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Abstract
The signal transducer and activator of transcription-3 (Stat3) is a latent cytoplasmic protein
that is activated through phosphorylation of tyrosine-705 by a number of receptor and nonreceptor tyrosine kinases. This leads to Stat3 dimerization by reciprocal SH2-ptyr interactions,
followed by translocation to the nucleus to initiate transcription of genes involved in cell growth,
survival, and differentiation. Many of these signaling molecules known to activate Stat3
concentrate in specialized plasma membrane microdomains called caveolae, and are sequestered
in an inactive state to the caveolin scaffolding domain (CSD) of the main caveolae resident
protein, caveolin-1 (cav1). Since many of these signaling molecules are known, potent Stat3
stimulators, we set out to examine the effect of cav1 upon Stat3 activity.
To this effect, cav1 was downregulated using a cholesterol chelator (methylcyclodextrin), or
an antisense approach. Since we previously found that cell density can dramatically activate Stat3,
all experiments were conducted at several densities. The results show that cav1 downregulation
causes an increase in Stat3-tyr705 phosphorylation at all densities examined. We next examined
the effect of cav1 upregulation upon Stat3 activity by transfecting an EGFP-cav1 construct. The
results revealed that cav1 overexpression using this construct reduces Stat3 activity and induces
apoptosis, which can be overcome by expression of a constitutively active form of Stat3. Finally,
by expressing a Stat3 shRNA with an adenovirus vector, we demonstrated that Stat3
downregulation leads to an increase in cav1 levels. These results reveal the presence of a potent,
negative regulatory relationship between cav1 and Stat3 phosphorylation.
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Chapter 1
Introduction and Literature Review
Since the evolution of multicellular organisms, cells have been in perpetual communication
with one another and their environment, to ensure proper functioning of both the cell and the
whole organism. Their communication is a complex language where interpretation and responses
are derived from signal transduction pathways. A pathway is often initiated by chemical signals
such as growth factors, hormones, neurotransmitters, and cytokines that are released into the
extracellular environment by neighboring or distant cells. Cells are able to detect these signals by
their distinct cell surface receptors that bind their respective ligand and in turn, activate a signaling
cascade involving several molecules interacting with one another to communicate the information
to the nucleus. In the nucleus, the transition from interpretation to response occurs when various
genes are transcribed that are responsible for initiating a response signaling cascade (Weinberg,
2007, p.320-325). These responses can either be positive or negative. For example, activation of
the receptor tyrosine kinase, vascular endothelial growth factor receptor (VEGFR), stimulates
angiogenesis (Hicklin and Ellis, 2005), whereas DNA damage or cellular stress caused by serum
starvation will activate the p53 transcription factor to induce cell cycle arrest or apoptosis (Das et
al., 2008).
Since these signals communicate information regarding basic cellular activities such as
development, proliferation, immunity, tissue repair, and cell death, it is vital that these pathways
are tightly regulated and can return to a state of homeostasis. This is a defining characteristic
differentiating normal cells from abnormal or diseased cells. In cancer cells, mechanisms that
regulate these activities are disrupted leading to disordered, rapid growth and disregard for cellular
communication (Weinberg, 2007, p. 335-340).
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An important question that is a major focus of cancer research is what causes these cells to
lose their regulatory mechanisms and proliferate at uninhibited rates? In answering this question,
one must look at the causes of cancer. In general, there are three major factors that contribute to
the onset of cancer; inheritance of cancer-susceptibility alleles, such as germline transmission of
the mutant BRCA1/2 alleles that can result in breast or ovarian cancer (Edlich et al., 2005),
environment, which includes UV exposure, and lifestyle choices such as poor dietary regimes and
tobacco use (Anand et al., 2008). These factors can lead to mutations of specific genes
(oncogenes), and the accumulation of these mutations is what allows a population of normal cells
to evade homeostatic mechanisms in order to grow uncontrollably and rapidly (Weinberg, 2007, p.
335-340). Moreover, in the later stages of development, cancer cells may acquire traits through
further mutations and interactions with their environment that allow them to sustain angiogenesis,
escape apoptosis, evade the host’s immune surveillance, and metastasize to different tissues
(Fidler, 2003; Lewis et al. 2008).
Since the biological characteristics of any cell are driven by the pattern of gene expression,
mutations significantly influence which genes are more likely to be expressed (tumor-promoting
oncogenes) or inhibited (tumor-suppressor oncogenes) in order to encourage tumor cell survival.
While each cancer has its own set of characteristic gene mutations, the pathological properties are
very similar. This is likely due to the fact that many mutations cause the overexpression or
constitutive activation of ligands and/or their respective kinase receptors, such as the epithelial
growth factor receptor (EGFR), and the mesenchymal-epithelial transition (MET) receptor that are
involved in cellular growth (Hynes and Lane, 2005; Liu et al., 2008). Regardless of the diversity
of signaling pathways activated by these ligands/receptors, many of them converge onto a small
number of transcription factors responsible for regulating the expression of target genes. One
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family of transcription factors that are inappropriately activated in several forms of human cancers
is the STAT family.

