stat3 binding element was discovered directly within the promoter of MMP2, a 

protein whose role in cancer invasiveness and metastasis has been well established 41. These 

findings point to a direct relationship between the poor prognosis often associated with Stat3 

upregulation in human cancer, and the invasiveness of such human cancers 42.  

1.2.3 Stat3 and EMT 

 Overexpression of Stat3 has been linked to the epithelial-mesenchymal transition (EMT), 

which marks the initiation of the metastatic cascade. EMT is an overarching term that relates to 

the disruption of epithelial integrity by causing polarized and immobile epithelial cells to adopt a 

mobile and mesenchymal phenotype43–45. In addition to promoting degradation of the ECM 

through upregulating MMPs, activation of Stat3 can directly induce the expression of Twist and 

Snail/Slug, highly conserved transcription factors involved in morphogenesis and well established 
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in the initiation and progression of metastasis 46,47. Overexpression of such EMT regulators as 

Twist and Snail/Slug has been associated with loss of epithelial markers such as E-cadherin, gain 

of mesenchymal markers such as N-cadherin, cadherin-11, or vimentin, as well as enhanced 

cellular motility 48.  

1.2.4 Stat3 and immune evasion 

 The role of Jak/Stat signaling in mediating interferon type I and II signaling has recently 

come to light as a contributor to expression of programmed death ligand-1 (PD-L1) on the surface 

of cancer cells 49. PD-L1, expressed normally on antigen presenting cells and cancer cells, binds 

to its cognate receptor programmed death-1 (PD-1) on activated T-cells to suppress immune 

attack 50–53. After its discovery in the early 2000s, PD-L1’s role as a co-immunoinhibitory 

molecule upon binding to PD-1 has led to new generation of immunotherapeutics, including small 

molecules and biologics causing PD-1 blockade 51,54,55. Ongoing studies have described a 

mechanism whereby interferon secretion (α, β, and 𝛾) by activated CD8+ lymphocytes in 

response to tumour neoantigen challenge induces the upregulation of PD-L1 and ultimately 

enables immune evasion by cancer cells 49,56–58. The signal transduction pathway involved has 

been very recently mapped by Garcia-Diaz et al. (2017), who report that Jak-Stat signaling is a 

main player in mediating interferon-induced interferon regulatory factor 1 (IRF1) upregulation, 

which binds to the PD-L1 promoter. In fact, pY705-Stat3 and pY705-Stat1 have been directly 

implicated in this molecular mechanism. In the same report, Stat3 has also been described to 

directly bind to the promoter of PD-L2 and activate its transcription, suggesting Stat3 plays a role 

in overall PD-L1/2-PD-1 mediated immune suppression49.  

 In addition to its role in PD-L1 regulation, Stat3 activity has been linked to an increase in 

major histocompatibility complex class I (MHC-I) expression in cancer cells, and a decrease in 

MHC-II expression, reducing potential for natural killer (NK) cell or CD8+ T-cell attack 59. Stat3 



 

 

  

8 

activity has also been linked to reduced pro-inflammatory cytokine and chemokine secretion such 

as IL-12, increased anti-inflammatory cytokine secretion such as IL-10, causing reduced 

leukocyte infiltration within tumour masses 36,60–63. Therefore, Stat3 plays a prominent role in 

cancer immunoediting and immune evasion.    

1.2.5 Stat3 in establishing the tumour microenvironment 

 There is compelling evidence for an active role of Stat3 in tumour microenvironment 

angiogenesis in a number of cancers 36. The establishment of a tumour would not be possible 

without an environment conducive towards tumorigenesis. A core element of a suitable tumour 

microenvironment is vascular perfusion, often induced through tumour-associated inflammation, 

modulated cellular energetics, or direct induction of pro-angiogenic factors. Stat3 

phosphorylation by a number of tyrosine kinases at the critical Y705 residue is a point of 

convergence for several signaling pathways, many of which act through Stat3 to stimulate the 

expression of pro-angiogenic factors7. The gene encoding vascular endothelial growth factor 

(VEGF), a well-established proangiogenic factor, has been revealed to hold a Stat3 binding site 

within its promoter 61. Additionally, more recent findings demonstrate that the VEGF promoter 

also houses a binding site for another major proangiogenic transcription factor, hypoxia inducible 

factor 1 (HIF-1)64. Interestingly, constitutive Stat3 activation through a number of signaling 

pathways, including IL6/gp130, PI3K/Akt, and activated Src has been shown to transcriptionally 

upregulate the expression of both HIF-1α, as well as VEGF 64,65. Hypoxia has been documented 

to further repress suppressor of cytokine signaling 3 (SOCS3), thereby reducing the inhibitory 

feedback loop normally prompted by Stat3 activation, and effectively causing a feed-forward to 

aberrant Stat3 activation 66. The growing body of literature provides compelling evidence of a 

major etiologic role of hyperactivated Stat3 in tumour progression through the establishment of a 

favorable tumour stroma and a favourable metastatic niche 61,67.  
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 In addition to the role of Stat3 in promoting angiogenesis and tumour stromal perfusion, 

Stat3-mediated upregulation of HIF-1α enhances transcription and expression of target genes, 

many of which contribute to altered cellular metabolism adapted to the hypoxic environment of 

tumours 68. HIF-1α induction has been shown to: upregulate carbonic anhydrases to counteract 

tumour acidosis by regulation of intracellular pH 69, increase expression of glucose transporters to 

enhance glucose uptake 68,70, and elicit a metabolic shift away from oxidative phosphorylation and 

towards aerobic glycolysis 70,71. The latter of these adaptive mechanisms also decreases the load 

of reactive oxygen species generated as byproducts of aerobic mitochondrial respiration. The role 

of Stat3 in promoting angiogenesis and altering cellular energetics ultimately promotes cell 

survival and counteracts apoptosis in a hostile environment 72.    

 

 

 

 

Figure 1.2 Overview of the roles of Stat3 in cancer initiation and progression.  

Stat3 controls the expression of a number of genes that contribute towards proliferation and 
survival. Stat3 can also directly upregulate MMP expression and VEGF secretion, which 
contributes to the establishment of a tumour microenvironment. Stat3 and HIF crosstalk has 
been associated with metabolic reprogramming leading to increased aerobic glycolysis, and 
reduced apoptosis. Stat3 signaling through LIF-LIFR/gp130 antagonized cellular 
differentiation, and promotes the cancer stem cell phenotype. Through regulation of EMT 
transcription factors such as Snail/Slug and Twist, Stat3 can promote metastasis of primary 
cancer cells. Lastly, Stat3 can reduce immunogenicity of tumour cells by upregulating PD-
L1/2 and MHCI, while downregulating MHCII. 
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1.2.6 Serine-727: The second phosphorylation site of Stat3 

 While the role of Y705 has been well characterized as a primary Stat3 activation event 

triggering dimerization and transcriptional activation, the role of the second conserved C-terminal 

phosphorylation site, S727, remains unclear. Findings have been reported by a number of 

different groups, and discrepancies exist amidst the body of literature surrounding the role of 

pS727.  

 Phosphorylation of S727 has been described as a phosphorylation event secondary to 

pY705, only required for maximal transcriptional activity of pY705-Stat3 73. More recent studies 

demonstrate distinct functions for nuclear and mitochondrial Stat3 (nStat3, mStat3, respectively). 

Nuclear localization of Stat3 has been shown primarily in response to Y705 phosphorylation 19,72, 

followed by dimerization. Increased pY705-nStat3 is associated with increased transcriptional 

activity of Stat3, effecting increased proliferation, reduced apoptosis, and increased aerobic 

glycolysis through HIF-1α 64,72. Intriguingly, nStat3 has been shown to repress nuclear-

transcribed mitochondrial genes, such as those coding for electron transport chain (ETC) 

proteins74,75. In the case of constitutively activated Stat3, this eventually leads to what is known as 

the “Warburg effect” 76, whereby cellular energetics are reprogrammed to rely almost solely on 

aerobic respiration. Due to this phenomenon, cells significantly upregulate glucose intake77,78 to 

produce ATP at an increased rate, become resistant to hypoxia, and reduce the generation of 

reactive oxygen species 76,79. In fact, it has been shown that due to the increased rate of ATP 

synthesis, cells under the Warburg effect can produce similar, or even higher, levels of ATP 

compared with cells utilizing oxidative phosphorylation at any given time76,79,80.   

 Mitochondrial localization of Stat3 has been shown to be triggered by S727 

phosphorylation. mStat3 is involved in sustaining ETC activity and negatively regulating the 

mitochondrial permeability transition pore, a protein complex on the inner surface of the 
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mitochondrial membrane involved in the initiation of apoptosis 81. That is, both nStat3 and 

mStat3 converge to promote cell survival 72,81.  

 Different findings were reported in chronic lymphocytic leukemia, where pS727 was seen 

as an independent phosphorylation event, associated with increased nuclear translocation, 

increased DNA binding, and increased cell survival, irrespective of pY705 82. A different group 

reported constitutive S727 phosphorylation associated with transcriptional activity and cell 

survival in melanoma cells, independently of Y705 phosphorylation 83. Treatment of melanocytes 

with phorbol esters showed increased levels of pS727, through activation of protein kinase C and 

its downstream effectors RAF-MEK-ERK, and immunohistochemistry revealed a significant 

increase in nuclear Stat3 83. These findings reinforce the notion that S727 may play a role in cell 

proliferation and survival.   

1.3 Stat isoforms: a focus on Stat3β 

1.3.1 Structure of Stats 

 There are seven members in the STAT family of transcription factors; Stat 1-4, 5A, 5B, 

and 6.  The full-length Stat3, termed Stat3α, includes a Stat tetramerization domain at its N-

terminus, followed by a coiled-coil domain, a central DNA-binding domain, a Src-homology 

(SH2) domain, the conserved tyrosine residue at 705, and a C-terminus encoding the transcription 

activation domain and the conserved S727 residue28 (Figure 1.3). Stat3a shares a general 

structure with the other members of the family.  

  Isoforms of STAT proteins generated by alternative splicing have been found for Stat184, 

Stat385,86, Stat487, Stat5A/Stat5B88,89, and Stat690. In addition, isoforms that result from proteolytic 

cleavage have also been described91–95. Both proteolytically cleaved and alternatively spliced 
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isoforms are invariably missing the C-terminal transactivation domain, and they are able to 

heterodimerize with their full-length counterparts to exert a dominant-negative effect. 

 

 

 

 

 

 

Figure 1.3 Overview of the Stat3α and Stat3β domains.  

Full-length Stat3α is shown containing all domains. Stat3β is generated by use of a weaker 
alternative splice acceptor situated within exon 23, leading to a premature stop codon and a C-
terminal truncation. Stat3β therefore lacks the transcription activation domain (TAD). (Adapted 
from 96 Bharadwaj et al., 201496) 
 

1.3.2 Dominant negative alternative splice variant of Stat3, Stat3β 

 Stat3β is a dominant-negative naturally-occurring splice variant of full-length Stat3 

which retains an intact DNA-binding domain, SH2 domain, and Y705 required for dimerization. 

Stat3β lacks the acidic 55-amino acid C-terminal transactivation domain, which is replaced by a 

unique 7-residue sequence termed the CT7 domain (Figure 1.3). More specifically, Stat3β is 

generated through an alternative splice acceptor within exon 23 97,96, ultimately causing a 

frameshift that introduces 7 unique residues, FIDAVWK, followed by a stop codon 96,98. As a 

result, upon Y705 phosphorylation, Stat3β dimerizes and binds DNA, but is defective in 

transcriptional activation. For this reason, it was initially thought to be ineffective in activating 

gene transcription and believed to act as a dominant negative reducing Stat3α function85. Stat3β 

acts as an effective competitive inhibitor against Stat3α, as the Stat3β-DNA complex has greater 
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stability than the Stat3α-DNA complex 99. Stat3β has been shown to exhibit different intranuclear 

kinetics compared to Stat3α, that is β-pY705-Stat3 exhibited significantly prolonged nuclear 

retention and enhanced DNA binding stability, compared to α-pY705-Stat3 99.  

Due to the observed aforementioned differences between Stat3β and Stat3α, Stat3β is 

frequently referred to as the dominant negative Stat3 isoform, and was in fact shown to inhibit 

vSrc-induced transformation consistent with a dominant-negative role in cultured cells 3,5. 

Interestingly, overexpression of Stat3β has also been correlated with an increase in α-pY705-

Stat3 levels, but overall to lower transcriptional activity of Stat3. Our group has demonstrated this 

phenomenon in NIH3T3 mouse fibroblasts. Elevated α-pY705-Stat3 levels in human cancers 

therefore do not decidedly correlate with a poor prognosis or aggressive tumour phenotypes, as 

the underlying levels of β-pY705-Stat3 may also be elevated and may be exerting an inhibitory 

effect upon Stat3 transcriptional activity 100,101. In fact, the functionality of Stat3β in cancer 

prognosis has been recently examined, as it relates to tangible clinical outcomes. In a study of 286 

patients with esophageal squamous cell carcinoma, increased Stat3β expression correlated with 

significantly prolonged survival, reduced cancer stem cell phenotypes, and reduced tumour 

xenograft resistance to platinum-based cisplatin and 5-fluorouracil 101.  

In addition to the dominant negative role of Stat3β, emerging evidence has revealed 

distinct differences in transcription patterns between cultured Stat3α-null and Stat3β-null cells, 

and a positive role for Stat3β in gene transcription 97. Stat3β ablation has been associated with a 

4-fold increase in fibroblast activation protein (FAP), a protein that has been shown to be 

expressed in active tumour stromal fibroblasts in 90% of human carcinomas 102, suggesting there 

may be therapeutic potential in upregulating Stat3β in cancer cell biology. The two Stat3 isoforms 

have been shown to hold vital physiological roles in vivo, many centered around immune and 

inflammatory responses, and this enumerates the roles of Stat3β beyond solely that of a dominant 
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negative splice variant 98,103. For example, Stat3β-deficient mice exhibit impeded recovery from 

systemic inflammation triggered by bacterial endotoxin 98. In fact, the same study described the 

ability of Stat3β expression to rescue the mouse embryonic lethality of a global Stat3-null 

mutation, and by itself can induce the expression of specific Stat3 target genes in vivo.   

1.4 Activation of Stat3 by cadherin engagement  

In addition to growth factors and cytokines, Stat3 can be phosphorylated at Y705 and 

activated by means of increasing cell confluence or cell density. Several groups have 

demonstrated a dramatic surge in pY05-Stat3 levels and Stat3 transcriptional activity, with 

increasing cell density, in many cell lines 26,104–108. This pathway of Stat3 activation is mediated 

through calcium-dependent adhesion molecules, or cadherins.  

Cadherins are a superfamily of cell surface adhesion proteins that are involved in 

intercellular communication, adherens junction formation, and overall tissue architecture and 

integrity 109–111. Classical cadherins are type 1 single-pass transmembrane proteins, consisting of a 

five- extracellular cadherin repeats, a transmembrane domain, and a highly conserved 

intracellular capable of interacting with the cytoskeleton and other intracellular proteins. Classical 

cadherins are subdivided into type I (E, N, M, P, R and C cadherin) and type II (VE, 6-12, 18-20, 

22, 24), depending on the presence of a histidine-alanine-valine (HAV) motif in the outermost 

extracellular domain 109.  

The cadherin-triggered Stat3 activation axis begins with cadherin engagement 112, which 

induces a dramatic surge in the total levels and activity of Rho family small GTPases, specifically 

Rac1/Cdc42, by inhibition of their proteasomal degradation 104,113. Activation of Rac1 has been 

linked to a surge in the levels of cytokine secretion, such as IL6, mediated through the 

transcription factor nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB) 104. 
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Secreted IL6 then acts in an autocrine fashion upon gp130 receptors, which act through 

associated Jak tyrosine kinases to phosphorylate Stat3.  

Furthermore, out group has shown the ability of cadherins to activate Stat3 in the absence 

of direct cell-cell contact. HC11 mouse breast epithelial cells were seeded onto plates coated with 

cadherin protein fragments containing the outermost E-cadherin extracellular domains 104. pY705-

Stat3 levels showed a significant increase as a direct result of cadherin engagement. 

Other classical cadherins, including the mesenchymal N-cadherin and cadherin-11 often 

associated with metastatic cancers, have been demonstrated to activate Stat3 through the same 

pathway. It is especially interesting to note that as cell density increases, other proliferation 

pathways either do not change, such as Erk1/2, or diminish, such as Yap/Taz, while levels of 

Stat3 increase significantly 112. This makes Stat3 a critical survival signal for cells at high density.     

 

 

 

 

Figure 1.4 Activation of Stat3 by 
cadherin engagement i.e. increasing 
cell density.   

Cadherin engagement leads to increased 
Rac1/Cdc42 protein by inhibition of 
proteasomal degradation. NFkB 
mediates a signal cascade resulting in 
increased IL6 transcription and secretion. 
IL6 will act in an autocrine manner to 
stimulate signaling through gp130, 
which will then lead to activation of 
Stat3. (Adapted from Geletu et al., 
2013b) 
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1.5 Simian Virus 40 large Tumour antigen 

1.5.1 Overview 

The simian virus 40 (SV40) requires the deregulation of the cell cycle, such that host 

cells enter S phase and facilitate viral replication. SV40 belongs to the family of polyomaviruses, 

and its DNA genome codes for a number of oncoproteins that act as the trigger for cellular 

proliferation 114. The SV40 large tumour antigen (SVLT) is the protein responsible for 

transformation of rodent fibroblasts by this virus, as well as a number of other cell lines. 

Extensive evidence indicates that SVLT overrides normal cell cycle controls through its 

interaction with two key tumour suppressor proteins: p53 and the retinoblastoma-susceptibility 

gene product family, or pocket protein family, including pRb, p130, and p107 115. Both p53 and 

pRb (although not p107 or p130) are found to be inactivated in a large variety of human tumours 

116,117. For this reason, SVLT frequently proved sufficient in transforming several rodent cell 

lines, and different groups used SVLT transformation as a model system, as it drives cells out of 

quiescence and into S phase114. Dissecting molecular mechanisms underlying these tumorigenic 

activities can enrich our therapeutic strategies in combating tumours resulting from similarly-

acting oncogenes of other tumour-associated viruses such as HPV and its associated E6 and E7 

proteins.   

Interestingly, while SVLT expression is theorized to induce neoplastic transformation, 

numerous animal studies have shown that the true outcome of SVLT expression in vitro and in 

vivo is tissue dependent 115. That is, SVLT expression in different tissues leads to different 

outcomes. For example, SVLT expression in lens fiber cells of the eye as well as cone 

photoreceptors induces S-phase and tumorigenesis 118. However, expression of SVLT in rod 

photoreceptors induces S-phase followed by rapid degeneration of these cells 119. In both cases, 

SVLT has demonstrated its ability to induce S-phase in terminally differentiated cells. Similarly, 
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expression of SVLT in the mouse prostate is sufficient to induce hyperplasia, dysplasia, and 

eventually neoplastic masses form and become metastatic 114,120–122. However, tissues with rapid 

and frequent natural turnover, such as the intestines, appeared more resistant to SVLT-induced 

tumorigenesis 115.  

 Our lab previously demonstrated that Stat3 function is required for SVLT-mediated 

neoplasia 123. SVLT mutants unable to bind pRb were unable to stimulate Stat3 activity, while 

genetic ablation of pRb increased Stat3 activity, suggesting that the pRb inactivation by SVLT 

may be responsible for the observed Stat3 activation. Stat3 activation by SVLT was suppressed 

following inhibition of cSrc, Jak family kinases, or the insulin-like growth factor receptor, 

indicating that these kinases are significant Stat3 activators in this context 123,124.  

SVLT is a 708 residue protein, consisting of a an N-terminal J-domain, LXCXE pRb 

binding domain, nuclear localization signal, origin binding domain, zinc domain, a long weak 

ATPase domain containing two p53 binding sites, and a C-terminus host range domain 114. SVLT 

exerts its effects on the cell cycle after its nuclear translocation. There, it becomes a highly 

phosphorylated protein with multifunctional domains. Modern genetic and biochemical 

technologies have afforded insights into the structure and the functionality of the SVLT domains. 

In addition to inactivation of pRb family and p53, SVLT is involved in a number of interactions 

with endogenous host proteins to exert its overall tumorigenic activity, which are gradually 

receiving more attention. The structures of SVLT and its mutants, and the mechanism of 

activating E2F, are summarized in Figure 1.5. 

1.5.2 pRb-E2F complex disruption 

 SVLT is known to interact with pRb, p107, and p130 114,115,125,126. This interaction occurs 

through the LXCXE motif within the 103-107 residues of SVLT, and is thought to induce S-

phase by liberating E2F from pRb repression and therefore activating the E2F family of 
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transcription factors 127–129. Upon liberation, E2F proteins may dimerize with their cognate 

dimerization partners (DP) and activate transcription of their target genes, many of which drive 

both survival and apoptosis. Due to the non-redundant roles of each of the pRb family proteins, 

studies have suggested that SVLT binding and repression of pRb alone may not be sufficient to 

induce transformation, rather it may be necessary to bind pRb, p107, and p130114,115,130,131. While 

an intact LXCXE motif and subsequent pRb family protein binding is crucial for SVLT-induced 

transformation, the possibility of this domain interacting with other proteins has not been 

eliminated.  

1.5.3 Stabilization and inactivation of p53 

In order to successfully induce neoplastic transformation, SVLT must bind to both pRb 

family proteins, as well as p53. While p53 binding is necessary for transformation, it is not 

sufficient on its own 114,127,132. This binding is formed by the interaction of the C-terminus of 

SVLT to p53. More specifically, the p53-binding domain is bipartite, consisting of residues 351-

450 and 533-626 115,133,134, which are alongside the weak ATPase C-terminal segment.  

In normal cells, p53 levels are inherently low as it activates the expression of Mdm2, which 

negatively regulates p53 135,136. The physical association of SVLT to p53 inhibits its degradation, 

and results in suppression of transcriptional activity of p53, ultimately causing the accumulation 

of large amounts of functionally inactive p53. In addition, the fraction of p53 physically unbound 

from SVLT has also been shown to lose transcriptional activity 137.  

1.5.4 J-domain: DnaJ molecular chaperone   

The third extensively studied SVLT domain is the J-domain. This domain structurally 

and functionally resembles the DnaJ molecular chaperone protein group, and has been able to 

rescue the functions of DnaJ ablation in bacteria and yeast 125,138–140. DnaJ proteins typically bind 

to and activate the potent ATPase activity of DnaK protein co-chaperones, which ultimately leads 
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to the liberation or modification of bound proteins 141. The J-domain of SVLT recruits Hsc70, the 

constitutively active form of Hsp70, which is the mammalian homologue of Dnak ATPases. It is 

through the recruitment of Hsc70 that the J-domain has been proposed to contribute towards 

tumorigenesis and neoplastic transformation 114,138. Energy derived through ATP hydrolysis by 

Hsc70 is used to facilitate the disruption of the pRb-E2F complex (Figure 1.5B). Inhibition of 

Hsc70-SVLT binding impairs pRb binding and E2F liberation, ultimately curbing transformation 

by SVLT 142. Taken together, these findings highlight he importance of the J-domain in SVLT-

triggered tumourigenesis.    

1.5.5 Interactions with p300/CBP 

p300 and CREB-binding protein (CBP) are two closely related transcription co-activating 

factors 143. They exert their transcriptional activity through inherent histone acetyltransferase 

activity, and it is through this epigenetic modification that chromatin may be relaxed and 

transcription may be facilitated 143. P300/CBP may also act as adaptor proteins, and they may also 

recruit transcriptional machinery to their target genes, many of which contribute to cellular 

processes such as proliferation, growth, and apoptosis 143. These proteins have been shown to 

interact with SVLT, although a direct interaction has not been substantiated. It has been proposed 

that p300/CBP localize near the J-domain of SVLT, through association with p53 114,144. This 

interaction has been suggested to increase the transcriptional activity of p300/CBP by 

upregulating their histone acetyltransferase activity, which may lead to the acetylation and 

subsequent activation of other transcription factors, including Stat3 20,145–147.   
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1.5.6 Suppression of p185/Cul7 ubiquitin E3 ligase 

 The cullins are a group of ubiquitin RING-finger E3 ligases, and have a vital role in 

ubiquitination and subsequent protein tagging for degradation, recycling, and trafficking 148,149. 

P185/Cul7 ubiqutin E3 ligase has been shown to directly bind to SVLT between the J-domain and 

the pRb binding domain 115,150. In a model proposed in 2004, Cul7 operates as a tumour 

suppressor and its inactivation by SVLT acts alongside pRb and p53 inactivation to induce 

transformation 150. Recent studies support the model described and point to the impairment of 

Cul7-mediated degradation of pro-mitogenic insulin receptor substrate 1 (IRS1) as a possible 

contributing transforming mechanism 151.   
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Figure 1.5 Overview of SVLT  

(A) Diagrammatic representation of wtSVLT and the three mutant forms. wtSVLT consists 
of an N-terminal J-domain capable of binding Hsc70 (Heat shock protein 70, constitutively 
expressed) and p300/CBP transcriptional coactivators. The LXCXE motif constitutes the 
pRb/p130/p107 binding domain, and slightly N-terminal to this domain is a binding site for 
p185/Cul7 ubiquitin E3 ligase. Towards the C-terminus is shown the origin binding domain 
(OBD), zinc domain (Zn), the p53-binding ATP, and the host range (HR) domains. Dysfunctional 
domains in mutant SVLT forms are indicated by a red cross. Numbers below the diagrams 
represent amino acid numbers. (Adapted from (Ahuja et al., 2005))   

(B) Model mechanism by which the J-domain of wtSVLT facilitates the dissociation of E2F 
from LXCXE-bound pRb. The J-domain recruits DnaK-like Hsc70, which has ATPase activity. 
Energy derived from ATP hydrolysis is used to pry apart the nearby complex of E2F4-DP1 from 
bound p130. The mechanism is similar for other E2F members bound to pRb or p107. (Adapted 
from Ahuja et al., 2005 115)   
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1.6 Deaminases acting on RNA (ADAR) and alternative splicing  

1.6.1 Overview of pre-mRNA processing and alternative splicing  

Once transcribed in the nucleus, most eukaryotic mRNA as well as rRNA and tRNA 

undergo post-transcriptional processing. Modifications include but are not limited to folding, 

coupling to proteins for biological activity, 3’ polyadenylation for nuclear export, splicing, and 

mRNA 5’ capping152,153. Newly transcribed pre-mRNA undergoes 5’ capping, 3’ polyadenylation, 

and splicing in a single concerted process. This processing is also linked to cytoplasmic 

translocation of mRNA. Only mRNA is 5’ capped by a 7-methylguanosine residue linked to its 

first ribonucleotide for the purpose of binding to the 40S ribosomal subunit, while tRNA and 

rRNA are not capped153.    

Splicing is described as the precise excision of non-coding intron sequences from the 

primary transcript, leaving the coding exons. This process was first described in Adenovirus 

154,155. The biochemical mechanism of splicing occurs within the spliceosome, a nuclear 

ribonucleoprotein complex involving five small nuclear ribonucleoproteins (snRNPs). Splicing is 

initiated by binding of the U1 snRNP to the 5’ terminus of an intron, which contains the splice 

donor sequence GU. A second U2AF snRNP binds to the 3’ end of the intron containing the 

splice acceptor site AG. A branch site within the intron itself, consisting of the 2’-OH of the 

adenosine ribonucleotide, performs a nucleophilic attack upon the phosphodiester bond at 5’ 

splice donor site, and forms a lariat structure. The now naked 5’ end of the intron executes a 

second nucleophilic attack, facilitated through folding mediated by snRNPs and other associated 

cis- and trans-acting elements, upon the phosphodiester bond within the 3’ splice acceptor site. 

The 5’ and 3’ ends join, and the intron becomes fully excised. This mechanism requires ATP, and 

is summarized in Figure 1.6 153.  
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Splicing may ultimately change the reading frame of the transcript, leading to the 

formation of different proteins from the same gene or the same primary transcript 152. In addition, 

because a large proportion of human genes are multi-exonic 156–158, inclusion or exclusion of 

different exons results in alternatively spliced mRNA transcripts, and ultimately different 

proteins. In humans, 95% of multi-exonic proteins are alternatively spliced through a number of 

different mechanisms159,160. A-to-I RNA editing has been linked to alternative splicing in several 

cases. Interestingly, the extent of alternative splicing differs across different tissues 160–162. This 

leads to tremendous diversity in the number of the human genome’s protein products and allows 

for the synthesis of far more proteins that would be expected from ~20,000 coding genes 163.    

 

Figure 1.6 Overview of pre-mRNA 
splicing.  

After nucleophilic attack by the branch point 
adenosine 2’-OH on the 5’ acceptor site, the 
intronic lariat structure becomes spliced out. 
The exposed 3’ end and 5’ end of the 
flanking exons interact and ligate forming the 
mature mRNA transcript. (Adapted from 
(Cox et al., 2012) 
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1.6.2 RNA editing and adenosine deaminases acting on RNA (ADAR) 

Although the above mechanisms of post-transcriptional modifications ultimately affect 

the identity of protein products, these mechanisms are not considered a form of RNA editing. 

RNA editing is defined as discrete changes in ribonucleotide sequences within mRNA, tRNA, 

rRNA, and miRNA 164. RNA editing is a relatively rare phenomenon, initially discovered in T. 

brucei, whereby a novel insertion of 4 uridines was discovered which corrected a frameshift 164. 

In mammals, nuclear editing of ApoB transcripts in the form of cytidine to uridine (C-to-U) 

deamination leads to the introduction of a premature stop codon to create a different variant of the 

protein, termed ApoB-48. This was the first incidence of tissue-specific editing discovered 164. A 

different and more common form of editing, whereby adenosine is deaminated to inosine (A-to-

I), has recently gained clinical relevance in human cancers 164–166, and in normal development and 

immunity 165,167.  

The adenosine deaminase acting on RNA 1 (ADAR1) is one such protein that performs 

A-to-I RNA edits 165. The mammalian ADARs consist of three ADARs: catalytically active 

ADAR1 and ADAR2, and catalytically inactive ADAR3 165,168. These three ADARs give rise to a 

total four isoforms: alternatively spliced ADAR1p110 and ADAR1p150, ADAR2, and ADAR3. 

ADAR1 isoforms differ in their compartmentalization; p110 localizes exclusively to the nucleus, 

while p150 accumulates in the cytoplasm but is shuttled in and out of the nucleus 165. ADAR1 and 

ADAR2 are expressed in many tissues, and ADAR3 is found primarily in parts of the central 

nervous system.   

The p110 and p150 variants of ADAR1 are generated by alternative promoter usage, 

resulting in an N-terminal truncation 165,169. Both variants contain N-terminal dsDNA binding 

sites, three dsRNA binding sites (dsRBS), a NLS, and a C-terminal catalytically active deaminase 

domain. Since ADAR1 p110 does not contain a nuclear export signal (NES), it localizes 
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exclusively to the nucleus. ADAR2 lacks an N-terminal Z-DNA binding domain, and contains 

only two dsRBS. ADAR3 is structurally similar to ADAR2 but also contains an arginine rich 

domain, and is catalytically inactive 169. This is shown in Figure 1.7A.   

All A-to-I RNA editing in human is thought to be attributed directly to ADAR1 and 

ADAR2. These edits are identified as substitutions of guanosine in place of adenosine, as 

ribosomal translational machinery reads inosine as guanosine 165,166,170. Interestingly, ADAR2 was 

found to autoregulate its own expression by alternative splicing, by generating a dysfunctional 

truncated alternatively spliced isoform171. Novel modes of alternative splicing were uncovered as 

a result of heavy RNA editing. For example, addition of a novel 3’ splice acceptor site may 

convert an intron into a new exon, as is the case with the human NARF gene 172,173. Novel 

insertion of Alu elements in antisense orientation to adjacent Alu elements has caused dsRNA 

duplex structures in the human RABL5 gene to form and attract RNA editing machinery, 

ultimately leading to alternative splicing; this is seen in glycerol kinase deficiency and Apert 

syndrome  174–177. 

As mentioned, an A-to-I edit is an effective A-to-G edit. Several groups have documented 

the occurrence of specific RNA edits at specific adenosines, leading to differences in RNA 

regulation. This has been especially pronounced in miRNAs. In primates however, the majority of 

A-to-I RNA editing takes place in nonspecific Alu elements, which are ancient transposable 

elements that constitute approximately 10% of the human genome 178,179. The pairing of adjacent 

inverted Alu elements leads to the formation of extended base-paired duplex dsRNA resulting in a 

secondary structure, which may undergo extensive editing by ADAR. Such editing causes a 

number of variations to normal RNA regulation, such as the introduction of new splice sites, 

amino acid changes, altered RNA stability, localization, or ultimately altered protein product. The 
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introduction of new stop codons can introduce frameshifts, or new open reading frames (Figure 

1.7) 164–166.  

The widespread nature of RNA editing has been revealed as the state of technology allows 

further examination of such biological occurrences. In fact, almost 2% of all mRNA is A-to-I 

edited, and over 85% of all pre-mRNA intronic sequences undergo some form of RNA editing 179.  