Signal Transducer and Activator of Transcription (STAT) Family
Signal transducers and activators of transcription (STATs), were originally described as
proteins with a key role in signal transduction pathways mediated by several cytokines, which
provided the first link between receptor stimulation to direct activation of a transcription factor
(Darnell, 1997). These proteins act as both cytoplasmic signal transducers and nuclear
transcription factors by initiating transcription of various genes upon entry into the nucleus. There
are seven members in the STAT family; Stat1, Stat2, Stat3, Stat4, the closely related proteins
Stat5a and Stat5b, and Stat6. The structure within the STAT family of proteins is highly
conserved, and consists of an amino-terminal oligomerization domain, a DNA-binding domain, a
Src homology-2 (SH2) domain, and a transactivation domain near the carboxyl terminus (Figure
1) (Bromberg and Darnell, 2000). STATs are latent cytoplasmic proteins, but are activated by
extracellular signaling molecules, such as cytokines or growth factors, which bind to their
respective cell surface receptor. Dimerization of these bound receptors allows
transphosphorylation of the receptors or activation of cytoplasmic tyrosine kinases such as the
Janus kinases (JAK). The STAT proteins will migrate to and bind the receptor’s cytoplasmic
domain via its SH2 domain and become phosphorylated at a critical tyrosine residue either by the
receptor’s intrinsic tyrosine kinase activity or by the JAK kinases. The role of each STAT protein
in development was examined using specific STAT knockout mouse strains (Reviewed by Akira,
1999). Stat3 -/- mice had severe developmental problems resulting in embryonic death, while
other STAT knockout mice were viable but had abnormalities related to cytokine signaling
(Reviewed by Akira, 2000).
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Figure 1: Domains of the STAT protein
Starting at the N-terminal region (left), the oligomerization domain allows interaction between
different STAT proteins, forming oligomers. Next is the 4-stranded coiled-coil region that permits
extensive protein-protein interactions. The DNA binding domain has several β-sheets common to
most transcription factors, such as p53, and allows minimal contact with the major and minor
grooves of the DNA strands. The linker domain is highly conserved between STAT proteins
however; its function is not well understood. STATs are recruited by their Src homology-2 (SH2)
domain which binds to phosphorylated residues on the cytoplasmic domain of the receptors or
kinases. Once the STAT protein is phosphorylated, it will bind to another phosphorylated STAT
protein via reciprocal SH2-ptyr interactions, forming a STAT dimer. Finally, in the case of Stat3,
Stat3 is activated through phosphorylation at tyrosine 705, and proposed to have enhanced
transcriptional activity following phosphorylation at serine 727 located in the transactivation
domain (at the carboxy-terminal) (Levy and Darnell, 2002).
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Signal Transducer and Activator of Transcription-3
Particular attention is given to Stat3 because of the role it plays in cancer progression. As
alluded to earlier, inappropriate activation of kinases, in particular tyrosine kinases, leads to the
persistent activation of Stat3 in numerous forms of cancer (Gibbs, 2000) (Table 1). In several
studies, Stat3 activity has been shown to play a critical role in helping tumor cells grow
uncontrollably, sustain angiogenesis, escape apoptosis, and evade the host’s immune surveillance
(Yu and Jove, 2004). In fact, inhibition of Stat3 by a variety of means has been shown to exert
anti-cancer effects (Frank, 2007). The involvement of Stat3 in these critical processes has made it
a popular target for anti-cancer drugs (Yu and Jove, 2004; Lewis et al., 2008; Frank, 2007).
Later studies demonstrated that Stat3 could also be activated by a number of growth factor
receptor tyrosine kinases such as the EGFR (Ren and Schaefer, 2002) and the platelet-derived
growth factor receptor (PDGFR) (Vignais et al., 1996), or the non-receptor tyrosine kinase Src
(Bromberg et al., 1998; Turkson et al., 1998; Murray, 2007). Stat3 signaling is dependent on
phosphorylation at the crucial tyrosine 705. In the cytoplasm, two phosphorylated Stat3 monomers
will dimerize via reciprocal SH2-ptyr interactions to form a stable dimer that translocates to the
nucleus and binds a specific region of the DNA to initiate transcription of various genes (Figure 2)
(Yu and Jove, 2004).
An additional phosphorylation event occurs on serine 727 of Stat3 (Figure 1). The serine
kinases responsible for this phosphorylation are reported as the mitogen-activated protein kinases
(MAPK) such as the extracellular signal-regulated kinases (ERKs), c-jun N-terminal kinase
(JNK), and p38mapk (Turkson et al., 1999). Ser727 phosphorylation is required for maximal
activity and full transformation by the constitutively active form of Stat3 (Stat3C) (Bromberg et
al., 1998; Turkson et al., 1999), and has been proposed to enhance transcriptional activity (Decker
and Kovarik, 2000; Wen and Darnell, 1997). However, it remains controversial whether or not
5

Table 1: Stat3 activation in human cancers

Stat3 activation in human cancers
Hematologic Cancers

Non-hematologic Cancers

Acute myelogenous leukemia

Breast Cancer

Multiple Myeloma

Prostate Cancer

Hodgkin’s disease

Lung Cancer (non-small cell)

Non-Hodgkin’s Lymphoma

Head and neck (squamous cell)

B cell

Ovarian Cancer

Cutaneous T cell lymphoma

Pancreatic Cancer
Melanoma
Hepatocellular carcinoma
(from Frank, 2007)
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Figure 2: Activation of STAT3
Growth factor receptors, cytokine receptors and non-receptor tyrosine kinases activate Stat3 by
phosphorylating its tyrosine 705. To do this, Stat3 is recruited to these activated receptor and nonreceptor tyrosine kinases via its SH2 domain, where it is then phosphorylated at tyr705. The
phosphorylated Stat3 monomer then dimerizes with another pStat3 monomer by reciprocal
phosphotyrosine-SH2 interactions. The dimer translocates from the cytoplasm to the nucleus to
initiate transcription of genes involved in cell survival, differentiation and growth (Adapted from
Yu and Jove, 2004).
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phosphorylation at serine 727 is required for full transcriptional activity of Stat3. Initial studies
have shown that DNA binding by Stat3 was reduced when cells were treated with a MAPK
inhibitor (Park et al., 1996). However, later studies demonstrated that phosphorylation to serine
727 compared with a mutant substitution to alanine did not affect DNA binding or tyrosine
phosphorylation, but did result in reduced transcriptional activity (Wen and Darnell, 1997). In
contrast, another study found that under certain circumstances, such as when Stat3 is activated by
c-Src, phosphorylation on serine 727 is not required for transcriptional activity (Schaefer et al.,
1999).

Stat3 in Cancer
Some of the earliest findings that demonstrated the contribution of Stat3 in oncogenesis are
in Src-transformed cell lines. Through stable expression of the Src tyrosine kinase in mouse
fibroblasts, it was shown that Src can constitutively activate Stat3 signaling, while disruption of
Stat3 signaling prevented Src-mediated transformation (Yu et al., 1995; Bromberg et al., 1998;
Turkson et al., 1998). Definitive evidence for a causative role of Stat3 in cancer was provided
following the development of a constitutively active form of Stat3, Stat3C. This mutant is
constitutively dimerized through the substitution of residues A661 and N663 for cysteines in the
C-terminal loop. It was shown to transform cells, promote anchorage-independent growth and
tumorigenicity (Bromberg et al., 1999). Even though Stat3C is in a constitutively dimerized form,
it still requires tyrosine phosphorylation for functional activation (Liddle et al., 2006).
The discovery of constitutively active Stat3 in the human cancers, head and neck cancer and
multiple myeloma, provided the link between Stat3 activity and its transformation capabilities in
vivo (Song and Grandis, 2000; De Vos et al., 2000). Since then, high Stat3 activity has been
detected in leukaemias, lymphomas, breast cancer, melanoma, ovarian cancer, lung cancer,
pancreatic cancer, and prostate cancer (Yu and Jove, 2004). Regarding breast cancer,
8

overactivation of the ErbB2 receptor tyrosine kinase and increased signaling through the c-MET
receptor are responsible for high Stat3 activity, and account for 25-30% of all breast cancer cases
(Zhang et al., 2002; Hynes and Lane, 2005; Quesnelle et al., 2007).

Stat3 Target Genes
After considering the hallmarks of cancer, Alvarez et al. (2005) identified “12 Stat3
signature genes”, suggesting that the key attributes of a tumor cell can be mediated by these genes
[reviewed by (Frank, 2007)]. One of the key characteristics of a tumor cell is that it grows
uncontrollably. Of the 12 genes, 3 assist in helping tumor cells grow in a disorderly manner; these
are Egr-1, JunB and cyclin D1. In response to growth factor stimulation, Egr-1 and JunB are
associated with entry into the cell cycle, whereas cyclin D1 can promote cell cycle progression
and growth factor independence (Masuda et al., 2002; Kijima et al., 2002). Stat3 helps to maintain
the tumor and promote invasion by activating the potent pro-angiogenic factor VEGF (Niu et al.,
2002). Furthermore, this growth factor is able to bind its tyrosine kinase receptor (VEGFR),
generating a positive feedback loop to activate Stat3. Moreover, Stat3 has been shown to regulate
matrix metallo-proteinase-2 (MMP-2), which is involved in tissue remodeling and is associated
with metastasis (Xie, 2004). Finally, through transcription of the anti-apoptotic genes Mcl-1, Bcl2, Bcl-xl, and survivin, Stat3 aids cancer cells in escaping apoptosis (Catlett-Falcone et al., 1999;
Epling-Burnette et al., 2001; Altieri, 2008).
It is important to mention two additional targets of Stat3 that aid in tumor cell survival; 1)
Stat3 and 2) p53. Stat3 participates in a positive feedback loop by itself as the activated dimer can
bind to the Stat3 promoter facilitating the expression of more Stat3 protein (Narimatsu et al.,
2001). Lastly, the transcription factor, p53, is another target of Stat3. P53 is able to integrate a
variety of signals that are necessary for cell growth arrest and apoptosis in the event of cellular
stress or DNA damage or incorrect DNA replication (Vogelstein et al., 2000), which is why it is
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often referred to as the “guardian of the genome”. P53 is frequently downregulated or mutated in
several forms of human cancers. In both normal and oncogenic signaling pathways, Stat3 can
downregulate p53 expression by inhibiting its transcription through direct binding to the p53
promoter. Furthermore, blocking the activity of Stat3 in cancer cells upregulates the expression of
p53, resulting in p53-mediated apoptosis (Niu et al., 2005). There are several cancer cases where
p53 has not been mutated but downregulated, as in 80% of breast tumors examined by Raman et
al. (2000). Taken together, these data further support that Stat3 is an ideal target for cancer
therapy.

Negative Regulation of Stat3
Under normal physiological conditions, Stat3 activation is rapid and transient where peak
activity occurs around 30-60 minutes after stimulation by growth factors or cytokines. Even in the
presence of continuous stimulation, Stat3 activation decreases over several hours until it reaches a
basal level where perpetual low level phosphorylation occurs (Frank, 2007). To negatively
regulate the activity of Stat3, the cell has in place 3 key mechanisms: 1) Phosphatases, such as the
protein tyrosine phosphatase (PTP) receptor T (PTPRT) that dephosphorylate Stat3 at tyrosine 705
(Zhang et al., 2007b), 2) Suppressors of cytokine signaling (SOCS) proteins that represent a
classical negative feedback loop, which directly bind to and inhibit the activity of JAK family
kinases or target the cytoplasmic domain of various cytokine receptors such as IL-4, IFNγ and IL12 receptors to mediate their degradation (Croker et al., 2008), and 3) Protein inhibitor of
activated STATs (PIAS), where SUMO (small ubiquitin-like modifier) proteins bind to and
modify the activity of STAT proteins preventing their interaction with DNA, resulting in their
degradation (Shuai, 2006). In addition, Stat3 can be negatively regulated by alternative splicing
that leads to the formation of the dominant-negative form Stat3β, which competes with Stat3α to
form an inactive dimer (Dewilde et al., 2008).
10

In cancer, quite often these mechanisms are inhibited; for example, SOCS proteins are
transcriptionally silenced by promoter methylation or PTPs are mutated. Therefore, researchers
have looked into developing small molecules that target specific steps in Stat3 activation and
activity or key sequences of Stat3, which are involved in its activation. Stat3 is recruited to and
binds the phosphorylated region of active growth factor receptors (e.g. epidermal growth factor
receptor), cytokine receptors (e.g. interleukin-6 receptor), or non-receptor tyrosine kinases (e.g.
Src) by its SH2 domain, where it is then activated by phosphorylation at its tyrosine 705. Since the
amino acid sequence necessary to bind the SH2 domain of Stat3 is known (PY*LKTK, Pro-pTyrLeu-Lys-Thr-Lys), small peptides containing this sequence have been developed to bind this
domain with high affinity, and even shown to inhibit the growth of human breast tumors (Turkson
et al., 2001; Siddiquee et al., 2007). Furthermore, platinum compounds such as CPA-7 have been
shown to transcriptionally downregulate Stat3 activity, and inhibit Stat3 binding to DNA and the
EGFR likely through binding to the Stat3 SH2 domain, inducing apoptosis (Littlefield et al., 2008;
Anagnostopoulou et al., 2006). Also, the use of double-stranded DNA oligonucleotide decoys,
which bind to the DNA-binding domains of Stat3 have been effective in blocking Stat3
transcriptional activity in human lung cancer cells, sending them into apoptosis (Zhang et al.,
2007a). Finally, Stat3 short interfering RNA (siRNA) adenoviral vectors have been developed to
infect human cancer cell lines and downregulate Stat3 gene expression at the level of translation
by introducing short RNA sequences into the cell that complementarily bind to cellular Stat3
mRNA creating double stranded RNA that is then degraded (Castro et al., unpublished data).
While several of these compounds directly interact with Stat3 to inhibit its activity, many
researchers are looking at targeting kinases that are overactivated in cancer and known to lead to
Stat3 activation. One compound, gefitinib, which is a commercially available anti-cancer drug,
inhibits the tyrosine kinase activity of the EGFR, by binding the ATP-binding site of its kinase
11

region. This drug has shown to be effective in 10% of non-small cell lung cancer patients (Paez et
al., 2004). Our lab discovered that Stat3 could also be activated by cell to cell adhesion mediated
by homophilic interactions between cadherins (Arulanandam et al., unpublished; Vultur et al.,
2004). The fact that inhibition of several kinases individually did not reduce Stat3 activity
prompted us to examine a possible role for caveolin-1, which is known to inhibit multiple kinases
and signal transducers that lead to the activation of Stat3.