While RNA editing has many advantages over genome mutations, and affords flexibility and 

adaptability with no permanent changes to an organism’s genetic code, aberrant RNA editing has 

been implicated in cancer progression in a number of recent studies 169,180, and may be a valid 

therapeutic target for controlling gene expression in a number of disease states.  
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Figure 1.7 Overview of ADAR protein family structure and A-to-I RNA editing outcomes 

(A) ADAR1 p110 and p150 variants consist of an N-terminal DNA binding domain, 3 
dsRNA binding domains, NLS, and a C-terminal deaminase domain. Because ADAR1 
p110 does not contain a nuclear export signal, it localized exclusively in the nucleus, 
while ADAR1 p150 undergoes nucleocytoplasmic shuttling. ADAR2 is similar to 
ADAR1 in function and tissue distribution. ADAR3 is catalytically inactive. (Adapted 
from Cho et al., 2017) 169) 

 
(B) A-to-I editing can lead to different outcomes depending on the position of the 

nucleotide edits. These outcomes include changes in protein product of a transcript, or 
altered regulation of mRNA transcripts. 165 
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1.7 ADAR1 and Stat3β 

 The molecular mechanisms regulating the alternative splicing of Stat3 are complex. A 

group in Israel demonstrated that a human lymphoblastoid (LB) cell line exposed to 

deferoaxamine (DFO), which mimics hypoxic conditions181,182, exhibited increased expression of 

the ADAR editing enzymes. Increased ADAR levels were followed by elevated levels of A-to-I 

RNA editing in an intronic Alu element embedded in a Stat3 intron approximately 1 kb upstream 

to the alternatively spliced exon 23 (Figure 1.8B).  

 The same group also demonstrated that DFO-treated cells show elevated expression 

levels of total Stat3 protein, with a preferential induction of the alternatively spliced Stat3β 

isoform183. It was demonstrated that in human breast carcinoma MCF7 cells, silencing of ADAR1 

reduced Stat3 editing, with a concomitant decrease in Stat3 expression, mainly the Stat3β 

isoform. Goldberg et al. (2017)177 also demonstrated the involvement of 4 distinct adenosine 

editing sites in LB cells within introns upstream of exon 22 that may be implicated in the 

expression levels of Stat3β (Figure 1.8B, C). It was concluded that RNA editing through ADAR1 

is one of the molecular mechanisms regulating Stat3β expression through alternative splicing of 

the Stat3 transcript. 
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Figure 1.8 Stat3 transcript involved in ADAR1 A-to-I editing 

(A) Stat3 exons represented as dark rectangles and introns as black lines. 
  

(B) Stat3 exons 21-24 (rectangles), introns (lines), alternative splicing pathways (dotted 
lines), and relevant Alu elements within the intronic segment immediately preceding 
exon 22 (pentagons).  

 
(C) DNA sequence of the Alu element highlight in red in (B), with the four ADAR1 editing 

sites annotated as E1-E4. Numbers to the far right represent UCSC genome assemble 
December 2013.   
Adapted from (Goldberg, et al., 2017) 
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1.8 Rationale and hypothesis:  

Our group has demonstrated that increasing cell density triggers a dramatic increase in α-

pY705-Stat3 through the cadherin-Rac1/Cdc42-IL6-gp130 axis. Our group has also previously 

demonstrated that SVLT increased α-pY705-Stat3 and Stat3 transcriptional activity, but the effect 

on Statβ had not been examined. Preliminary results had demonstrated a preferential 

phosphorylation of Stat3β in cells expressing SVLT. Since both Stat3α and Stat3β have identical 

sequences around the critical Y705 residue, the differential phosphorylation of the two isoforms 

was an unexpected phenomenon and is the focus of this study.  

Therefore, my hypothesis is that SVLT expression in NIH3T3 mouse fibroblasts 

preferentially triggers an increase in β-pY705-Stat3 levels. This could be through two distinct 

mechanisms:  

 (1) SVLT can act through an unidentified tyrosine kinase to specifically upregulate 

phosphorylation of Stat3β.  

 (2) SVLT can increase levels of total Stat3β by promoting alternative splicing of the Stat3 

transcript. The resulting abundance of Stat3β enables access to tyrosine kinases, such as Src or 

Jak, for indiscriminate Y705 phosphorylation.  
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1.9 Objectives 

More specifically, my objectives were as follows: 

1. To examine the generality of the phenomenon of preferential Y705-Stat3β 

phosphorylation upon expression of SVLT, in other cell lines.  

2. Examine the pathway of Y705-Stat3β phosphorylation. This was done by modulating the 

different players of the Stat3 activation axis, using genetic and pharmacologic means, to 

assess any differences of pY705 levels of Stat3α and Stat3β. This included Rac1, IL6, 

Jak, and Src.  

3. Examine the possibility that ADAR1 may be activated by SVLT and lead to increased 

total Stat3β protein levels, which may contribute to increasing Y705-Stat3β 

phosphorylation levels.  

4. To assess the phenotype conferred through Stat3β overexpression in both normal and 

transformed mouse fibroblasts. This includes proliferation assays, apoptosis assays, 

viability/cytotoxicity assays, foci formation assays, and transcriptional activity assays.  

Significance: Expression of oncogenes similar to SVLT promote E2F transcription factor 

activity by inhibiting pRb family proteins. Activated E2F promotes both proliferation and 

apoptosis. Survival signals offered by Stat3α are therefore indispensable in maintaining cell 

viability, particularly in densely growing cells or tumour clusters. The overexpression of β-

pY705-Stat3 effectively counteracts Stat3α survival signals, yielding a compelling tendency 

towards apoptosis (Figure 1.9). This mechanism may prevent rampant overgrowth of the tumor 

and death of the host, while sensitizing the tumour cells to pharmacological Stat3 inhibition. 

Therefore, delineating the mechanism by which SVLT upregulates β-pY705-Stat3 may prove 

therapeutically relevant.  
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Figure 1.9 Model of Stat3α as a survival signal in cells expressing SVLT.  

Upregulation of β-pY705-Stat3 levels in SVLT-transformed cells, through an unknown 
mechanism, diminishes survival signals from α-pY705-Stat3 and predisposes tumour cells 
towards apoptosis through an increase in E2F activity.   



 

 

  

33 

Chapter 2  MATERIALS AND METHODS 

2.1 Cell lines and culture techniques  

2.1.1 General  

Cell culture medium (high glucose Dulbecco’s modification of Eagle’s medium power, 

DMEM, Cat # 50-013-PB, Lot 18915007) was from Corning Cellgro, Mediatech (Manassas, VA, 

USA). DMEM powder was reconstituted in MilliQ ultrapure water and supplemented with 

sodium bicarbonate (3.7 g/L, Sigma, Cat # S5761), and Gibco antibiotic-antimycotic solution 

(100X antibiotic-antimycotic solution, Gibco, final concentrations: penicillin 20 U/ml, 

streptomycin 20 𝜇g/ml, 0.05 𝜇g/ml amphotericin B, Cat # 15240062). Sera used include fetal 

bovine serum (FBS, PAA, Etobicoke Ontario, Cat # A15-751, Lot # A75107-7022), newborn calf 

serum (NCS, Sigma, USA, Cat # N4637, Lot #14H86), and donor calf serum (DCS, Sigma, USA, 

Cat # 12133C). Life Technologies Inc. (Burlington, Ontario). Cells were passaged by aspirating 

media, rinsing with 1x phosphate buffered saline (PBS), and dissociating cells with 1x Trypsin-

EDTA (10x Trypsin-EDTA solution, Sigma-Aldrich, Cat #59418C) diluted in 1x PBS. All plastic 

tissue culture dishes were from Sarstedt (35 mm standard dish Cat # 83.3900, 60 mm standard 

dish Cat # 83.3901, 100 mm standard dish Cat # 83.3902). 

Normal mouse NIH3T3 fibroblasts (named DL+10, a subclone of normal NIH3T3, gift 

from Dr. Richard Jove) and their derivatives, β-NIH3T3 fibroblasts (named T514-13, subclones 

of Stat3β overexpressors T514 cells which were a gift from Dr. James Turkson. SVLT expressing 

derivative clone T514-13 SVLT 8mush was used. T514 1i subclone expressed very high levels of 

Stat3β) and their derivatives, mouse C3H/10T1/2 mouse embryonic mesenchymal fibroblasts 

(ATCC # CCL-226, gift from Dr. Tina Haliotis) and their derivatives, HEK293 cells (a gift from 

Dr. Lois Mulligan), HEK293T cells (a gift from Dr. Xiaolong Yang), and cells derived from mice 
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with targeted disruption of pRb(-/-) or p130(-/-) (Gift from Dr. Tyler Jacks and Dr. Jim Dicaprio) 

were maintained in 10% NCS DMEM. Normal rat F111fibroblasts 226 and their derivatives were 

all grown in 10% DCS DMEM. Phoenix-ECO retroviral packaging line cells (gift from Dr. Peter 

Greer) were maintained in 10% FBS DMEM. All cells were maintained in a standard incubator-

maintained humidified environment set at 370C and 5% CO2. Incubator water tray was weekly 

cleaned and replenished with ultrapure sterile water supplemented with halogen-free and bleach-

free sanitizer solution (0.05%, Professional LYSOL® Brand No Rinse Sanitizer, Cedarlane Labs, 

Cat #74389). 

 Cells were grown to different densities by seeding different number of cells (Table 2.1) in 

100 mm plastic dishes, typically 24 hours prior to harvesting and lysing cells, or by seeding cells 

as to be 50% confluent the next day and harvesting them at different times/densities thereafter. To 

reduce variability due to nutrient depletion, post-confluent densities (100%+) required media 

changes every 24 hours. Cell density was estimated in reference to the total number of normal 

NIH3T3 cells forming a 100% dense monolayer on a 100 mm plastic dish (3.5 x 106 cells).  Cell 

confluence was also estimated visually and quantitated by imaging analysis of live cells under 

phase contrast using an Olympus inverted microscope and the MCID-elite software (Imaging 

Research, St Catharine’s, Ont.). 

  *Extra care was taken to ensure that cell confluence was uniform in all parts of the 

culture dishes. Since the confluence might be slightly higher at the edges of the culture dishes due 

to the meniscus effect, these areas were avoided during harvesting of cells. As such, uniformly 

distributed cells were scraped off culture dishes and transferred into 1.5 mL microfuge tubes, 

pelleted, and lysed in the tubes.  
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Table 2.1 Seeding densities and corresponding incubation times leading to desired densities 
(100 mm plastic dish) 

 

 

 

 

 

 

2.1.2 Gene expression and vectors 

Stable gene expression was conducted via retroviral-mediated gene transfer, utilizing the 

Phoenix-ECO packaging line. 24 hours after seeding, Phoenix-ECO cells were transiently 

transfected with 3.5 µg of the gene of interest using PolyJet (SignaGen, Rockville MD, Cat # 

SL100688) according to the manufacturer’s protocol. 1.5 µg of pCL-Eco plasmid was always co-

transfected into Phoenix-ECO cells with other plasmids, to enhance gene packaging into viral 

particles. Medium was changed 18 hours after transfection to begin collecting virus. Viral 

supernatant was harvested 24 hours later, supplemented with 8 µg/ml polybrene (EMD 

Millipore/Sigma, Cat # TR-1003) to enhance viral infectivity, sterile filtered, and added to 

sparsely growing target line cells. Cells were infected at MOI of 5-10. All virus-mediated gene 

transfers were done using ecotropic retroviruses, therefore requiring actively dividing cells for 

optimal integration into host genome. 

Hygromycin B (Sigma, Cat # H3274) selection at 50-200 µg/ml or puromycin (Sigma, 

Cat # P8833) selection at 1.5-6.0 µg/ml was used to generate both stably-expressing monoclonal 

and polyclonal populations. Un-transduced parental control cells were used as selection controls. 

After selection, surviving colonies were picked using cloning rings, plated in new 35 mm plastic 

Density (%) Seeding density 
(cells) 

Duration before 
harvest (hours) 

20 2.0-5.0 x 105 24 
40 6.0-8.0 x 105 24 
60 1.0-1.2 x 106 24 
80 1.5-1.8 x 106 24 
100 2.0-2.5 x 106 24 
100+1 2.0-2.5 x 106 48 
100+2 2.0-2.5 x 106 72 
100+3 2.0-2.5 x 106 96 



 

 

  

36 

dishes, and grown in media containing the selection agent until cells grew to 80% confluence. 

Cells were then screened for expression, expanded, frozen into vials, or selected for further 

examination and experimentation.   

pBabe-Hygro-SrcT527F (referred to as activated Src or vSrc) and pBabe-Hygro-SVLT 

(wtSVLT) retroviral vectors were obtained as gifts from Dr. Richard Jove. pBabe-Puro-

SVLT_K1 (E107K mutation in pRb LxCxE binding domain), pBabe-Puro-SVLT_D44N (SVLT 

lacking a functional J-domain), and pBabe-Puro-SVLT_T1-135 (SVLT truncated at residues 136-

708) were all gifts from Dr. Thomas Roberts and Dr. Ole Gjoerup. EcoPak plasmid, or pCL-Eco, 

transfected into Phoenix-ECO cells to improve viral packaging, was a gift from Inder Verma 

(Addgene plasmid # 12371). pMX-GFP-Rac-G12V was a gift from Joan Brugge (Addgene 

plasmid # 14567). All controls were infected using viral supernatant from Phoenix-ECO cells 

transfected with empty vectors. pBabe-puro was a gift from Hartmut Land & Jay Morgenstern & 

Bob Weinberg (Addgene plasmid # 1764) and pBabe-hygro was a gift from Hartmut Land & Jay 

Morgenstern & Bob Weinberg (Addgene plasmid # 1765).  

Transient transfections were conducted using PolyJet (SignaGen), according to 

manufacturer’s protocol. Expression constructs transiently transfected include: pRL-TK, Renilla 

luciferase internal control vector (Promega, Cat # E2241), pLucTKS3 firefly luciferase Stat3 

reporter (Gift from Dr. James Turkson).  

2.1.3 IL6 treatment 

   For treatment with IL6, cells were grown to different densities as described above. 

Cells were serum starved for 12 hours before IL6 treatment. Cells were then treated with serum-

free DMEM supplemented with 100 ng/ml recombinant mouse IL6 (R&D Systems, Minneapolis 

MN, Cat # 406-ML) for 25 minutes, followed by lysing on ice. 
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2.1.4 Dasatinib treatment 

For treatment with Dasatinib Src inhibitor (Selleck Chemicals, Cat. # S1021, CAS # 

302962-49-8), cells were grown to 80-100% density. Cells were serum starved and treated with 

different concentrations of Dasatinib (final concentrations 0.1, 0.5, 1.0 𝜇M) in DMEM for 12 

hours. Cells were protected from light during treatment. 

2.1.5 Jak inhibitor I treatment 

For treatment with Jak inhibitor I (Calbiochem/MilliporeSigma, Cat # 420099, CAS# 

457081-03-7), cells were grown to 80-100% density. Cells were serum starved and treated with 

different concentrations of Jak inhibitor I (final concentrations 25, 50, 75 nM) in DMEM for 12 

hours. Cells were protected from light during treatment. 

2.1.6 CPA7 treatment  

CPA7 was synthesized in large quantities as a collaboration with Dr. Mike Baird of the 

Department of Chemistry 227. For treatment with CPA7, cells were grown to 80-100% density. 

Cells were treated with different concentrations of CPA7 in 10% serum DMEM for the indicated 

durations. Cells were protected from light during treatment as CPA7 is known to be highly 

photosensitive; for this reason, cells were re-dosed with CPA7 when they were monitored or 

imaged at regular intervals under phase contrast light microscopy.  

*All inhibitor stock solutions were prepared in dimethyl sulfoxide (DMSO) (BioShop Canada, 

Cat # DMS555) and subsequently were added to serum-containing medium to obtain the final 

concentrations stated. 

2.1.7 Proliferation assays 

For the proliferation assays of NIH3T3, β-NIH3T3, and SVLT-expressing derivatives, 

cells were seeded in triplicates at 2 x 104 cells/plate, in 35 mm plastic dishes. Cells were 
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trypsinized and counted using a haemocytometer and trypan blue (Sigma, Cat # T8154) at 24 

hour intervals for a total of 7 days. Proliferation curves were generated by plotting time (days) vs 

cell count. 

2.1.8 Focus formation assays 

Focus formation assays were performed by seeding normal cells and either vSrc or 

SVLT-transformed derivative cells at a ratio of 50:1 (5000 normal cells, 100 transformed cells), 

respectively. Cells were grown in 10% serum DMEM for several days until transformed cells 

overgrew the normal monolayer to form foci. To prevent variability due to nutrient depletion, 

media were changed at 48 hour intervals.  