Caveolae
Caveolae were initially discovered approximately 55 years ago by electron microscopy and
described as flask-shaped invaginations of the plasma membrane with a diameter of 50-100nm
(Yamada, 1955). They are members of the specialized detergent-resistant microdomains known
as lipid rafts, mainly composed of cholesterol and glycosphingolipids, in addition to
phospholipids. However, caveolae are distinct from the lipid rafts and plasma membrane because
they are coated by a family of proteins known as caveolins (particularly caveolin-1, cav1), which
have been proposed as the main structural components necessary for maintaining the shape of
caveolae (Figure 3) (Cohen et al., 2004). Cholesterol can positively regulate the transcription of
cav1 by binding to the sterol regulatory element of the cav1 promoter (Bist et al., 1997), while
cav1 preferentially binds to free cholesterol to maintain balanced levels of cholesterol in the cell
(Fielding et al., 1997). The importance of cav1 and cholesterol in maintaining the structure of
caveolae was demonstrated by Field et al. (1998) who treated human epithelial colorectal
adenocarcinoma cells, CaCo-2, with the cholesterol chelator filipin, resulting in the perturbation
and flattening of caveolae.
Caveolae have been shown to play an important role in endocytosis and transcytosis,
where the guanosine-triphosphatase (GTPase), dynamin, oligomerizes around the neck of
12

Figure 3: Structure and composition of lipid rafts versus caveolae
Lipid rafts (A) and caveolae (B) are composed of phospholipids (green circles), and a higher
concentration of sphingolipids (orange circles), and cholesterol (yellow lines) in comparison to the
normal plasma membrane of the cell. The 50-100nm flask-shaped “cave” formation of caveolae is
due to the presence of the resident protein caveolin-1 (red ribbon). For simplicity, caveolin-1
(cav1) is depicted as a dimer that has oligomerized with 8 other cav1 dimers. The caveolin
scaffolding domain is represented by the blue rectangles in the middle of the caveolin-1 dimers
(Razani et al., 2002b).
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caveolae, which extends with GTP hydrolysis to pinch off the caveolae from the plasma
membrane (Oh et al., 1998). Selected cargo such as albumins, gain entry into the intracellular
compartments via caveolae endocytosis (Henley et al., 1998). In addition, viruses like Simian
Virus 40 (SV40) and pathogens like the Vibrio cholerae, which secrete the cholera toxin, exploit
this pathway for entry into the cell (Medina-Kauwe, 2007). Caveolae have also been shown to
play a pivotal role in intracellular signal transduction. Since they are enriched with a high
concentration of various signaling molecules such as the EGFR, PDGFR, insulin receptor, Src
family kinases, H-Ras, Raf kinase, ERKs, eNOS and Grb2 that are in proper proximity with one
another, caveolae create a compartment for rapid and efficient signal propagation from the cell
surface to the cell interior; this is known as the “caveolae-signaling hypothesis” (Lisanti et al.,
1994a). Even though caveolae have been shown to encourage signal transduction, the main
resident protein of caveolae, cav1 can interact and bind with these signaling molecules to
negatively regulate their activity.

The Caveolin Family
In mammals there are 3 members of the caveolin family: cav1, caveolin-2, (cav2), and
caveolin-3 (cav3). The caveolins are expressed from 3 separate genes, however cav1 and cav2
have α and β isoforms due to alternative splicing. It was observed from caveolin knockout studies
in mice, that cav2 is frequently co-expressed with cav1 in terminally differentiated cells, such as
adipocytes, pneumocytes, fibroblasts, smooth and striated muscle cells, and endothelial cells,
whereas cav3 is specifically located in muscle cells (Cohen et al., 2004). Furthermore, cav1 and
cav3 knockout mice were devoid of any caveolae, and in cav2 knockouts there were no detectable
changes in the number of caveolae, indicating that cav2 does not play an integral role in caveolae
formation (Drab et al., 2001; Razani et al., 2002a; Park et al., 2002). All of the caveolins express
the “caveolin signature motif”, which is a specific amino acid sequence of FEDVIAEP within
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their amino-terminal domain, although, the functional significance of this sequence has yet to be
determined (Cohen et al., 2004). Even though caveolins play a structural role in caveolae, they are
distributed throughout the cell in areas other than the plasma membrane such as the Golgi bodies,
endoplasmic reticulum, vesicles, and the nuclear membrane. A chimeric protein, enhanced green
fluorescence protein and cav1 (EGFP-cav1), was used by Volonte et al. (1999) to track the
distribution of cav1 in confluent cells. They demonstrated that cav1 shifts to the plasma
membrane and, in particular, to areas of cell-cell contact possibly aiding in positively regulating
contact inhibition.

Caveolin-1 Domains and their Function
The majority of research conducted on caveolins is focused on cav1, therefore the function
of the 3 notable domains, the oligomerization domain, the membrane-spanning domain, and the
scaffolding domain, which are present in all caveolins, is best understood in cav1 (Figure 4). Via
the oligomerization domain, cav1 is able to form homodimers or heterodimers with cav2 that
aggregate to form oligomers of 14-16 molecules. These oligomers form in the Golgi bodies where
they then coalesce into large complexes to be transported to the plasma membrane (Parton et al.,
2006). Here, cav1 functions as a structural protein helping to maintain the flask-shaped
conformation of the caveolae microdomains. The membrane spanning domain (also referred to as
the transmembrane domain) is a hydrophobic region that anchors the cav1 protein in a hairpin-like
conformation at the plasma membrane. This permits the hydrophilic carboxyl and amino terminals
to face the cytoplasm (Cohen et al., 2004; Dupree et al., 1993). Finally, the caveolin scaffolding
domain (CSD) is an amino acid sequence located between residues 82-101. The CSD is capable of
mediating protein-protein interactions and, more importantly, allows cav1 to serve as a scaffolding
protein that binds and sequesters signaling molecules in an inactive form (Table 2). In order to
bind the CSD, the signaling molecule must contain the 8 or 9 residue sequence called the
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Figure 4: Domains of caveolin-1 and its orientation within the caveolae domain
(A) The amino-terminal and carboxy-terminal domains of cav1 face the cytoplasm, while the
hydrophobic transmembrane domain forms a hairpin loop in the caveolae lipid bilayer and
anchors the cav1 protein. For simplicity, cav1 is depicted as a dimer embedded in the membrane.
(B) The cav1 monomer is depicted by the multi-coloured line where each colour represents a
different domain. Since both the carboxy- and amino- terminals of cav1 face the cytoplasm, this
supports the role of cav1 as a scaffolding protein as it is possible that both ends could be involved
in interacting with cytosolic molecules. The palmitoyl groups (blue rippled lines) are lipid
modifications that allow interaction with and anchorage in the plasma membrane. The carboxyterminal membrane attachment domain is a hydrophobic region that interacts with and anchors a
portion of the carboxy-end of the cav1 protein in the plasma membrane. The caveolin scaffolding
domain, located between amino acids 82 to 101, has the sequence
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DGIWKASFTTFTVTKYWFYR. This region will bind various signaling molecules that possess
the caveolin binding motif sequence of ZXZXXXXZ or ZXXXXZXXZ, where Z stands for amino
acids F, W or Y. Finally, cav1 is able to form homodimers and heterodimers (with cav2) via the
oligomerization domain. These dimers then aggregate to form oligomers of 14-16 molecules,
which anchor themselves in the lipid rafts of the plasma membrane to form the caveolae
microdomains (Adapted from Williams and Lisanti, 2004).
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Table 2: Caveolin-interacting signaling molecules

Caveolin-interacting signaling molecules
Caveolin-interacting proteins
G-protein-coupled receptor kinase
Ha-Ras
c-Src/Fyn
EGF receptor
cNeu
eNOS
NGF receptor
PDGF receptor
Insulin receptor
MEK/ERK
JAK
(from Smart et al., 1999; Goetz et al., 2008)

18

caveolin-binding motif (CBM), which is usually located in the functional region of the molecule.
Because of the location of the CBM, binding to this region by the CSD would block the activity of
the signaling molecule (Couet et al., 1997a).
The CSD is responsible for the negative regulatory function of cav1; in fact, cav1 is known
as a “general kinase inhibitor” since it has shown to inhibit the activity of several tyrosine kinases
such as the EGFR, PDGFR, Src, and JAK, and serine/threonine kinases such as PKCα and the
mitogen-activated protein kinase (Lisanti et al., 1994b; Li et al., 1996; Couet et al., 1997b; Jasmin
et al., 2006). Since cav1 antagonizes the mitogenic signaling of these molecules and is frequently
downregulated in several forms of cancer, it is often referred to as a tumor-suppressor gene
(Razani et al., 2001).

Cav1 in cancer
A significant amount of evidence demonstrating the role of cav1 as a tumor-suppressor
comes from in vitro studies. Cav1 was discovered as a target of viral Src (v-Src) phosphorylation
in Rous sarcoma virus-transformed chicken fibroblasts (Glenney, 1989). Since then, NIH 3T3
mouse fibroblasts transformed by oncogenes v-Abl, Bcr-Abl, and H-Ras have shown decreased
expression of cav1 mRNA and protein, and caveolae, which strongly correlates to the size of
colony that forms on soft agar (Koleske et al., 1995). Targeted downregulation of cav1 in NIH
3T3 cells expressing a cav1 antisense allowed cellular transformation, anchorage-independent
growth, and overactivation of the Ras-MAPK pathway (Galbiati et al., 1998). Furthermore, when
these cells were injected into nude mice they were capable of forming tumors. However, reexpression of cav1 into any of these transformed cell lines abrogated their anchorage-independent
growth (Engelman et al., 1997). Development of a cav1 knockout mouse confirmed the
transformation suppressor function of cav1, as these cav1-/- mice displayed epidermal hyperplasia
and were more susceptible to epidermal tumors. Since cav1 is known to negatively regulate the
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MAPK cascade (Engelman et al., 1998a) and the EGFR (Engelman et al., 1998b), this could
explain the transformation suppressor capability of cav1 in cultured cells. Furthermore, it is
possible that cav1 can directly inhibit the transcription of growth promoting genes, since it was
shown that the N-terminal region (amino acids 32-60) of cav1 transcriptionally repressed the
cyclin D1 gene by binding its promoter (Hulit et al., 2000). Moreover, cav1 has been shown to
inhibit the activity of the endothelial nitric oxide synthase (eNOS). This enzyme is responsible for
generating nitric oxide, which causes vasodilatation and plays a role in regulating vascular
function. Since the CSD binds the CBM of eNOS and renders it inactive, it is possible that cav1
could negatively regulate angiogenesis as vascular endothelial growth factor (VEGF)-mediated
angiogenesis requires nitric oxide production from active eNOS.
The tumor-suppressor effect in vitro was confirmed from examination of cav1 levels in the
cervical cancer cells, HeLa, which demonstrates a drastic decrease in cav1 protein expression
compared to the normal counterparts (Razani et al., 2000). P53 has been shown to positively
regulate transcription of cav1 by directly binding to its promoter. In these cells, the human
papilloma virus oncogene E6 downregulates p53, subsequently reducing cav1 expression.
However, re-expression of cav1 in these cells significantly slows down their growth and
abrogates their anchorage-independent growth. Furthermore, it has been suggested that cav1 plays
a direct role in negatively regulating the cell cycle. Strong evidence was provided by Galbiati et
al. (2001) demonstrating that activation of the p53 responsive element by cav1, which is mediated
by wildtype p53, induces G0/G1 phase cell cycle arrest.
In vivo support for the role of cav1 as a tumor suppressor gene comes from the observations
that in human breast, lung, ovary, and thyroid cancers, significantly lower levels of cav1 are
expressed in comparison to their normal counterparts (Goetz et al., 2008). Genetic evidence
reveals that cav1 is localized to the long arm of chromosome 7, 7q31.1, a region frequently
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deleted in a variety of human cancers (Engelman et al., 1998c). Specific mutations are seen in
16% of invasive human breast cancers where a sporadic mutation in cav1 occurs at codon 132
(P132L). In fact, Li et al. (2006) demonstrated that this mutation was present in 19% of estrogen
receptor-positive breast cancers and identified 6 novel cav1 mutations associated with this cancer,
suggesting that cav1 mutations may serve as the initiating event for human breast tumorigenesis.
In other forms of cancer, such as prostate cancer, decreased levels of cav1 are found because the
cav1 promoter is hypermethylated, blocking transcription of the cav1 gene (Cui et al., 2001).
Therefore, these findings show that expression levels and functional mutations can contribute to
the role of cav1 in cancer.
The role of cav1 as a tumor suppressor gene, however, has been quite controversial. A
growing body of evidence suggests that cav1 promotes tumor survival, metastasis and multi-drug
resistance. A positive correlation between elevated cav1 expression and tumor progression and
metastasis was first demonstrated in prostate cancer (PC). An immunohistochemical analysis of
prostate cancer specimens by Yang et al. (1998) indicated that a proportion of cav1 positive
samples increased from 29% in early stages of cancer development to 56% in lymph node
metastasis. Compared to the normal and hyperplastic epithelia, it was 8% and 18%, respectively.
Furthermore, the level of cav1 expression in certain prostate cancers correlates with the
aggressiveness of the cancer and has even been suggested as a biomarker of PC progression.
Aside from PC, a positive correlation between high cav1 expression and tumor progression and
metastasis is seen in lung, bladder, breast, colon and kidney cancers (Shatz and Liscovitch, 2008).
One of the major obstacles in cancer treatment is overcoming multi-drug resistance (MDR).
Acquisition of the MDR phenotype is often accompanied by high expression of cav1 (Lavie et al.,
1998). This is seen in several cancer cell lines such as the SKVLB1 ovarian carcinoma cells and
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A549-T24 lung carcinoma cells that demonstrate resistance to the chemotherapeutic drugs
vinblastine and taxol, respectively (Yang et al., 1998).
This apparent controversy over the precise role of cav1 in tumor progression could be
explained by the fact that a tumor is constantly adapting to its surrounding environment, and so in
early stages of tumorigenesis, cav1 levels are downregulated to promote growth. However, in later
phases of tumor progression upregulated levels of cav1 are needed to promote cancer cell
survival. And so, high levels of cav1 could serve as a protein marker of tumor progression.
Several oncogenes such as Src and Abl are activated and promote cancer cell survival and the
metastatic phenotype (Rak et al., 2000). These tyrosine kinases have been shown to phosphorylate
cav1 at tyrosine-14 and this leads to binding of the adaptor protein, growth factor receptor binding
protein-7 (Grb-7), an SH2-domain containing protein. In this signaling cassette, Src or
Abl/cav1/Grb-7 has been shown to stimulate anchorage-independent growth as demonstrated by
foci formation and cell migration as demonstrated by cell migration assays (Lee et al., 2000). In
addition to cav1, Grb-7 levels are upregulated in a number of cancers such as breast cancer (Stein
et al., 1994) and esophageal carcinomas (Tanaka et al., 2000), and have been shown to associate
with a number of receptor tyrosine kinases such as the EGFR, PDGFR and the insulin receptor
providing a possible mechanism as to how increased cav1 expression leads to tumor progression.