2.1.9 TUNEL assay   

Apoptosis was assessed through TUNEL staining using FITC-coupled nucleotides, 

according to the manufacturer’s instructions (Roche, #11684795910), and cells with apoptotic 

nuclei were visualized and photographed under fluorescence and phase-contrast illumination.  

TUNEL was quantitated by measuring pixel intensity of TUNEL images (acquired using 

Olympus IX70 Fluorescent Microscope and D3100 Nikon camera) using ImageJ. More 

specifically, 4 different fields of view were imaged at 10x magnification. Using ImageJ, 800x800 

pixel areas were snapshot for pixel intensity using the “Plot Profile” command. 10 snapshots were 

taken from each of the 4 fields of view. Average pixel intensity was then averaged. Final n = 40 

for each cell line.     

2.1.10 Mitochondrial metabolic activity assay 

Resazurin-based assays rely on the reducing environment of live cells, the mitochondrial 

electron transport chain in particular, to elicit a quantifiable colour change. Untreated NIH3T3 
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and β-NIH3T3 fibroblasts were therefore incubated with PrestoBlue (Invitrogen, Cat # A1326) to 

give surrogate values for basal mitochondrial metabolic activity.  

NIH3T3 and β-NIH3T3 fibroblasts were seeded at 3 x 104 cells per well in 96 well plates 

(Sarstedt, Germany, Cat # 83.3924.005), in triplicates. 24 hours after attachment (cells appeared 

80%-90% confluent), cells were grown in low-serum (1%) DMEM for 24 hours and protected 

from light. 100 µl PrestoBlue solution were added to each well and incubated in the dark for 60 

minutes. Fluorescence values were read for each well at the following wavelengths: excitation 

560 nm and emission 600 nm.  

   

2.2 Western immunoblotting 

*All immunoblots that are directly compared were run together on the same SDS-

PAGE/membrane and were exposed for the same duration. Blots were digitally cut for formatting 

purposes.  

2.2.1 Cell harvest and protein quantification 

Cells were grown to different densities and protein was extracted by scraping cells off of 

plates and lysing them using lysis buffer (LB): 50 mM HEPES, pH 7.4, 150 mM NaCl (Bioshop 

Canada), 10 mM EDTA (Bioshop Canada), 10 mM Na4P2O7 (Bioshop Canada), 100 mM NaF 

(Bioshop Canada), 2 mM Na3VO4 (Bioshop Canada), 0.5 mM phenylmethylsulfonyl fluoride 

(Bioshop Canada), 10 µg/ml aprotinin (Bioshop Canada), 10 µg/ml leupeptin (Bioshop Canada), 

and 1% Triton X-100 (Bioshop Canada). Protein concentration was quantified using the 

bicinchoninic acid (BCA) assay (Sigma, Cat # BCA1) according to the manufacturer’s 96-well 

plate protocol. Protein standards were included in the BCA kit from Sigma.   
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2.2.2 Electrophoresis and transfer 

20 µg of whole cell lysate was prepared in 3x Laemmli buffer (final concentrations 62.5 

mM Tris-HCl pH 6.8, 2.5 % SDS, 0.002 % Bromophenol Blue, 0.7135 M (5%) β-

mercaptoethanol, 10 % glycerol), boiled for 5 minutes, and resolved by 7-10% SDS-PAGE gel 

and transferred (CBS Scientific, USA, Cat # EBU-302) to a nitrocellulose membrane (Bio-Rad, 

Hercules, CA, Cat # 1620115). The membranes were blocked with 5% nonfat milk in 1x Tris-

buffered saline-0.1% Tween 20 (TBST) for at least 1 hour at room temperature, followed by an 

overnight incubation in primary antibody and a 1 hour incubation in secondary antibodies. 

Membranes were washed in 1x TBST three times, 5 minutes each, after primary and secondary 

antibody incubations. All reagents were purchased from Bioshop Canada unless otherwirse 

indicated.  

2.2.3 Visualization 

Membranes were incubated for 5 minutes in enhanced chemiluminescence solution 

(ECL) (BioRad, Bio-Rad, Hercules, CA, Cat # 1705061). Protein bands were visualized using X-

ray film or using a digital Western blot imager (Azure Biosystems, Dublin, CA, Azure c600 

series) for quantitation and densitometry.   

2.2.4 Antibodies  

*All antibodies were made in 1x TBS, 0.1% Tween-20 (BioShop Canada, Cat # TWN510). See 

Table 2.2. 
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Table 2.2 Antibodies used for Western immunoblotting 

 Antibody Dilution Manufacturer 
Primary 
antibodies 

Anti-ADAR1 mouse 
monoclonal 

1:500 (in 5% BSA) Santa Cruz 
Biotechnology, 
Mississauga, ON, 
Canada, Cat # sc-73408 

Anti-OB-cadherin 
rabbit polyclonal 

1:1000 (in 5% BSA) Cell Signaling 
Technology (CST), 
Beverly, MA, USA, Cat 
# 4442 

Anti-pY705-rabbit 
monoclonal 

1:2000 (in 5% BSA) CST, Cat # 9145 

Anti-total Stat3 mouse 
monoclonal 

1:1000 (in 5% non-
fat milk) 

CST, Cat # 9139 

Anti-SV40 Large T 
antigen rabbit 
monoclonal 

1:1000 (in 5% BSA) CST, Cat # 15729 

anti-cleaved PARP1 
rabbit monoclonal 

1:1000 (in 5% non-
fat milk) 

CST, Cat # 9548 

Anti-β-actin mouse 
monoclonal 

1:5000 (in 5% non-
fat milk) 

CST, Cat # 3700 

Anti-pY416 Src family 
rabbit monoclonal 

1:1000 (in 5% BSA) CST, Cat # 6943 

Anti-GFP rabbit 
polyclonal 

1:1000 (in 5% BSA) CST, Cat # 2555 

Anti-survivin mouse 
monoclonal 

1:1000 (in 5% BSA) CST, Cat # 2808 

Anti-Flag mouse 
monoclonal 

1:1000 (in 5% BSA) CST, Cat #8146 

Secondary 
antibodies 

Horse anti-mouse IgG 
HRP-linked 

1:5000 in 5% non-fat 
milk 

CST, Cat # 7076 

Goat anti-rabbit IgG 
HRP-linked 
 

1:5000 in 5% non-fat 
milk 

(, CST, Cat # 7074 
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2.3 Immunofluorescence 

2.3.1 General 

NIH3T3, β-NIH3T3, or their derivatives were seeded at 2.5 x 105 in 6 well plates (Sarstedt, Cat # 

83.3920.005) grown on glass coverslips coated in poly-L lysine (Sigma, Cat # P8920). Cells were 

washed in ice cold 1x PBS* (*supplemented with 1mM CaCl2 and 1mM MgCl2) then fixed in 

wells (6-well plate, Sarstedt, Cat # 83.3920.005) with filtered 3% paraformaldehyde in 1x PBS* 

for 15 minutes. Cells were permeabilized with 100 mM glycine-0.1% Triton X100 for 10 min, 

then blocked for 1.5 h in 3% BSA in 1x PBS*. Cells were washed with 1x PBS* before being 

stained in a humidity chamber with primary antibodies overnight at 4°C. Cells were then washed 

3 times with 1x PBS*, incubated for 1 hour with the appropriate Alexa-linked secondary 

antibodies (Invitrogen) and Hoeschst 33342 (1:1000, 3% BSA-1x PBS, Invitrogen, H3570). Cells 

were washed 3 times with 1x PBS* buffer, mounted onto slides using Mowiol 4-88 (Sigma, Cat # 

81381), and edges were sealed using nail polish.  

 

Preparations were imaged using a Quorum Wave FX spinning disk confocal microscope 

(Quorum Technologies, Inc.) in the Queen's Cancer Research Institute imaging facility. Images 

were compiled using ImageJ  

Colocalization analyses and stack processing were done using ImageJ-FIJI and JaCoP 

(Fabrice P. Cordelières, Susanne Bolte). 
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2.3.2 Antibodies 

NIH3T3 and GFP-RacV12-NIH3T3 were stained with anti-OB-cadherin rabbit polyclonal 

(1:200 in 1% BSA-1x PBS, ThermoScientific, Cat # 71-7600). 

Secondary antibodies used include: Goat anti-rabbit IgG Alexa Fluor 594 (1:200 in 1% 

BSA-1x PBS, Invitrogen, Cat # R37117 ). 

 

2.4 Dual luciferase assay 

NIH3T3, β-NIH3T3 cells, and their derivatives were seeded at 1.5-1.8 x 106 cells per 100 mm 

plate. 24 hours after seeding, cells were transiently co-transfected with 3.5 µg of a Stat3-specific 

reporter plasmid (pLucTKS3, gift from Dr. James Turkson) and 1.5 µg pRL-TK (Promega, Cat # 

E2241) as an internal control. pLucTKS3 harbors seven copies of a sequence corresponding to 

the Stat3-specific binding site in the C-reactive gene promoter (termed acute phase response 

element (APRE), TTCCCGAA) upstream from a firefly luciferase coding sequence. pRL-TK 

contains the HSV-thymidine kinase promoter, which is relatively weak and independent of Stat3 

activity, therefore useful for our purposes as an internal control. Cells were harvested and protein 

concentrations quantified by BCA assay, as previously described.  

For luciferase activity readout, 60 µg protein of each sample was aliquoted into a 5 ml 

glass tube and all volumes were equilibrated to 50 µl.  Firefly and Renilla luciferases utilize 

different substrates, which were D-luciferin and h-coelantrazine (h-CTZ), respectively. Both 

substrates were home-made as described by Baker and Boyce 228. h-CTZ (Cat # 301), D-luciferin 

(Cat # 306) and coenzyme A (Cat # 309) were purchased from Nanolight Technology (Pinetop, 

AZ, USA), PTC124 (Cat # S6003) firefly luciferase inhibitor from Selleck Chemicals. The 

substrate mixtures were protected from light. A luminometer (Berthold Technologies, Germany, 

Lumat LB 9507) with dual injectors was used for readout. Luciferase substrates were injected 
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sequentially, as follows: 200 µl of firefly luciferase substrate was injected, followed by a 30 

second measuring time, followed immediately by 100 µl renilla luciferase substrate, followed by 

a 10 second measuring time. Transcriptional activity of the Stat3 firefly reporter was normalized 

to the Stat3-independent renilla luciferase activity.     

 

2.5 Figure creation and statistical analyses 

All figures were designed and rendered using Adobe Photoshop CS6. Immunofluorescence 

image rendering and immunoblot densitometry were performed using ImageJ/FIJI. Prism 6 was 

used for all graphical rendering and statistical analyses.    
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Chapter 3 RESULTS 

3.1 Cell to cell adhesion causes a dramatic increase in a-pY705-Stat3 levels 

 NIH3T3: To assess the pattern of Y705 phosphorylation of Stat3a vs Stat3β isoforms, 

pY705-Stat3 levels were examined by Western blotting using an antibody against the Y705 

phosphorylated form of Stat3 in mouse NIH3T3 fibroblasts (clone DL+10, see Materials and 

Methods) grown to different densities, with β-actin as a loading control (see Materials and 

Methods). As shown in Figure 3.1A, phosphorylation of both Stat3a and Stat3β isoforms was 

very low in sparsely growing cells (lanes 1-3, 40-80% density), while at higher densities there 

was an increase in phosphorylation of Stat3a preferentially. pY705-Stat3 levels reached a peak at 

+1 or +2 days post-confluence (lane 6), after which pY705-Stat3 levels diminish. Regarding total 

Stat3 protein, total Stat3a protein increased only slightly with density, while levels of total Stat3β 

were undetectable. The slight increase in total Stat3 levels with density is expected based on the 

fact that it activates its own promoter184.  

 β-NIH3T3: To more precisely assess the relative phosphorylation levels of the two 

isoforms, Stat3β was stably overexpressed in NIH3T3 cells under control of the Cytomegalovirus 

(CMV) promotor (line NIH-3β185, acquired from Dr. James Turkson) (Figure 3.1B). Western 

immunoblotting for total Stat3 at low densities indicated that, as expected Stat3β protein was 

present at noticeably higher levels in β-NIH3T3 compared to the parental NIH3T3 controls. 

Examination of pY705-Stat3 in β-NIH3T3 reveals that at low densities α-pY705-Stat3 is 

undetectable, in agreement with the results from the parental NIH3T3 line, although the β-pY705-

Stat3 band was clearly discernible (Figure 3.1B, lane 1 vs lane 6, 40% density).  At higher 

densities however, while there was a significant increase in α-pY705-Stat3 levels from 40% to 

100%+1 day of ~9-fold (Figure 3.1C, lanes 1 vs 5), the increase in β-pY705-Stat3 between the 
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same densities was not as steep (only ~4-fold, lanes 6 vs 10). At the same time, as previously 

documented Erk1/2 levels remained unaffected by cell density (not shown) 26,105,186. Taken 

together, the above results reveal for the first time that, although the Y705 phosphorylation site is 

the same in Stat3a and Stat3β, the two isoforms are not coordinately phosphorylated at Y705 

following density-induced cadherin engagement.  
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Figure 3.1 Cell confluence triggers a dramatic increase in α-pY705-Stat3 

Representative lysates from: (A) normal mouse NIH3T3 fibroblasts, or (B) normal mouse 
NIH3T3 fibroblasts side by side with derivatives over-expressing Stat3b, were grown to different 
densities as indicated and resolved by SDS-PAGE. Western immunoblots were probed for 
pY705-Stat3, total Stat3, or b-actin as a loading control (see Materials and Methods).  Numbers 
to the right indicate molecular weights. Lane numbers are indicated below. 20 µg of each lysate 
were loaded.  

(C) Densitometric quantitation of pY705-Stat3 bands from (B) normalized to β-actin 
loading control. Shown are relative fold-increase levels of pY705-Stat3 at increasing density (left 
to right: 40%, 60%, 80%, 100%, 100%+1day), compared to 40%. Significant was assessed by 
two-way ANOVA. 

Note that α-pY705-Stat3 dramatically increased with density (A-lane 1 vs lane 5, B-Lane 
1 vs lane 5, lane 6 vs lane 10), while β-pY705-Stat3 only slightly increased with density. Total 
levels of both Stat3 isoforms do not change to a measurable extent with density.  
*Statistically significant at p-value ≤ 0.05, ** statistically significant at p-value ≤ 0.005, 
compared to 40% density values. Error bars represent SEM. Results are the mean of 4 
independent experiments.  
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3.2 SVLT expression increases total and pY705 Stat3β levels preferentially in 

NIH3T3 cells 

NIH3T3: Given that Simian Virus 40 Large T antigen (SVLT) is a Stat3 activator123, we 

next examined the Y705 phosphorylation pattern of Stat3α compared to Stat3β following stable 

SVLT expression in mouse NIH3T3 fibroblasts (Figure 3.2). Since cell to cell adhesion increases 

pY705-Stat3, to assess the effect of SVLT per se, normal mouse NIH3T3 fibroblasts expressing 

SVLT were harvested at different densities and cell lysates probed for pY705 by Western 

immunoblotting (Figure 3.2A). As expected123, at the lower densities there was an increase in α-

pY705-Stat3 levels in SVLT-NIH3T3 cells compared to the same densities in the parental 

NIH3T3 (Figure 3.2A lanes 6-8 vs 1-3). This finding confirms that SVLT increases α-pY705-

Stat3, in agreement with previous data 123. However, there was a greater increase in β-pY705-

Stat3 levels upon SVLT expression, which was more pronounced at lower densities, compared to 

the parental NIH3T3 (Figure 3.2A, lanes 6-10 vs 1-5).   

 To assess whether an increase in total Stat3β levels can account for the increase in β-

pY705-Stat3 observed upon SVLT expression in NIH3T3 cells, Western immunoblots were 

probed for total Stat3 protein, and bands quantitated by densitometry. As shown in Figure 3.2C, 

there was an average increase of 1.7-fold in total Stat3β levels upon SVLT expression in NIH3T3 

cells, while the average increase in β-pY705-Stat3 was 2.5-fold. These data indicate that an 

increase in total Stat3β cannot fully explain the increase in β-pY705-Stat3. The results were 

consistent across two NIH3T3 clones expressing high levels of SVLT, in 3 independent 

experiments.  

 β-NIH3T3: To more precisely examine the effect of SVLT upon the two Stat3 isoforms, 

SVLT was expressed in Stat3β-overexpressing NIH3T3 cells (β-NIH3T3) and clones with the 

highest SVLT expression were selected for further experimentation. The results from a 
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representative clone (see materials and methods) are shown in Figure 3.2B, and total Stat3β and 

β-pY705-Stat3 levels were assessed by imaging analysis. Stable expression of SVLT in β-

NIH3T3 cells only slightly increased α-pY705-Stat3 at lower densities (lanes 6-7 vs 1-2), and the 

peak of α-pY705-Stat3 was delayed, appearing at +3 days post-confluence (Figure 3.2B, lane 12). 