Despite extensive evidence on the role of cav1 in signal transduction, its effect upon Stat3
is still obscure. As mentioned earlier, our lab showed that cell-cell adhesion dramatically
increases Stat3 phosphorylation and activity. This activation was unique to Stat3 since known
pathways commonly activated alongside Stat3, such as the MAPK/ERK pathway, were not
activated by cell density (Vultur et al., 2004).
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To identify the kinase responsible for this Stat3 activation, various kinases such as Src,
Fyn, Yes, EGFR, Fer or IGF1-R that are known to activate Stat3 were individually inhibited via
pharmacological inhibition or genetic ablation. While Jak1 kinase inhibition downregulated Stat3
activity, we noticed that individual inhibition of the other kinases did not suppress the densitymediated Stat3 activation. A possible explanation for this finding could be that there is a
redundancy in the effect of the kinases on Stat3, and that multiple kinases must be inhibited at
once to downregulate the activity of Stat3. Since many of the signaling molecules known to
activate Stat3 (e.g. tyrosine kinase receptors and non-receptor kinases) reside in caveolae and are
inactivated by interaction with the CSD, the objective of our experiment was to determine if cav1
has a regulatory effect on Stat3 activity and see if cell density can mediate cav1 expression
especially at post-confluent levels. Since cav1 can serve as a multi-kinase inhibitor, we
hypothesize that cav1 would have a negative regulatory effect on Stat3 activity.
Recently, a study by Shah et al. (2002) demonstrated that the disruption of caveolae and
cav1 with the cholesterol chelating agent, methylcyclodextrin (MCD), prevented IL-6-induced
Stat3 signaling in the human hepatoma cell line, Hep3B, indicating that rather than having an
inhibitory role, cav1 is needed for IL-6 signaling to Stat3. Even though these cells were grown to
confluence, the effect of cell-cell adhesion upon Stat3 activity was not taken into account.
Our results reveal for the first time that cell density dramatically increases the levels of
cav1 at densities post-confluence. Also, downregulation of cav1 in Balb/c3T3, NIH 3T3 and
10T1/2 mouse fibroblasts using MCD, a cav1 antisense construct, or cav1 shRNA constructs
results in an increase in Stat3 activity. Furthermore, we examined the effect of cav1 upregulation
upon Stat3 activity by transfecting an EGFP-cav1 construct. The results revealed that cav1
overexpression reduces Stat3 activity and induces apoptosis, which can be overcome by
expression of a constitutively active form of Stat3. Finally, we downregulated the expression of
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total and phosphorylated Stat3 by infecting HeLa cells using a Stat3 siRNA adenoviral vector.
We show that Stat3 downregulation caused an increase in cav1 levels at all densities examined.
Based on these data, we propose that a negative regulatory relationship exists between cav1 and
Stat3 activity.
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Chapter 2
Materials and Methods
Cell Lines and Culture Techniques
Cells were grown in Dulbecco’s modification of Eagle’s medium (DMEM, Gibco, Cat.
#12800-082), supplemented with the fungicide amphotericin B (0.5µg/mL, Gibco, Cat. #04195780D) and antibiotics (gentamycin, 0.01g/mL, Bioworld, Cat. #1405-41-0, streptomycin
60µg/mL, Sigma, Cat. #S-6501, and penicillin G, 100µg/mL, Sigma, Cat. #P3032-25MU). The
normal mouse embryonic fibroblast cells 10T1/2, NIH DL+10, Balb/c3T3 and NIH 3T3 were
grown in this medium supplemented with 5% calf serum (PAA Laboratories Inc., Etobicoke,
Ontario). The Balb/c3T3 cells were derived from the embryo cells of the Balb mouse strain. This
line was established by a rigid “3T3” schedule where 3x105 cells were transferred every 3 days.
10T1/2 cells were derived from C3H mouse embryos. These cells were designated “10T1/2”
because in order to establish this line, the cells were transferred every 10 days and the medium
was changed every 5 days (one half of 10). Furthermore, 5x104 cells were plated in a T75 flask
(one half of 1x105, by analogy to the 3T3 protocol where 3x105 cells were plated). These two cell
lines were used because they are stable lines that are resistant to transformation after prolonged
periods in culture, and as such, they have been extensively employed to examine oncogene
function (Reznikoff, 1973).
The NIH 3T3 cells have been derived from a NIH Swiss mouse embryo and established in
the same manner as the Balb/c3T3 cells. These cells were used in our experiments because they
served as a positive control to the NIH 3T3 cells stably transfected with a cav1 antisense construct
(a gift from Dr. Ferruccio Galbiati, University of Pittsburgh) (Galbiati et al., 1998). The NIH
DL+10 cells are a subclone of the NIH 3T3 cells (a gift from Dr. Richard Jove, H. Lee Moffitt
Cancer Center and Research Institute), and they have been used extensively to examine the effect
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of density upon Stat3 activity (Vultur et al., 2004; Vultur et al., 2005). The nomenclature behind
the name of this line is not known. These cells were used to determine if the effects of cav1 and
Stat3 activity were similar/different throughout various mouse fibroblast cell lines.
The human cervical cancer cell line, HeLa, was taken from the patient named Henrietta
Lacks. Once these cells were established, they were grown in medium supplemented with 5% calf
serum. In these cells, the human papilloma virus early gene, E6, is expressed, which binds to and
downregulates the activity of the transcription factor p53, resulting in transcriptional
downregulation of the cav1 gene (Razani et al., 2000). We used this cell line for two reasons: 1)
As a human line, it can be infected very efficiently by an adenoviral vector expressing Stat3
siRNA to downregulate Stat3 activity. 2) In comparison to other human cancer cell lines, such as
the breast cancer cells MCF-7, HeLa cells express more cav1 protein at all confluences examined.
The murine retroviral packaging cell line, psi-2, expresses the gag (for nucleocapsid), pol
(reverse transcriptase and enzymes necessary for host integration), and env (envelope proteins)
genes. These genes are necessary for retrovirus production (previously described in Vultur et al.,
2005), and is why we used this cell line to generate the cav1 shRNA retroviral vectors. These cells
were also grown in medium supplemented with 5% calf serum. All cell lines were grown in 6cm
plastic dishes at 37°C in a 5% CO2 incubator. For cell passage, cells were treated with 0.02%
trypsin (Gibco, Cat. #15400) in order to disrupt cell attachment from the bottom of the dish and
disperse the cells. Cells were resuspended in complete medium and distributed into new plates.
The dishes were gently rocked to ensure an even spread of the cells.