Interestingly, there was an especially pronounced increase in β-pY705-Stat3 levels upon SVLT 

expression which was most noticeable at lower densities (Figure 3.2B, lane 6 vs 1). More 

specifically, results revealed an average increase of 3.5-fold in total Stat3β levels and 4.4-fold in 

β-pY705-Stat3 (at all densities) compared to control β-NIH3T3 cells, upon SVLT expression. As 

shown in Figure 3.2C, β-pY705-Stat3 and total Stat3β levels in SVLT+β-NIH3T3 cells are 

almost 10-fold greater than the levels in SVLT-NIH3T3 cells. The ratios of α-pY705-Stat3 / β-

pY705-Stat3 levels (Figure 3.2D) significantly decrease upon SVLT expression in β-NIH3T3 

compared to NIH3T3 controls and SVLT-NIH3T3. This result suggests that in addition to being a 

moderate Stat3a activator, SVLT is also capable of inducing β-pY705-Stat3 preferentially. This 

effect is more pronounced in cells overexpressing Stat3β. As a result of an increase in overall 

Stat3 activity, total levels of Stat3α and Stat3β are increased. 

  Taken together, the above results indicate that SVLT expression triggers a preferential 

phosphorylation of Stat3β, while the phosphorylation of Stat3α is modest in comparison (Figure 

3.2C). This is contrary to the cell-to-cell adhesion-mediated phosphorylation, where Y705-Stat3α 

is phosphorylated preferentially. This observation points to the existence of different mechanisms 

for Stat3 phosphorylation in the two systems.  

  Stat3 transcriptional activity: Regarding Stat3 transcriptional activity, SVLT 

expression in NIH3T3 cells increased Stat3 transcriptional activity 3-fold (Figure 3.2E). When 

Stat3β is overexpressed in NIH3T3 cells, as in β-NIH3T3, Stat3 transcriptional activity is almost 

completely eliminated. Expression of SVLT in β-NIH3T3 cells did not completely rescue Stat3 
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transcriptional activity, indicating that SVLT cannot overcome the effect of Stat3β upon overall 

Stat3 activity.   

 Collectively, the above results indicate that SVLT expression triggers an increase in total 

Stat3β, in addition to an increase in β-pY705-Stat3, which ultimately decreases Stat3 

transcriptional activity.  
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Figure 3.2 SVLT expression triggers a dramatic increase in β-pY705-Stat3 and total Stat3b 

 
(A) Normal mouse NIH3T3 fibroblasts and their SVLT-expressing derivatives, and (B) 

b-NIH3T3 fibroblasts and their SVLT-expressing derivatives were grown to and harvested at 
different densities. Whole cell lysates were resolved by SDS-PAGE. Shown are representative 
Western immunoblots that were probed for pY705-Stat3, total Stat3, and b-actin as a loading 
control. Numbers to the far right indicate molecular weights. Lane numbers are indicated below. 
20 𝜇g of each lysate were loaded. NIH3T3 and b-NIH3T3 immunoblots are taken from Figure 
3.1B. 

(C) Relative protein expression analysis was performed by densitometric quantitation of 
total Stat3 and pY705-Stat3 bands from (A) and (B), and normalized to β-actin loading control. 
Shown are average levels of pY705-Stat3 and total Stat3 levels, from each cell line, compared to 
NIH3T3 parental controls. SVLT expression led to an increase in total and pY705 levels of 
Stat3β, and to a lesser extent Stat3α, compared to parental controls. Significance was assessed by 
two-way ANOVA. 

(D) SVLT expression in  b-NIH3T3 led to a significant decrease in the ratio of α-pY705-
Stat3 / β-pY705-Stat3. Following quantitation of pY705-Stat3 bands, the average ratio of α-
pY705-Stat3 / β-pY705-Stat3 at all densities was calculated for each cell line. Significance was 
assessed by one-way ANOVA.  

(E) Transcriptional activity of Stat3 in NIH3T3, β-NIH3T3, and their SVLT expressing 
derivatives. Significance was assessed by one-way ANOVA.   
*Statistically significant at p-value ≤ 0.05 compared to NIH3T3 control. Results are the mean of 
three experiments. Error bars represent SEM. Analyses were corrected for multiple comparisons 
by Bonferroni correction. 

Note the increase in total and β-pY705-Stat3 upon SVLT expression, especially in b-
NIH3T3 cells. This led to a pronounced decrease in the ratio of α-pY705-Stat3 / β-pY705-Stat3. 
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3.3 Activated Src expression in NIH3T3 fibroblasts phosphorylates both Stat3α and 

Stat3β equally  

Src is a potent Stat3 activator. However, although Stat3β was shown to inhibit Src-

mediated Stat3 activation and neoplasia, the exact effect of Src upon Stat3β has not been 

examined, despite the fact that Stat3β expression was shown to inhibit Src transformation53,81,4,185. 

Since we previously demonstrated that Src is part of the pathway whereby SVLT activates 

Stat3123,124, we now examined the effect of Src upon Stat3β vs. Stat3α.  

NIH3T3: Activated Src (vSrc) was expressed via retroviral-mediated gene transfer in 

NIH3T3 cells, and pY705-Stat3 levels were examined. As shown in Figure 3.3A (lanes 1-10), a 

representative vSrc-NIH3T3 clone displayed dramatically higher α-pY705-Stat3 (6-fold increase) 

and β-pY705-Stat3 (7-fold increase) levels compared to control. Interestingly, there was a slight 

preferential increase in β-pY705-Stat3; β-pY705-Stat3 bands are prominent at low densities in 

vSrc+NIH3T3 cells, while they are undetectable at low densities in NIH3T3 parental controls 

(Figure 3.3A, lane 6 vs 1). The average ratio of α-pY705-Stat3 / β-pY705-Stat3 across all 

densities therefore showed a slight decrease upon vSrc expression in NIH3T3 cells (Figure 3.3F).  

In these cell lines, a slight increase was observed in total Stat3α levels (Figure 3.3D). 

This increase in total Stat3 protein could be attributed to the dramatically elevated levels of α-

pY705-Stat3 , which is known to activate its own promoter184.    

β-NIH3T3: To further examine the effect of vSrc upon Stat3β, vSrc was expressed in β-

NIH3T3 cells. As shown in Figure 3.3A (lanes 11-24), the two representative vSrc-expressing 

clones displayed a greater increase in Y705 phosphorylation of both Stat3α and Stat3β isoforms 

compared to control (Figure 3.3B and 3.3C, respectively). Interestingly, there was a slight but 

noticeable preference for Stat3β phosphorylation in the two vSrc expressing clones shown.  

Relative protein expression analysis from 7 different vSrc+β-NIH3T3 clones also reveals a slight 
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preferential phosphorylation of Y705-Stat3β relative to Stat3α, shown by a slight decrease in the 

ratio of α-pY705-Stat3 / β-pY705-Stat3 upon vSrc expression (Figure 3.3F). In both NIH3T3 and 

β-NIH3T3 cells, there was no significant change observed in total Stat3β levels upon expression 

of vSrc (Figure 3.3E). It is interesting to note that the effect of vSrc upon Stat3β was more 

pronounced in β-NIH3T3 cells than in plain NIH3T3 cells, although levels of vSrc were lower in 

β-NIH3T3 cells compared to NIH3T3 cells. It was difficult to express higher levels of vSrc in β-

NIH3T3 cells due to the predisposition of these cells to apoptosis (refer to section 3.9). 

Thus far, it has been shown that vSrc expression in β-NIH3T3 causes a small decrease in 

the ratio of α-pY705-Stat3 / β-pY705-Stat3, but not as dramatically as SVLT expression (Figure 

3.3H). Additionally, vSrc expression in β-NIH3T3 does not alter total Stat3β levels, and the ratio 

of total Stat3α / total Stat3β does not change, contrary to the decrease in this ratio that we observe 

upon SVLT expression due to elevated total Stat3β levels. This points to the possibility of a 

different mechanism through which vSrc and SVLT act to trigger an increase in β-pY705-Stat3 

levels. 
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Figure 3.3 vSrc expression phosphorylates both Stat3 isoforms, with no change in total 

Stat3 levels 

(A) NIH3T3, vSrc-NIH3T3, β-NIH3T3, and vSrc+ β-NIH3T3 cells were grown to and 
harvested at the indicated densities. Whole cell lysates were resolved by SDS-PAGE. Shown is a 
representative immunoblot that was probed for pY705-Stat3, total Stat3, pY418-Src, and b-actin 
as a loading control. Numbers to the far right represent molecular weights. Lane numbers are 
indicated below. 20 𝜇g of each lysate were loaded.  

Relative protein expression analysis was done by densitometry on (B) α-pY705-Stat3, 
(C) β-pY705-Stat3, (D) total Stat3α, and (E) total Stat3β. Average levels are shown. Note that 
vSrc expression does not significantly increase total levels of Stat3β. 

(F) The average ratio of α-pY705-Stat3 / β-pY705-Stat3 was calculated at each density 
for every clone. Note the ratio of α-pY705-Stat3 / β-pY705-Stat3 does not change upon vSrc 
expression. 

(G) The average ratio of total Stat3α / total Stat3β was calculated at each density for 
every clone from (A) and from Figure 3.2 (B). vSrc expression does not lead to a significant 
change in the ratio, while SVLT expression decreases the ratio significantly.  

(H) The average ratio of α-pY705-Stat3 / β-pY705-Stat3 shown for β-NIH3T3 cells 
(averaged from Figure 3.3F and 3.2D), vSrc+ β-NIH3T3 (from F), and SVLT+β-NIH3T3 (from 
Figure 3.2D). The decrease in the ratio of α-pY705-Stat3 / β-pY705-Stat3 is more pronounced 
upon SVLT expression. 

All densitometry values were normalized to loading control. Error bars represent SEM. 
Significance was assessed by one-way ANOVA for each graph. *Statistically significant at p-
value ≤ 0.05. Analysis was corrected for multiple comparisons by Bonferroni correction. One 
representative Western immunoblot is shown, but values for analysis were obtained from 3 
different experiments (NIH3T3 n=2, vSrc-NIH3T3 n=2, β-NIH3T3 n=3, vSrc+β-NIH3T3 n=7).   
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3.4 SVLT expression increases levels of ADAR1 

 Recent results demonstrated that the levels of Stat3β are affected by RNA editing, by the 

adenosine deaminase acting on RNA (ADAR1) enzyme, presumably through an effect upon 

alternative splicing 177. Since SVLT does increase total Stat3β protein levels, we explored the 

possibility that SVLT might affect ADAR1 levels (Figure 3.4).   

 We first assessed the levels of ADAR1 in β-NIH3T3 and compared these to levels in 

SVLT+β-NIH3T3. Since the ADAR1 p110 variant localizes exclusively in the nucleus 165, which 

is the site of mRNA splicing, relative protein expression analysis was performed by densitometry 

of ADAR1 p110 bands and subsequent quantitation. As seen in Figure 3.4A and B, SVLT 

expression in β-NIH3T3 cells increased ADAR1 p110 levels dramatically compared to controls, 

at both densities examined.  

 Splicing of RNA as well as editing are tissue and cell specific 187. Therefore, to examine 

the generality of ADAR1 increase upon SVLT expression, SVLT was expressed in fibroblasts of 

mouse C3H/10T1/2 lineage via retroviral-mediated gene transfer (Figure 3.4C). Results show that 

SVLT expression increased ADAR1 p110 nuclear variant levels by 5-fold, and p150 variant 

levels by 2.5-fold (Figure 3.4C, D), compared to the parental 10T1/2 fibroblasts, consistent with 

observations from β-NIH3T3 cells. 

 Since vSrc expression had no effect upon total Stat3β levels, we explored the correlation 

of ADAR1 increase upon vSrc expression. As shown in Figure 3.4E, Western immunoblotting 

reveals that vSrc expression does not increase ADAR1 p110 levels in NIH3T3 and β-NIH3T3 

cells, which is consistent with the possibility that the observed ADAR1 increase by SVLT may be 

behind the increase in total Stat3β. In fact, the ratio of total Stat3α / total Stat3β does not change 

upon expression of v-Src in β-NIH3T3 cells, or it may increase slightly as α-pY705-Stat3 

activates its own promoter. However, upon SVLT expression this ratio decreases significantly, 

indicating that total Stat3β levels increase more than do total Stat3α levels. Taken together, these 
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results point to the possibility that SVLT expression in mouse β-NIH3T3 fibroblasts increases 

total Stat3β, mediated by ADAR1. This awaits further verification through ADAR1 knockdown 

by shRNA.  
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Figure 3.4 SVLT expression, but not vSrc expression, increases ADAR1 levels 

(A) β-NIH3T3 cells and SVLT expressing derivatives were grown to 40% or 100% 
density and harvested. Whole cell lysates were resolved by SDS-PAGE. Western immunoblots 
were probed for ADAR1, SVLT, and b-actin as a loading control. Numbers to the far right 
indicate molecular weights. Lane numbers are indicated below. 20 𝜇g of each lysate were loaded.  

(B) Densitometric quantitation of average ADAR1 p110 band intensity from (A). SVLT 
expression in this cell line increases ADAR1 levels significantly.  

(C) Mouse 10T1/2 fibroblasts and SVLT expressing derivative were grown to and 
harvested at different densities. Whole cell lysates were resolved by SDS-PAGE. Shown are 
representative Western immunoblots that were probed for ADAR1, SVLT, and b-actin as a 
loading control. Numbers to the far right indicate molecular weights. Lane numbers are indicated 
below. 20 𝜇g of each lysate were loaded. 

(D) SVLT expression correlates with increased ADAR1. Relative protein expression 
analysis was performed by densitometric quantitation of ADAR1 bands from (C), and normalized 
to β-actin loading control. Significance was assessed by one-way ANOVA.*Statistically 
significant at  p-value ≤ 0.05. Results are the mean of three independent experiments. Error bars 
represent SEM.  
*Statistically significant at p-value ≤ 0.05. Results are the mean of three independent 
experiments. Error bars represent SEM.  

(E) vSrc expression in NIH3T3 or β-NIH3T3 fibroblasts does not increase ADAR1 
levels. NIH3T3 and β-NIH3T3 fibroblasts, and their vSrc-expressing derivatives, were grown to 
and harvested at different densities. Western immunoblots were probed for ADAR1, pY416-Src, 
and β-actin as a loading control. 20 𝜇g	of	each	lysate	were	loaded.	  

(F) Densitometric quantitation of ADAR1 band intensities from (E), normalized to β-
actin loading control. Differences in average ADAR1 levels are not statistically significant, 
assessed by one-way ANOVA.  
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3.5 IL6 treatment of NIH3T3 fibroblasts triggers preferential phosphorylation of 

Stat3α  

 Our group has previously demonstrated that as cell density increases, cadherin 

engagement acts through Rac1/Cdc42 and NFkB to stimulate the transcription of the IL6 gene 

108,113. The subsequent secretion of IL6 will act in an autocrine manner to stimulate the gp130 

cytokine receptor and lead to the Y705 phosphorylation of Stat3. Because this confluence-

triggered Stat3 activation mechanism leads to a preferential phosphorylation of Stat3α, we next 

examined the effect of direct IL6 treatment on the phosphorylation patterns of the two Stat3 

isoforms (Figure 3.5).  

In this experiment, IL6 treated or untreated cells were grown to different densities 

(80%+) and treated with 100 ng/mL IL6, then harvested. These cells were grown to higher 

densities because they display lower levels of pY705-Stat3 when serum starved (SS). 

Densitometric quantitation of pY705-Stat3 bands shows IL6 treatment led to a dramatic increase 

in average α-pY705-Stat3 of 18-fold in NIH3T3 cells, compared to untreated controls (lanes 6-7 

vs lanes 1-2). β-pY705-Stat3 increased 7-fold in these cells (Figure 3.5B). The average ratio of 

Y705 phosphorylated Stat3α / Stat3β increased only slightly in IL6-treated NIH3T3 cells 

compared to untreated controls (Figure 3.5C).  

 In β-NIH3T3 cells, IL6 treatment led to a dramatic average increase of 22-fold in α-

pY705-Stat3 and 28-fold in β-pY705-Stat3 (lanes 8-10 vs lanes 3-5). The average ratio of α-

pY705-Stat3 / β-pY705- Stat3 did not change significantly upon IL6 treatment compared to 

untreated controls (Figure 3.5C).  