Determining cell confluence
Cell confluence was estimated visually and quantitated by imaging analysis of live cells
under phase contrast (Figure 5) using a Leitz Diaplan microscope and the MCID-elite software
(Imaging Research, St. Catharine’s, Ontario).
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Figure 5: Examples of cell confluence and Western Analysis at different confluences
(A) NIH DL+10 mouse fibroblasts grown to (a) 50% confluence, (b) 70% confluence, (c) 100%
confluence, (d) 100%+2days post-confluence were photographed under phase contrast. Here,
confluence was visually estimated and compared to pictures of mouse fibroblasts (e.g. NIH
DL+10 and NIH 3T3), which were measured following the coomassie blue staining and imaging
analysis. (B) Protein extracts of NIH 3T3 cells grown to 50% confluence and 100%+2days postconfluence were resolved by gel electrophoresis and probed for phospho-Stat3 (top panel), total
Stat3 (middle panel), and Hsp90 (bottom panel) as a loading control (from Vultur et al., 2004).
The line between the two bands in each panel indicates that these bands are from the same blot.
Note the difference in pStat3 and total Stat3 expression at the difference confluences. Both
phospho-Stat3 and total Stat3 increase with density, however the increase in total Stat3 is not as
pronounced as the increase in phospho-Stat3. The reason for this is that density causes an increase
in pStat3 and its activity, and pStat3 is capable of activating its own promoter, resulting in the
increase in total Stat3. Similar results were seen in NIH DL+10 mouse fibroblast cells (data not
shown).
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Cell Lysis and Western Blotting Analysis
Cells were grown to different densities and both cytoplasmic and nuclear proteins were
extracted in Lysis Buffer: 50mM HEPES, pH 7.4, 150mM NaCl, 10mM EDTA, 10mM Na4P2O7,
100mM NaF, 2mM Na3VO4, 0.5mM PMSF, 10 mg/mL aprotinin, 10 mg/mL leupeptin and 1%
Triton X-100 (Raptis et al., 2000). In each assay, 30µg of clarified cell extract were resolved on a
12% polyacrylamide–SDS gel and transferred onto a nitrocellulose membrane (Bio-Rad) using
the Genie Blot transfer apparatus. The membranes were blocked with 5% non-fat milk for at least
1 hour followed by an overnight incubation in primary antibody. Immunodetection was
performed using antibodies against the phosphorylated tyrosine-705 (i.e. activated) form of Stat3
(Cell Signaling, Cat. #9131S) or the dually phosphorylated form of Erk1/2 (Biosource), followed
by alkaline phosphatase-conjugated goat-anti-rabbit secondary antibodies (Biosource, Cat.
#ALI4405). The bands were visualized using enhanced chemiluminescence (ECL), according to
the manufacturer’s instructions (Perkin-Elmer Life Sciences, Cat. #NEL602). In parallel
experiments, blots were probed with a mouse monoclonal antibody to total cav1 (BD
Transduction, Cat. #610406), followed by horse-radish-peroxidase (HRP) -linked secondary
antibody (Amhersham, Cat. #115-035-062). Bands were visualized by ECL according to the
manufacturer’s instructions (Amhersham, Cat. #RPN2109). Quantitation of the bands was
achieved by densitometric analysis using Corel Photopaint Version x4. As a control for protein
loading, membranes were stripped (to remove bound antibody) by washing the membrane in
stripping solution: 62.5mM Tris-HCl, pH 6.8, 2% sodium dodecyl sulfate (SDS), and 100mM
beta-mercaptoethanol, for 30 minutes at 50°C, and then blocked overnight with 5% non-fat milk.
The membrane was then re-probed with the mouse monoclonal anti-Hsp90 antibody (Stressgen,
Cat. #SPA-830) followed by a secondary antibody and ECL detection (Vultur et al., 2004). The
reason why heat shock protein 90 (Hsp90) was used as a loading control instead of total Stat3 is
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because active Stat3 increases with density and is capable of activating its own promoter
(Narimatsu et al., 2001). We did not probe for total Stat3 along with phosphorylated Stat3 in all
of our experiments (except for the infection with the siRNA Stat3 adenoviral vector) since we are
interested in whether or not cav1 can negatively regulate pStat3 activity.

Methylcyclodextrin Treatment
The cholesterol chelator, methylcyclodextrin (MCD), disrupts the cholesterol-rich caveolae
microdomains and causes the dissociation of its main resident and structural protein, cav1. MCD
has been used extensively before to disrupt caveolae and cav1 (Shah et al., 2002).
After a review of the literature, the average concentration of MCD used to disrupt caveolae
microdomains is 10mmol/L, and typically treatment for a ½ hour removed ~50% of the cellular
cholesterol (Pike, 2005). Balb/c3T3 mouse fibroblasts were either untreated or treated with
8.4mmol/L (1%) or 16.8mmol/L (2%) methylcyclodextrin (Sigma, Cat. #C-4555) dissolved in
serum-free medium and incubated for 1 hour (to remove >50% of the cellular cholesterol) in a
37°C incubator set at 5% CO2. Following this incubation period, the cells were lysed and protein
extracts were resolved by gel electrophoresis.

Plasmid constructs used
For the purposes of overexpressing cav1 in our murine cell lines, we received a plasmid
(pEGFP-C1) where the 537 basepair (bp) canine cav1 gene was cloned between the unique
restriction sites HindIII and BamH1 of the multiple cloning site (Figure 6) (gift from Dr. Ferruccio
Galbiati, University of Pittsburgh). The size of the plasmid including the cav1 insert (EGFP-cav1C1) is ~5.2 kb. Its origin of replication (ori) in bacterial cells is located at the pUC portion.
pEGFP-cav1-C1 expresses the enhanced green fluorescence protein (EGFP, 737bps), which cav1
serves as a fluorescent tag upstream from the cav1 sequence. Green fluorescence (and therefore
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Figure 6: Plasmid map of pEGFP-cav1-C1
The size of the EGFP-C1 plasmid is 4700bps. It expresses the enhanced green fluorescence
protein (EGFP, 737bps), where fluorescence is detected with an inverted microscope equipped
with a 488nm excitation filter (emission=509nm). The canine cav1 gene, which is 537bps long,
has been cloned into the multiple cloning site (1330-1417) between Hind III and BamH1 creating
a fusion protein between EGFP and cav1, where EGFP serves as a fluorescent tag upstream from
the cav1 sequence. This allows for easy detection of cells overexpressing cav1 following
transfection. The complete plasmid (EGFP-cav1-C1) is 5198bps long, where EGFP and cav1 are
under transcriptional control of the CMV promoter. The AUG for these genes is located at
basepairs 613-615. The plasmids origin of replication (ori) in bacterial cells is located at the pUC
portion. This plasmid confers bacterial resistance to kanamycin (25µg/mL, Sigma) and has the
mammalian selection marker G418. There are several restriction cuts sites throughout this
plasmid, however the pertinent ones for our experiments (see Results) are AseI (8), NheI (592)
and BamH1 (1390) (gift from Dr. Ferruccio Galbiati, University of Pittsburgh) (modified from
GenBank Accession #: U55763).
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expression) was detected with an inverted microscope equipped with the appropriate filter (488nm
excitation, emission=509nm). The expression of these genes in mammalian cells is under the
control of the cytomegalovirus (CMV) promoter. This plasmid confers bacterial resistance to
kanamycin (25µg/mL, Sigma), and has the mammalian selection marker G418. The reason we
used this plasmid in our experiments is because the EGFP served as an excellent marker for
simple detection of cells overexpressing cav1.
Initial attempts to overexpress cav1 in our murine cell lines with the EGFP-cav1-C1
plasmid by calcium phosphate (CaP) transfection (see below for CaP procedure) were very
inefficient (<10% expression). Therefore, we attempted to create a murine retroviral vector, since
viruses gain entry into the cell more easily and there is a greater efficiency in gene expression
(Coffin et al., 1997). To create this retroviral vector we used the pBabeHygro retroviral vector
(Figure 7) because it has proven to be an excellent vehicle for stably expressing a variety of genes,
as previously done in our lab (Cao et al., 2007; Vultur et al., 2005; Raptis et al., 1997). This
vector is 5558bps long and confers bacterial resistance to ampicillin (200µg/mL, Sigma) and
mammalian resistance to hygromycin (30µg/mL, Sigma). The plasmid contains the two long
terminal repeat (LTR) sequences (bps 12-497 and bps 2881-3432), which flank the genes of
interest (EGFP-cav1) and are necessary sequences for integration into the host’s genome.
Expression of the hygromycin resistance gene and EGFP-cav1 gene (when inserted, see Results)
is under the control of the Moloney murine leukemia virus (MoMLV) promoter. It contains a psi-2
packaging signal necessary for packaging the viral RNA genome into the capsid of the retrovirus.
There are several restriction enzyme sites throughout this plasmid, however in our experiments the
pertinent cut sites are BamH1 (1355), SalI (1397), EcoR1 (1379), and NdeI (2220).
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Figure 7: Plasmid map of the retroviral vector, pBabeHygro
This retroviral vector is 5558bps long and confers bacterial resistance to ampicillin and mammalian
resistance to hygromycin (30µg/mL). The plasmid contains 2 LTR sequences, which flank the genes of
interest (EGFP and cav1) and are necessary for integration into the genome. It also has the “psi plus
packaging” signal needed for packaging the viral RNA genome into the capsid of the retrovirus.
Expression of the hygromycin resistance and EGFP-cav1 (once inserted, see Results) genes are under
transcriptional control by the Moloney murine leukemia virus (MoMLV) promoter in mammalian cells.
There are several unique restriction cut sites throughout this plasmid, however the BamH1 (1355),
EcoR1 (1379), SalI (1397), and NdeI (2220) cut sites were pertinent in our research and necessary for
cloning in the EGFP-cav1 or CMV-EGFP-cav1 fragments, and testing for proper orientation following
ligation (see Results) (from Addgene #: 1765).
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The MSCV-IRES-GFP (MSCV-GFP) plasmid (a gift from Dr. Daniel Link, Washington
University School of Medicine) (Figure 8) was used as a negative control to cells transfected with
the EGFP-cav1-C1 plasmid. To create this plasmid, the IRES-GFP fragment was excised from
pCITE-IRES-GFP with EcoR1 and Sal1 and ligated into the parental retroviral vector MSCV 2.2
between the two LTR sequences creating a 6573bp long plasmid, which has bacterial resistance to
ampicillin (200µg/mL). The plasmid contains an internal ribosomal entry site (IRES), allowing
initiation of translation in the middle of an mRNA sequence to express the green fluorescence
protein (GFP). The expression of these genes in mammalian cells is under transcriptional control
of the murine stem cell virus (MSCV) promoter.
To increase Stat3 activity, we used the constitutively active form of Stat3, Stat3C, which
was cloned into the pRc/CMV-Neo plasmid (pRc/CMV-Stat3C-Flag, a gift from Dr. Jackie
Bromberg, Memorial Sloan-Kettering Cancer Center, New York). The Stat3C gene is tagged at its
3’ end with a Flag epitope, and the plasmid confers resistance to neomycin and ampicillin to
bacteria and G418 resistance (400µg/mL, Sigma) to mammalian cells. The total size of the
plasmid is 8.1 kb, and the expression of Stat3C is under the control of the CMV promoter (Figure
9).
To downregulate cav1 levels in the murine cells, we purchased two murine short hairpin
RNA (shRNA) cav1 retroviral vectors each 7210bps long (Open Biosystems, Cat. #SM2170-C-9
and SM2694-H-9). The plasmid, pSM2 shRNAmir cav1, expresses the cav1 shRNA gene within
the LTR sequences of the “ShagMagic” retroviral vector (pSM2) (Figure 10). The psi-2 packaging
signal is located within the LTR sequence. For simplicity, we named the two vectors pJohn
(SM2694-H-9) and pReva (SM2170-C-9). The sequence of the hairpin loop in pJohn is
5’TGCTGTTGACAGTGAGCGCGGTAATGTTCTTGCTGTAATATAGTGAAGCCACAGAT
GTATATTACAGCAAGAACATTACCTTGCCTACTGCCTCGGA, and in pReva,
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Figure 8: Map of the MSCV-IRES-GFP plasmid
The IRES-GFP gene was cloned into the MSCV 2.2 retroviral vector between the restriction sites
EcoR1 and Sal1. This vector, MSCV-IRES-GFP, was used as a negative control to cells
transfected with the EGFP-cav1-C1 plasmid. In mammalian cells, the expression of the GFP
protein is under control of the murine stem cell virus (MSCV) promoter. This plasmid expresses
an internal ribosomal entry site (IRES), which allows for initiation of translation in the middle of
an mRNA sequence. The IRES and GFP are flanked by 2 LTR sequences and the whole plasmid
is 6573bps long. This plasmid confers bacterial resistance to ampicillin (plasmid map modified
from Addgene, Plasmid 9044).
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Figure 9: Map of the pRc/CMV-Stat3C-Flag plasmid
This vector expresses the constitutively active form of Stat3, Stat3C, and was used to overexpress
Stat3 in our murine cells by transfection. The Stat3C gene is tagged at its 3’ end to the FLAG
epitope and cloned into the pRc/CMV-Neo plasmid (a gift from Dr. Jackie Bromberg, Memorial
Sloan-Kettering Cancer Center, New York). The plasmid, which is 8.1kb long, confers neomycin
and ampillicin resistance to bacteria and G418 resistance (400µg/mL, Sigma) to mammalian cells.
Expression of the Stat3C and FLAG genes are under transcriptional control of the CMV promoter
(plasmid map modified from Addgene, Plasmid #8709).
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Figure 10: Plasmid map of the pSM2 retroviral vector expressing the shRNAmir for cav1
Short hairpin RNA constructs for cav1 are expressed as human microRNA (mir) primary
transcripts. The “