A moderate decrease in total Stat3 levels was observed in all IL6-treated cells, possibly due 

to (1) tremendously high α-pY705-Stat3 levels eliciting negative feedback through upregulation 

of SOCS or other Stat-induced Stat inhibitors16,22,188, or (2) due to the massively increased β-

pY705-Stat3 levels preventing Stat3α from activating its own promoter.  
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In sum, IL6 treatment triggers phosphorylation of both Stat3α and Stat3β, with the 

phosphorylation of Stat3α being especially pronounced. These results suggest that IL6 may 

mimic cell density in that it preferentially triggers Stat3α phosphorylation.    
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Figure 3.5 IL6 triggers preferential phosphorylation of Stat3α  

(A) NIH3T3 and β-NIH3T3 fibroblasts were grown to different densities and serum 
starved (SS) for 12 hours. Cells were then treated with vehicle control or 100 ng/ml IL6 for 25 
minutes and harvested. Whole cell lysates were resolved by SDS-PAGE. Shown are 
representative Western immunoblots that were probed for pY705-Stat3, total Stat3, and b-actin as 
a loading control. Numbers to the far right indicate molecular weights. Lane numbers are shown 
below. 20 𝜇g of each lysate were loaded. Short (20 seconds), intermediate (2 minutes), and long 
(5 minutes) exposures of the pY705-Stat3 membranes are shown.  

(B)  Relative protein expression analysis was performed by densitometry of total Stat3 
and pY705-Stat3 bands from (A), and normalized to β-actin loading control. pY705-Stat3 bands 
for densitometry of the two untreated control groups were taken from a much longer exposure. (
 C) Densitometric quantitation of pY705-Stat3 bands was done and the average ratio of α-
pY705-Stat3 / β-pY705-Stat3  was calculated for each condition as indicated. Results are the 
mean of three independent experiments. Error bars represent SEM. Analysis was corrected for 
multiple comparisons by Bonferroni correction. 

Note the similar ratios of α-pY705-Stat3 / β-pY705-Stat3 in both treated and untreated 
cells.  
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3.6 Jak inhibition of NIH3T3 fibroblasts leads to a preferential decrease in α-

pY705-Stat3 levels 

The density-mediated cascade of Stat3 activation is initiated by cadherin engagement, an 

increase in total Rac1/Cdc42 protein levels, and an increase the expression and secretion of IL6. 

IL6 acts through an autocrine fashion to activate the gp130 cytokine receptor, which ultimately 

leads to the phosphorylation of Stat3 through canonical Jak/Stat signaling. Because we have 

shown that IL6 treatment causes a preferential increase in α-pY705-Stat3, we next examined the 

effect of Jak inhibition upon the phosphorylation patterns of Stat3α and Stat3β. A small molecule 

inhibitor was selected for this purpose as it offers more convenience and control over Jak activity 

levels, in comparison with a Jak gene silencing construct.   

β-NIH3T3 fibroblasts of mouse origin were serum starved and treated with Jak Inhibitor I 

(Calbiochem) for 12 hours. This inhibitor is effective against all Jak isoforms (Jak1, Jak2, Jak3, 

and Tyk2). Western immunoblotting (Figure 3.6A) revealed a dose-response relationship between 

pY705-Stat3 and the concentration of Jak inhibitor. A dramatic decrease in α-pY705-Stat3 levels 

was shown with Jak inhibition in both cell lines (Figure 3.6B). β-pY705-Stat3 levels showed a 

less-than-proportional decrease with Jak inhibition compared to α-pY705-Stat3 (Figure 3.6A,C). 

This effect was more pronounced in β-NIH3T3 cells expressing SVLT.  

Relative protein expression analysis by densitometry and quantitation of pY705-Stat3 

bands revealed that after 100 nM Jak inhibitor treatment, α-pY705-Stat3 levels decreased by an 

average of ~90% while β-pY705-Stat3 levels decreased by an average of ~30% (Figure 3.6 B, C). 

Contrary to previous findings which showed a sustained ratio of α-pY705-Stat3 / β-pY705-Stat3 

upon vSrc expression, Jak inhibition unexpectedly led to a decrease in this ratio, especially in 

SVLT+β-NIH3T3 cells. Collectively, these results make it tempting to speculate about the 

possible involvement of Jak family kinases in the preferential phosphorylation of Stat3β upon 

SVLT expression.  
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Figure 3.6 Jak inhibition preferentially decreases α-pY705-Stat3  
(A) β-NIH3T3 and SVLT+β-NIH3T3 cells were grown to +1 day post-confluence then 

serum starved and treated with Calbiochem Jak inhibitor I for 12 hours at the indicated 
concentrations. Whole cell lysates were resolved by SDS-PAGE. Shown is a representative 
Western immunoblot that was probed for pY705-Stat3 and b-actin as a loading control. Numbers 
to the far right indicate molecular weights. Lane numbers are shown below. 20 𝜇g of each lysate 
were loaded. 

(B-D) Densitometric quantitation of α-pY705-Stat3 and pY705-Stat3.  
(B)(C) Relative levels of both α-pY705-Stat3 and β-pY705-Stat3 are shown at each concentration 
of Jak inhibitor relative to vehicle control (0 nM), for (B) β-NIH3T3 and (C) SVLT+β-NIH3T3 
cells. 

(D)The ratios of α-pY705-Stat3 / β-pY705-Stat3 were calculated for each cell line, at 
each concentration of Jak inhibitor. 

Error bars represent SEM. Results for β-NIH3T3 cells are the mean of 4 independent 
experiments. Results for SVLT+β-NIH3T3 cells are from 2 independent experiments.  

Note the preferential decrease in α-pY705-Stat3 compared to β-pY705-Stat3 (lanes 3-4, 
7-8). 
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3.7 Constitutively active Rac1 (EGFP-RacV12) expression in NIH3T3 fibroblasts 

simulates IL6 treatment and cell density   

EGFP-RacV12 was expressed in NIH3T3 fibroblasts through retroviral-mediated gene 

transfer. Normal NIH3T3 fibroblasts and 3 representative RacV12 clones were grown to and 

harvested at different densities (Figure 3.7A). Western immunoblotting revealed an average 

increase of 11.5-fold in α-pY705-Stat3 levels and 6.2-fold in β-pY705-Stat3 levels, upon EGFP-

RacV12 expression compared to control NIH3T3 (Figure 3.7B). That ratio of α-pY705-Stat3 / β-

pY705-Stat3 does not increase upon expression of RacV12, compared to NIH3T3 controls (Figure 

3.7C). There was no change in total Stat3 levels.  

To see a more profound effect of RacV12 expression upon Stat3β, EGFP-RacV12+β-

NIH3T3 fibroblasts were generated. However, due to cytoskeletal rearrangements accompanied 

by drastic changes in cell morphology, both adherence to culture dishes and cell viability were 

severely impaired. RacV12+β-NIH3T3 cells could therefore not be examined.   

Expression of RacV12 in NIH3T3 cells showed an increase in the levels of pY705-Stat3 

levels (lanes 9-12 vs 13-16). Unexpectedly, very high levels of RacV12 expression abolished 

pY705-Stat3 levels. This was observed in the population of NIH3T3 fibroblasts expressing very 

high levels of EGFP-RacV12 (EGFP-Rachigh-V12-NIH3T3) (not shown). These results nonetheless 

imply that RacV12 increases pY705-Stat3 levels in a manner similar to IL6, as Rac precedes IL6 in 

the cadherin-Stat3 activation cascade. Extremely high expression levels of exogenous RacV12, we 

speculate, may physically impede normal protein trafficking, thereby hindering normal cadherin-

mediated Stat3 activation. 
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Figure 3.7 Moderate RacV12 expression triggers phosphorylation of Stat3α in a manner 
similar to IL6  
 

(A) NIH3T3 cells and eGFP-RacV12 expressing derivatives were grown and harvested at 
different densities. Whole cell lysates were resolved by SDS-PAGE. Shown is a representative 
Western immunoblot probed for pY705-Stat3, total Stat3, GFP, and b-actin as a loading control. 
Numbers to the far right indicate molecular weights. 20 𝜇g of each lysate were loaded. 

(B) RacV12 expression upregulates levels of α-pY705-Stat3 and β-pY705-Stat3; relative 
protein expression analysis was performed by densitometric quantitation of pY705-Stat3 and total 
Stat3 bands. pY705-Stat3 and total Stat3 levels are shown relative to control NIH3T3 fibroblast 
levels. (C) The ratio of α-pY705-Stat3 / β-pY705-Stat3 does not change upon RacV12 expression. 
*Statistically significant at p-value ≤ 0.05, compared to NIH3T3 control.   
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3.8 Stat3β expression inhibits SVLT-mediated transformation 

 Examination of the cellular phenotype revealed that Stat3β over-expression in NIH3T3 

cells resulted in cell growth rate retardation (Figure 3.8A), as previously reported185. The 

doubling time of the parental NIH3T3 cells was 29 hours in medium containing 8% newborn calf 

serum, whereas the doubling time of the β-NIH3T3 lines was 32 hours under the same conditions. 

SVLT expression in NIH3T3 cells reduced the doubling time to 24 hours, while in β-NIH3T3 

cells, SVLT expression did not correct the growth rate impairment, but instead increased 

doubling time to 38 hours.  

 The ability of SVLT to induce focus formation in β-NIH3T3 cells was examined next 

(Figure 3.8B). SVLT-NIH3T3 cells seeded at a ratio of 1:50 with normal NIH3T3 cells formed 

distinct foci overgrowing the monolayer of normal cells. This ability was dramatically reduced 

upon Stat3β expression. When SVLT+β-NIH3T3 cells were seeded with normal β-NIH3T3 cells, 

“patchy clusters” or “holes” formed in place of foci.  

 To further demonstrate the impairment of SVLT-induced neoplastic transformation by 

Stat3β, similar focus formation assays were prepared with the addition of 5 uM CPA7 small 

molecule Stat3 inhibitor to the growth medium (Figure 3.8C). Because CPA7 acts to inhibit Stat3 

signalling by hindering DNA-binding189,190, CPA7 serves to mimic the effects of Stat3β 

overexpression. CPA7 treatment of SVLT-NIH3T3 foci led to a patchy appearance most 

noticeable at 24 hours post-treatment, resembling SVLT+β-NIH3T3 “foci”. vSrc-NIH3T3 and 

vSrc+β-NIH3T3 foci appeared unresponsive to CPA7 treatment, likely due to the dramatically 

elevated levels of α-pY705-Stat3, as Src activates both Stat3 isoforms. Interestingly, vSrc-

induced foci appear very different in morphology from SVLT-induced foci. The above results 

taken together indicate that inhibition of Stat3α signalling by Stat3β over-expression serves to 

inhibit neoplastic transformation by SVLT. 
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 In addition, Stat3 transcriptional activity was assessed by dual luciferase assays. As seen 

in Figure 3.8D, expression of SVLT in NIH3T3 cells increases Stat3 transcriptional activity over 

3-fold, while Stat3β overexpression abrogates Stat3 transcriptional activity. Expression of SVLT 

in β-NIH3T3 cells returns Stat3 transcriptional activity to levels similar to parental control 

NIH3T3 cells, similar to vSrc expression. Because vSrc expression causes potent phosphorylation 

of both Stat3α and Stat3β, this may explain the absence of a dramatic increase in Stat3 

transcriptional activity in vSrc+β-NIH3T3 cells.  
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Figure 3.8 Statβ curbs SVLT-mediated neoplastic transformation in mouse NIH3T3 cells  

(A)Proliferation assay of NIH3T3, β-NIH3T3, and SVLT-expressing derivatives. Cells 
were seeded in triplicates at 2 x 104 in 35 mm plastic dishes and counted at 24 hour intervals for a 
total of 7 days. Proliferation curves were generated. Error bars represent SEM.  

(B) Foci formation assays; normal and vSrc or SVLT-transformed cells were seeded 
together at a ratio of 50:1, respectively. Transformed cells overgrew the monolayer of normal 
cells, forming foci. Composition of the normal and transformed cells are indicated above each 
panel.  

(C) Foci formation assays were performed followed by treatment with 5 𝜇M CPA7 for 72 
hours. Media was changed and CPA7 redosed at 24 hour intervals.   

(D) Dual luciferase assay results for NIH3T3, β-NIH3T3, SVLT expressing derivatives, 
and vSrc+ β-NIH3T3 showing relative transcriptional activity of Stat3. pLucTKS3 vector, the 
Stat3 firefly luciferase reporter, containing seven copies of a sequence corresponding to Stat3-
specific binding site (TTCCCGAA) was co-transfected into cells along with pRL-TK Renilla 
luciferase internal control. Luminescence was measured by a luminometer and normalized to 
internal control. See Materials and Methods.     
*Statistically significant at p-value ≤ 0.05 compared to NIH3T3 control. Taken from Figure 1.2E.  
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3.9 Stat3β overexpression induces a pro-apoptotic phenotype    

 CPA7 treatment was initiated at ~100% cell confluence in NIH3T3, β-NIH3T3, or their 

SVLT-expressing derivatives (Figure 3.9A). Results showed a dose-response effect upon 

treatment with increasing concentrations of CPA7. As CPA7 concentration increases, cleaved 

PARP1 levels increase, indicating an increase in levels of apoptosis. This can also be seen by the 

morphology of the cells in Figure 3.9B, which becomes increasingly more rounded, and less 

attached to neighbouring cells and the culture dish surface.  

β-NIH3T3 cells demonstrated lower levels of PARP1 in response in increasing CPA7 

concentration, indicating decreased apoptosis, compared with control NIH3T3. However, basal 

levels of cleaved PARP1 in untreated β-NIH3T3 cells are noticeably greater than in untreated 

parental NIH3T3 cells (Figure 3.9A, lane 11 vs lane 1). In addition, basal levels of mitochondrial 

metabolic activity were 20% lower in β-NIH3T3 cells compared with control NIH3T3 (Figure 

3.9C). Mitochondrial metabolic activity correlates with cell viability, and is therefore a rough 

surrogate marker for apoptosis by means of the PrestoBlue resazurin-based assay.  

To examine the basal rate of apoptosis in cells, a TUNEL assay was performed on cells at 

100% confluence (Figure 3.9D). As seen in Figure 3.9E, cells expressing SVLT show both a 

greater proportion of TUNEL-positive cells, and a greater intensity of TUNEL-FITC. 

Quantitating pixel intensity revealed a statistically significant increase in TUNEL in cells 

expressing SVLT compared to parental controls. Moreover, SVLT+β-NIH3T3 cells showed a 

statistically significant increase in TUNEL compared with SVLT-NIH3T3, suggesting SVLT and 

Stat3β coordinately enhance apoptosis. These results collectively point to the predisposition of 

Stat3β-overexpressing cells towards apoptosis, especially upon SVLT expression.  
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Figure 3.9 Stat3β overexpression exerts a pro-apoptotic phenotype  
 

(A) NIH3T3, β-NIH3T3, and SVLT expressing derivatives were grown to 80% density 
and treated with different concentrations of CPA7 for 24 hours, as indicated. Whole cell lysates 
with resolved by SDS-PAGE. Shown is a representative Western immunoblot that was probed for 
cleaved PARP1 and b-actin as a loading control. Numbers to the far right indicate molecular 
weights. Lane numbers are indicated below. 20 𝜇g of each lysate were loaded. 

(B) Images were taken after 24 hours of incubation with CPA7. Cell lines are indicated to 
the far left, and CPA7 concentrations are indicated at the top.  

(C) Relative mitochondrial metabolic activity in NIH3T3 and Stat3β-overexpressing 
derivatives, measured by means of resazurin-based PrestoBlue assay. Significance was assessed 
by one-way ANOVA. *Statistically significant at p-value ≤ 0.05 compared to control NIH3T3.  

 (D) TUNEL assay; NIH3T3, β-NIH3T3, and SVLT-expressing derivatives were grown 
and assayed by an in situ cell death kit. Cells were fixed, permeabilized, and treated with TUNEL 
reagents. Conditions are listed to the far left. The left set of panels represent phase contrast 
images, and the right set of panels represent TUNEL FITC fluorescence. NIH3T3 fibroblasts 
treated with TUNEL labeling solution (negative control) and NIH3T3 fibroblasts incubated with 
DNase (15 minutes, room temperature) and complete TUNEL reagents (positive control), are 
shown for reference. 

(E) Relative quantitation of pixel intensity from (F). Significance was assessed by one-
way ANOVA. *Statistically significant at p-value ≤ 0.05. ‡statistically significant compared to 
SVLT-NIH3T3 at p-value ≤ 0.05. Bonferroni correction was used to correct for multiple 
comparisons.     
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Chapter 4 DISCUSSION 

4.1 Overview 

Our group previously demonstrated that cell density and oncogene expression triggers a 

dramatic increase in Stat3 activity through the cadherin-Rac1/Cdc42-IL6-gp130-Jak 

axis104,105,113,186. However, the effect of cell density upon the splicing isoform and dominant 

negative inhibitor of Stat3α, Stat3β, has not been examined. In the present report, we set out to 

explore the effect of cell density, as well as expression of two representative oncogenes, vSrc and 

SVLT, upon the pY705 pattern of the two Stat3 isoforms, and Stat3 activity. Our results 

demonstrate that SVLT increases β-pY705-Stat3 preferentially. Since the sequences surrounding 

the critical Y705 residue are identical in Stat3α and Stat3β, the observed differences in 

phosphorylation of the two isoforms was unexpected. At the same time, our results reveal a 

significant increase in total Stat3β. In addition, since SVLT increases Stat3 activity through cSrc, 

we examined the effect of activated Src expression upon Stat3β. Interestingly, an apparent slight 

increase in β-pY705-Stat3 was observed upon vSrc expression, although no increase in Stat3β 

was detected.  

The above observations raise important questions on: 

a. the effect of cell density upon β-pY705-Stat3 (section 4.2), 

b. the mechanism by which SVLT increases total Stat3β (section 4.3), 

c. the mechanism of the increase in β-pY705-Stat3 by SVLT (section 4.4), 

d. and the mechanism of β-pY705-Stat3 increase by activated Src (section 4.4). 
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4.2 Effect of cell density upon β-pY705-Stat3 

To examine the effect of cell density upon β-pY705-Stat3, the levels of members of the 

cadherin-Rac1/Cdc42-IL6-gp130-Jak-Stat3 activation cascade were up- or down-regulated, and 

β-pY705-Stat3 levels were subsequently assessed. Results revealed that β-pY705-Stat3 levels 

also increase with density, although to a much lesser extent than α-pY705-Stat3. This was most 

noticeable when Stat3β was overexpressed in NIH3T3 cells to levels comparable to Stat3α.  

It is important to note that increased levels of β-pY705-Stat3 may be a result of greater 

stability of this isoform99,191. Ivan et al. (2012) showed that oncostatin M (OSM), a member of the 

IL6 family, triggers rapid phosphorylation, dimerization, and nuclear translocation of both Stat3 

isoforms191. While Stat3α became dephosphorylated and returned to the cytoplasm within 15 

minutes post-OSM treatment, Stat3β remained phosphorylated and contained within the nucleus 

for over 60 minutes191. This report, among others99, explains that elevated β-pY705-Stat3 may be 

due to accumulation, rather than increased phosphorylation and kinase activation. 

 Due to the higher levels of Stat3β in β-NIH3T3 cells, these cells were chosen as the 

model system for this study, since levels of Stat3β in the parental NIH3T3 line are very low and 

difficult to quantitate. However, the presence of Stat3β makes the cells difficult to propagate and 

select clones, as they enter apoptosis due to the low Stat3 activity especially at high cell-cell 

contact within clones, which would downregulate Yap/Taz112,192,193. In fact, two different β-

NIH3T3 clones were initially used (T514-13 and T514 1i). The results presented are with clone 

T514-13. The clone T514 1i had higher Stat3β levels, which made expression of oncogenes, that 

would activate E2F and trigger apoptosis, problematic.  
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4.2.1 IL6 mimics cell density 

Results from our lab and others showed that cell density increases the levels of IL6 family 

cytokines104. IL6 secretion in turn increases pY705-Stat3 in an autocrine manner through gp130 

and Jak (Figure 1.4)112,186. These findings are consistent with previous data98, showing that IL6 

addition triggers phosphorylation of Stat3α preferentially98,186 (Figure 3.1A lane 6, Figure 3.1B 

lane 5, Figure 3.5A).  

My data also show a slight increase in total Stat3α and Stat3β with density. Certainly, the 

fact that Stat3 activates its own promoter can account for this increase184. In addition, due to the 

involvement of Stat3 in the hypoxia response64,66,177, the hypoxic environment created by high cell 

density might also be contributing towards transcriptional upregulation of both Stat3 isoforms.  

It is remarkable that the pY705 profile of Stat3α vs Stat3β following treatment with 100 

ng/mL IL6 is consistent with what is observed with cell density, where the concentration of IL6 

is much lower.  

4.2.2 RacV12 expression mimics IL6 treatment and cell density  

It was previously demonstrated by our group that Rac1/Cdc42 levels increase in confluent 

cells as a result of decreased proteasomal degradation (Figure 1.4)113,194. Increased levels of these 

small GTPases induce the transcription of IL6 through NFkB, and trigger gp130 activation by IL6 

in an autocrine manner, even in the absence of cell-cell adhesion113,195. Since IL6 plays a role in 

the levels of α-pY705-Stat3 and β-pY705-Stat3, we examined the pattern of Y705 

phosphorylation following different levels of mutationally activated RacV12 expression.   

Low expression of RacV12 in NIH3T3 fibroblasts results in preferential phosphorylation of 

Stat3α, which is reminiscent of cell density effects (Figure 3.7A, clone #3). Moderate expression 

of RacV12 potentiates this effect, although with no change to the ratio of α-pY705-Stat3 / β-
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pY705-Stat3 or total Stat3 levels. This approaches the pattern of phosphorylation following IL6 

treatment, although to a lesser extent (Figure 3.7A, clone #1,2).  

Interestingly, results revealed that cells expressing very high levels of RacV12 exhibited 

very low levels of pY705-Stat3 at all densities (not shown). Our group has previously 

demonstrated that expression of high levels of oncogenes, such as SVLT and Src, can cause a 

dramatic downregulation of cadherins in a quantitative manner (Guy, Raptis, Tomai, in 

preparation; Appendix, Figure 5.1). This is especially evident at higher cell densities. In the case 

of high RacV12, although there was no change in the levels of cadherins, they appeared to be 

localized within the cytoplasm, rather than on the membrane, therefore inactive (Appendix, 

Figure 5.4). This internalization of cadherins and sequestration within the perinuclear region is 

not conducive to Y705-Stat3 phosphorylation following cell-cell contact, pointing to a possible 

mechanism behind the diminished levels of pY705-Stat3 seen in EGFP-Rachigh-V12-NIH3T3 

fibroblasts.  

4.2.3 Jak Inhibitor I reduces α-pY705-Stat3 levels preferentially 

It was previously demonstrated by our lab that cell density, which preferentially 

phosphorylates Stat3α, increases Jak activity. Therefore, we examined the inhibition all four Jak 

isoforms (Jak1, Jak2, Jak3, Tyk2) using Jak inhibitor I (Calbiochem) upon phosphorylation of 

Stat3α vs Stat3β 

The results revealed a dramatic drop in α-pY705-Stat3 levels (average 90% reduction), 

while β-pY705-Stat3 are not decreased to the same extent (average 30% reduction), upon 

treatment with 100 nM Jak inhibitor I (Figure 3.6). The apparent differences in sensitivity of the 

two Stat3 isoforms to Jak inhibition can be explained, in part, by the previously reported marked 

differences in the kinetics of β-pY705-Stat3 compared with α-pY705-Stat3, with β-pY705-Stat3 

having more stable DNA-binding capabilities, and prolonged nuclear retention and 
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phosphorylation 97,99,196. That is, β-pY705-Stat3 may be dephosphorylated more slowly than α-

pY705-Stat3, possibly as a result of the changes sustained at the C-terminus leading to a 

decreased affinity for tyrosine phosphatases196,197.  

In addition, in SVLT+β-NIH3T3 cells, the high levels of β-pY705-Stat3, through stable 

heterodimer formation with α-pY705-Stat3, may in fact protect α-pY705-Stat3 from 

dephosphorylation99,196 (Figure 3.6, lane 8 vs 4).   

4.3 Effect of SVLT upon total Stat3β 

In a recent paper, Goldberg et al. demonstrated that activation of ADAR1 by a hypoxia 

mimetic deferoxamine (DFO) in lymphoblastoid cells increased Stat3β mRNA, and dramatically 

increased total Stat3β protein177. Since our results show that SVLT increases ADAR1 levels, this 

may offer an explanation for the increase in total Stat3β protein. However, given the known 

variability of splicing and RNA editing factors in different cell lines and tissues, to definitively 

demonstrate the involvement of ADAR1 in the SVLT and Stat3β context, it is necessary to 

downregulate the levels of ADAR1 through RNAi-knockdown. This remains under investigation.  

Another point to consider is the susceptibility of the ectopically overexpressed Stat3β 

minigene (in β-NIH3T3 cells) to mutagenesis or genetic rearrangement as a result of p53 

inactivation by SVLT. In order to confirm the validity of the phenomenon of Statβ upregulation 

by SVLT expression, we will also need to examine the state of the integrated Stat3β minigene 

sequence. An ideal approach circumventing this further examination would be to use cell lines 

that naturally express high levels of endogenous Stat3β, including cells of lymphoid or 

haematopoietic origin, although such cells require different culturing techniques compared to the 

mouse NIH3T3 fibroblast model we currently use.    

Given the effect of SVLT upon ADAR1, to examine which of the SVLT domains may be 

responsible for the increase in ADAR1 and Stat3β protein levels, SVLT mutants were expressed 
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in β-NIH3T3 fibroblasts (Appendix, Figure 5.2). All mutants increased ADAR1 levels and Stat3β 

protein levels, but not to the same extent as with wtSVLT expression. The T1-135 mutant seemed 

to have the least effect on increasing Stat3β levels. Our results to date, although not conclusive, 

suggest that no single SVLT domain is capable of exerting this effect on its own, and it points to 

the possibility that multiple pathways are necessary for the full effect on ADAR1 and Stat3β. The 

pRb binding domain of SVLT appears to play an especially important role in the increase of 

ADAR1, as cells derived from mice with targeted disruption of pRb protein family members 

exhibited moderately elevated ADAR1 and Stat3β protein levels (Figure 5.3). However, since 

splicing and RNA editing are very different across different cell lines, tissues, and species, to 

examine the importance of pRb, it must be further downregulated by RNAi-knockdown in the 

same cell line (β-NIH3T3).      

In any event, the fact that vSrc expression does not increase ADAR1 in β-NIH3T3 cells, 

and at the same time does not increase total Stat3β (although it does increase β-pY705-Stat3 and 

α-pY705-Stat3) strengthens the conclusion that ADAR1 may be responsible for Stat3β protein 

increase in β-NIH3T3 cells by SVLT. 

	

4.4 Effect of SVLT and Src upon β-pY705-Stat3 

Our group previously demonstrated that cSrc is required for Stat3 activation by 

SVLT123,124, therefore we now examined the effect of activated Src upon β-pY705-Stat3 vs α-

pY705-Stat3. Our results demonstrated that SVLT triggers a dramatic increase in β-pY705-

Stat3 levels, which could not be accounted for solely based on the increase in the total Stat3β 

observed (Figure 3.2). On the other hand, although it phosphorylates both Stat3α and Stat3βa, 

vSrc only triggers a slight preferential increase in β-pY705-Stat3 (Figure 3.3). This greater-than-

proportional increase in β-pY705-Stat3 levels, especially upon SVLT expression, may suggest 
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that an (unknown) tyrosine kinase, activated by SVLT, may be capable of differentiating between 

the different sequences on the Stat3 carboxy-termini.  

Alternatively, the dramatic increase in total Stat3β upon SVLT expression would further 

increase the stability of β-pY705-Stat3. Further investigation is needed to distinguish between 

these two, non-mutually exclusive possibilities. 

Both SVLT and Src have been shown to activate the E2F signaling pathway. SVLT 

sequesters pRb and activates E2F114,115,127,128,198, while Src can directly hyperphosphorylate pRb to 

activate E2F199,200. vSrc expression however, does not lead to an increase in ADAR1 or Stat3β 

protein levels. This may be taken as an indication that E2F cannot be responsible for the ADAR1 

and total Stat3β upregulation seen upon SVLT expression. Similarly, although a number of 

kinases are upregulated by E2F153,201–203, they cannot be solely responsible for the preferential 

increase in β-pY705-Stat3 observed.  

In any event, the phosphorylation of Stat3β may be more energetically favourable for vSrc 

than phosphorylation of Stat3α, as a truncated C-terminus leaves the Y705 residue more 

accessible to phosphorylation.  

 

4.5 SVLT-triggered increase in β-pY705-Stat3 promotes apoptosis 

4.5.1 Increased β-pY705-Stat3 promotes apoptosis 

Densely growing cells are more relevant to the in vivo tumour microenvironment, where 

cells are in contact with their neighbours in a three-dimensional setting. We previously 

demonstrated that Stat3 inhibition in normal cells triggers apoptosis at high cell densities, while at 

low densities Stat3 inhibition triggers merely a growth retardation204. Transformed breast cancer 

cells were more sensitive to CPA7-mediated Stat3 inhibition, and entered apoptosis at lower 

concentrations of CPA7. This effect was more pronounced at high densities. 
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My results showed that β-NIH3T3 cells had lower Stat3 activity than NIH3T3 controls, at 

100% cell confluence (Figure 3.8D). As a result of low Stat3 activity, treatment of plain β-

NIH3T3 with CPA7 resulted in increased levels of cleaved compared with the parental control 

NIH3T3 cells, indicating increased apoptosis. Even at 0 and 5 𝜇M concentrations of CPA7, β-

NIH3T3 cells show noticeable levels of cleaved PARP1 while the parental NIH3T3 cells appear 

unaffected (Figure 3.9A, lanes 11-12 vs 1-2). SVLT expression sensitized cells further to CPA7, 

that is, this was especially pronounced in β-NIH3T3 cells. In SVLT-expressing cells, smaller 

fragments of cleaved PARP1 were seen (64 kDa); because PARP1 is cleaved by proteases, such 

as caspases and cathepsins 205,206, into progressively smaller fragments as apoptosis progresses, 

these smaller cleaved PARP1 bands indicate advanced stages of apoptosis. That is, in SVLT+β-

NIH3T3 cells, Stat3β potentiates the ability of Stat3 inhibition to induce apoptosis significantly. 

These findings are supported by the results of the TUNEL assay (Figure 3.9 D, E) showing 

significantly increased TUNEL positive cell populations upon SVLT expression, especially in β-

NIH3T3 cells.   

4.5.2 Increased β-pY705-Stat3 impairs focus formation 

A result of the apoptotic effect of Stat3β activation by SVLT is the fact that the cells do 

not form foci in the standard transformation assay207. Our results revealed that in SVLT-NIH3T3 

cells, distinct foci formed by overgrowing the normal cell monolayer. On the other hand, 

SVLT+β-NIH3T3 cells did not form foci, but instead formed loose “patchy” cell clusters which 

would eventually detach and leave gaps or “holes” in place of foci (Figure 3.8B).  A possible 

explanation for this “vacuolating” or “patchy” effect of SVLT on β-NIH3T3 cells could be that 

the dramatic increase in β-pY705-Stat3 in these cells inhibits Stat3 activity, as previously 

discussed. Because cells are heavily reliant upon Stat3 signalling at higher densities, inhibition of 
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Stat3 survival signals by the elevated levels of β-pY705-Stat3 has led to apoptosis in the very 

dense areas which would otherwise constitute neoplastic foci.  

 In fact, treatment of SVLT-NIH3T3 foci with low concentrations of Stat3 inhibitor CPA7 

(5𝜇M) led a similar appearance as that of SVLT+β-NIH3T3 foci (Figure 3.8C). The CPA7-

treated SVLT-NIH3T3 “foci” eventually detached and left “holes”, also reminiscent of SVLT+β-

NIH3T3 cells. This finding supports the possibility that this morphology is due to Stat3β-induced 

Stat3 inhibition in densely growing cell clusters. In contrast, vSrc-induced foci in both NIH3T3 

and β-NIH3T3 cells did not respond to 5𝜇M CPA7 treatment as did SVLT-induced tumours, 

likely due to the ability of vSrc to greatly phosphorylate and activate both Stat3α and Stat3β, 

thereby retaining Stat3 survival signals. Furthermore, transcriptional activity of Stat3 in vSrc+β-

NIH3T3 cells is greater than that of both SVLT+β-NIH3T3 and the parental NIH3T3 cells 

(Figure 3.8D). These findings, coupled with the inability of SVLT expression to rescue Stat3β-

induced growth retardation, indicate that Stat3β impedes neoplastic transformation by SVLT. 

That is, by preferentially increasing β-pY705-Stat3 levels, SVLT seems to reduce its own 

transforming ability by inducing apoptosis.  

 

4.5.3 Increased β-pY705-Stat3 reduces normal mitochondrial metabolic activity 

The importance of mitochondrial Stat3 (mStat3) in sustaining ETC activity and 

negatively regulating the mitochondrial permeability transition pore depends upon 

phosphorylation of S727 (see section 1.1.7). Only after this phosphorylation event can pS727-

Stat3 translocate to the mitochondria and exert these effects. Because Stat3β lacks the S727 

residue at its truncated carboxy terminus, S727-triggered mitochondrial activity of Stat3β is 

impaired. In addition, through phosphotyrosine interactions, stable Statα:Stat3β heterodimers may 

form, reducing the proportion of available Stat3α for mitochondrial translocation. These facts 
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provide a possible explanation for the observed reduction in the basal mitochondrial metabolic 

activity of β-NIH3T3 cells (Figure 3.9C), and the increased predisposition of these cells to 

apoptosis (Figure 3.9A, E, F).  

 

 

 

 

 

 

 

Figure 4.1 Model of Stat3β upregulation by SVLT and the implications on cell survival. 
ADAR1 may be increasing Stat3β alternative splicing and upregulation of Stat3β protein, 
following SVLT expression. SVLT also activates E2F by repressing pRb family proteins. This 
ultimately leads to an increase in apoptosis, which is more pronounced in densely growing cells.  
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4.6 Concluding remarks  

The finding that SVLT expression upregulates Stat3β is counter-intuitive, and it begs the 

question of why a viral oncoprotein would promote the expression of the Stat3 dominant negative 

splice variant, which normally reduces cell proliferation. SV40 is highly reliant on SVLT for 

inducing host cell S-phase and cellular proliferation for viral replication. The increase in Stat3β 

counteracts Stat3-mediated survival signaling and sensitized cells to Stat3 inhibition. We 

speculated that this effect would be geared towards preventing rampant overgrowth of SVLT-

associated tumours in an effort to preserve the host and promote replication of SV40.       

A number of oncogenes initiate neoplastic transformation through mechanisms similar to 

SVLT, through inhibition of p53 and pRb34,114,126,135,202,208–211. Such oncogenes include the human 

papilloma virus (HPV) E6 and E7 proteins and adenovirus E1A and E1B proteins212–214. In fact, a 

vast majority of human tumours exhibit a defect in both of these tumour suppressor pathways. 

Elucidating the mechanisms behind the preferential increase in β-pY705-Stat3 exerted by SVLT 

may therefore prove relevant, both therapeutically and scientifically.  

Due to their absence in the majority of human cancers, p53 and pRb have attracted much 

attention. Nonetheless, pharmacologically correcting defective proteins such as these is difficult 

at best29, while Stat3 is a druggable target29,100,215–217.  

Stat3 has received attention for practicality of inhibition in cancer therapy, considering that 

a number of signaling pathways converge upon Stat3, and because an alarming number of human 

cancers exhibit overactive Stat3. Because tumours are often densely growing masses, 

mechanotransduction induces anti-growth signals, while Stat3 normally remains as the only 

potent survival signal, making its inhibition very relevant in cancer treatment204. 

 The differential sensitivity of SVLT-transformed cells to Stat3 inhibition, compared to the 

parental cells, was especially evident in the attempts at transformed focus formation assays. 
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Treatment with low concentrations of the Stat3 inhibitor CPA7 (5 𝜇M) left the normal cell 

monolayer surrounding foci unaffected, while cells in foci entered apoptosis selectively. 

A large population of leukocytes endogenously express higher levels of Stat3β than do 

other cells91, making lymphomas and other haematologic malignancies an attractive target for 

Stat3 inhibition. Conversely, cancers triggered by oncogenes, that similar to SVLT may 

upregulate ADAR1 hence Stat3β levels, would offer themselves to Stat3 inhibition.  

Stat3β has been documented to have discrete transcriptional targets despite the false notion 

that it is a purely dominant negative isoform of Stat3α218–220. Transcriptomic analysis of Stat3 

regulated genes previously demonstrated a distinct subset of unique transcriptional targets that are 

either upregulated or downregulated by Stat3β. The ability of Stat3β to rescue embryonic lethality 

in Stat3 -/- mice also proves that Stat3β shares at least some of the roles of Stat3α98. Stat3β is 

therefore a transcriptional regulator in its own right, and it can also regulate Stat3α activity, 

making it important to consider when using Stat3 as a prognostic marker in the clinic100,101.   

4.7 Future Directions  

Extensive evidence points to the possibility that SV40 is a human carcinogen, capable of 

inducing a variety of tumours127,139. It is possible that in such SVLT-induced tumours, and those 

of other oncogenes that behave similarly to SVLT, ADAR1 and Stat3β levels may be elevated. 

Tumours or malignancies induced by such oncogenes would be ideal candidates for therapeutic 

Stat3 inhibition. For example, Merkel cell polyomavirus (MCV), belonging to the same viral 

family as SV40, is etiologically linked to an extremely aggressive skin cancer, Merkel cell 

carcinoma (MCC)221,222. Like SV40, MCV also codes for a large T antigen which has a similar 

pRb binding domain and J-domain to SVLT114,140,221,223–225. For this reason, examination of the 

effect of MCV large T antigen upon ADAR1 and Stat3β may be clinically significant.   
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Further investigation of the SVLT-ADAR1-Stat3β axis is required. RNAi or CRISPR 

knockdown of ADAR1 and subsequent examination of Stat3β protein levels can provide a more 

definitive indication of ADAR1 regulating Stat3β. In addition, testing a number of different cell 

lines from different species, including human lines, is imperative to be able to generalize our 

observations. This is especially important because the frequency of mRNA alternative splicing 

and RNA editing varies greatly between different cells and different species187. For this purpose, 

tumour microarrays may be immunohistochemically assessed for levels of ADAR1 and Stat3β. 

Importantly, haematologic malignancies should be explored, as cells of haematopoietic and 

lymphoid origin have been shown to endogenously express higher levels of Stat3β85,91. 

Furthermore, because a number of cell lines derived from lymphoid or haematopoetic origin 

naturally express high levels of Stat3β, such cell lines would be ideal models for our future 

investigations, as the ectopic overexpression of Stat3β would no longer be necessary.  
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APPENDIX I -  Additional data 

SVLT expression in F111 rat fibroblasts alters pattern of ADAR1 expression 

 
 Having reported the phenomenon of preferentially elevated β-pY705-Stat3 levels in 

SVLT-expressing fibroblasts of both mouse NIH3T3 and 10T1/2 lineage, we attempted to 

reproduce our results in fibroblast of different rodent species: rat F111 fibroblasts (Figure 5.1A). 

Expression of SVLT in F111 cells via retroviral-mediated gene transfer altered ADAR1 

expression patterns. When normalizing band intensities to β-actin loading control, it appears as 

though ADAR1 p110 levels increase 3-fold upon SVLT expression. However, protein 

quantification values suggest that the β-actin levels in SVLT-F111 cells are unrepresentative of 

total protein levels, as high SVLT expression levels may have altered cytoskeletal architecture 

and downregulated β-actin levels; cell morphology is very different in SVLThigh-F111 vs 

SVLTlow-F111 vs F111 parental controls (Figure 5.1B). Interestingly, parental control F111 

fibroblasts express higher ADAR1 p150 cytosolic variant levels, which significantly decreases 

upon SVLT expression, possibly due to nuclear translocation.   

 Although mouse 10T1/2, β-NIH3T3, and rat F111 lines demonstrate differences in 

ADAR1 protein levels upon SVLT expression, it is reasonable to assume that this may be due to 

naturally occurring differences in splicing and protein distribution across different tissues and 

different species.   

 Interestingly, the high levels of SVLT expression in SVLThigh-F111 correlate with a 

“rounded” cell morphology, which may downregulate cadherins or reduce cadherin engagement 

between cells. This may explain the dramatic decrease in pY705-Stat3 levels in these cells, 

compared with the parental F111 cells. Total Stat3 levels do not show a significant change.  
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Figure 0.1 SVLT expression in rat fibroblasts alters pattern of ADAR1 expression  

 
(A)Rat F111 fibroblasts and SVLT expressing derivative, were grown to and 

harvested at different densities. Whole cell lysates were resolved by SDS-PAGE. Shown 
are representative Western immunoblots that were probed for ADAR1, SVLT, pY705-
Stat3, total Stat3, and β-actin as a loading control. Numbers to the far right indicate 
molecular weights. Lane numbers are indicated below. 20 𝜇g of each lysate were loaded. 

(B) Rat F111, SVLTlow-F111, and SVLThigh-F111 fibroblasts under phase 
contrast; 2.5 x 106cells were seeded in 100 mm plates and imaged 24 hours later. Note the 
morphology of SVLThigh-F111 cells compared to normal F111 fibroblasts. 
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The effect of SVLT upon ADAR1, total Stat3β, and β-pY705-Stat3 in β-NIH3T3 

fibroblasts is not due to any single SVLT domain on its own 

 To test what effect each of the three primary protein-binding domains of SVLT (refer to 

Figure 1.5A) has on ADAR1 and Stat3β, mouse β-NIH3T3 fibroblasts, SVLT-expressing 

derivatives, and mutant-SVLT expressing derivatives were examined next. β-NIH3T3 fibroblasts 

were selected as they had been the model in which we first observed the phenomenon of 

upregulated β-pY705-Stat3 upon SVLT expression.  

 SVLT+β-NIH3T3: Results from these SVLT+β-NIH3T3 clones revealed an increase of 

3-fold in ADAR1 p110 compared to control. (Figure 5.2A). SVLT expression also caused a 

noticeable increase in total Stat3β and Stat3a levels (Figure 5.2B). β-pY705-Stat3 levels showed 

a greater-than-proportional increase, while α-pY705-Stat3 showed a much less noticeable 

increase, upon SVLT expression.  

 Similar results had been reported 177 although equal and opposite in nature. Silencing 

ADAR1 in human lymphoblastoid (LB) cells showed a modest 30% reduction in the ADAR1 

p110 variant levels, consequently causing a greater-than proportional 50% reduction in total 

Stat3β levels, and a 15% reduction in total Stat3a levels. Similar results were obtained using 

MCF-7 human breast adenocarcinoma cell line, where a 60% decrease in ADAR1 p110 yielded a 

40% decrease in total Stat3β and 20% decrease in total Stat3a. Although the increases we 

observe in ADAR1 are subtle, they appear to be sufficient to bring about a significant increase in 

total protein levels of Stat3β, due to the amplifiable nature of protein expression at the mRNA 

level.  

 To understand if any of the three primary SVLT domains can, on their own, upregulate 

ADAR1 and Stat3β protein levels, β-NIH3T3 clones expressing mutant forms of SVLT were 

similarly analyzed (Figure 5.2A, lanes 8-19). T1-135 mutants possess only the N-terminal 135 
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amino acids comprising a J-domain, an pRb binding domain (LXCXE motif), and p185/Cul7 

binding domain. D44N mutants lack a functional N-terminal J-domain. K1 mutants lack a 

functional pRb binding domain (Figure 1.5A).  

 SVLT mutants: Relative protein expression analysis by densitometry and further 

quantitation revealed ADAR1 p110 levels increase similarly in all three mutants as in the 

wtSVLT. Interestingly, although total Stat3β and β-pY705-Stat3 levels increased upon mutant 

SVLT expression compared to control β-NIH3T3, this increase was much less than that observed 

upon wtSVLT expression (Figure 5.2B). The T1-135 mutant showed the least pronounced change 

in both Stat3a and Stat3β levels, despite being able to transform cells. The ratios of pY705-

Stat3a / β-pY705-Stat3 and total Stat3a / total Stat3β decreased similarly upon expression of 

wtSVLT or mutant SVLT, indicating a greater-than-proportional increase in Stat3β. 

 Although F111, NIH3T3, and 10T1/2 lines demonstrate differences in total Stat3 and 

ADAR1 protein levels upon SVLT expression, it is reasonable to assume that this may be due to 

naturally occurring differences in splicing and protein distribution across different tissues from 

different species 187.  

 Taken together, these data suggest that a fine and complex interaction takes place 

between all SVLT protein-binding domains, which ultimately increases ADAR1, total Stat3β, and 

pY705-Stat3 levels. None of the SVLT mutants elicit the effects upon ADAR1 and Stat3β to the 

same extent as wtSVLT. The mechanisms involved in upregulating ADAR1 and total Stat3 

protein levels also seem to be distinct from those increasing phosphorylation of Stat3β, as the 

increase in β-pY705-Stat3 is not accounted for solely by the increase in total Stat3β levels.   
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Figure 0.2 wtSVLT increases ADAR1, total Stat3β, and β-pY705-Stat3 

(A) β-NIH3T3 cells, wtSVLT and mutant SVLT expressing derivatives, were grown to 
and harvested at different densities. Whole cell lysates were resolved by SDS-PAGE. Shown is a 
representative immunoblot that was probed for ADAR1, pY705-Stat3, total Stat3, and β-actin as 
a loading control. 20 𝜇g of each lysate were loaded.  

(B) Densitometric quantitation of ADAR1 p110 bands from (D). Shown are average 
ADAR1 p110 levels. The increase in ADAR1 upon SVLT expression is more pronounced in β-
NIH3T3 cells than in NIH3T3 parentals. Error bars represent SEM. Results are the mean of two 
independent experiments.  

(C) Densitometric quantitation of total Stat3 and pY705-Stat3 bands. Shown are average 
levels of Stat3 protein, normalized to β-actin loading control. 
(D)(E) The average ratios of α-pY705-Stat3 / β-pY705-Stat3 and total Stat3a / total Stat3β were 
calculated from (C).  

*Statistically significant compared to β-NIH3T3 control at p-value ≤ 0.05; ** statistically 
significant at p-value ≤ 0.01. Results are the mean of two experiments. Error bars represent SEM. 
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Is pRb sequestration by SVLT required for ADAR1 upregulation? 

 Previous results demonstrated that mutations within the SVLT pRb binding 

domain affected ADAR1 and β-pY705-Stat3upregulation seen in wtSVLT expression 

(Appendix; Figure 5.2A, D). Due to the presence of other functional SVLT domains in 

the K1 mutant (Figure 1.5A), it is possible that the effects of impaired pRb sequestration 

upon ADAR1 and Stat3 may have been dampened. Knowing that SVLT binds to and 

sequesters pRb and other Pocket protein family members 114,125,126,128, which can lead to a 

tremendous signaling cascade by activation of E2F family transcription factors, we next 

examined the effect of pRb or p130 knockout on ADAR1 and Stat3 protein levels (Figure 

5.3). pRb/p107/p130 triple knockout cells could not be maintained, and were not 

examined.  

Fibroblasts derived from normal mice or mice with targeted disruption of pRb or 

p130 were grown to and harvested at different densities. Relative protein expression 

analysis by densitometric quantitation revealed a moderate but reproducible increase in 

ADAR1 levels upon pRb or p130 knockout, compared to control (Figure 5.3B). Total 

Stat3α and Stat3β levels increased, being especially pronounced in pRb knockouts, which 

showed almost a 6-fold increase in total Stat3β levels and a 3-fold increase in total Stat3α 

levels, compared to control wildtype fibroblasts. p130 knockout cells showed a slight 

decrease in α-pY705-Stat3 and no change in β-pY705-Stat3. pRb knockout cells showed 

a 3-fold increase in α-pY705-Stat3 and a 2-fold increase in β-pY705-Stat3. Given that 

SVLT binds to and represses Pocket protein family members, these data suggest that the 

increase in ADAR1 and Stat3 protein levels seen with SVLT expression in our in vitro 

models may, in part, be attributed to pRb sequestration. 
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Figure 0.3 pRb knockout upregulates ADAR1 and total Stat3 protein levels. 

(A) Cells established from p130 -/- or pRb -/- mice, or wildtype littermates, were grown 
to, and harvested at different densities. Whole cell lysates were resolved by SDS-PAGE. Shown 
are representative Western immunoblots that were probed for ADAR1, pY705-Stat3, total Stat3, 
and β-actin as a loading control. Numbers to the far right indicate molecular weights. Lane 
numbers are indicated below. 20 𝜇g of each lysate were loaded.  

(B) Relative protein expression analysis was performed by densitometry of ADAR1, 
pY705-Stat3, and total Stat3 bands, and normalized to β-actin loading control. Quantitation 
reveals slightly elevated ADAR1, significantly increased total Stat3 and β-pY705-Stat3 levels, in 
pRb -/- cells. Significance was assessed by two-way ANOVA. 

*Statistically significant compared to NIH3T3 control at p-value ≤ 0.05.  Results are the mean of 
two experiments. Error bars represent SEM.  
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 Control NIH3T3 and EGFP-RacV12-high-NIH3T3 cells were seeded onto 
coverslips, fixed, and immunostained for cadherin-11. Cadherins appear to be localized to 
the cell membrane in controls, and translocate to the perinuclear region upon high RacV12 
expression, as indicated by the arrows. Although the native compartment of Rac1 and 
cadherins is the cell membrane, there was little to no colocalization between EGFP-
RacV12 and cadherin-11.  
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 0.4 Cadherin-11 delocalizes from the cell membrane upon high Racv12 expression 


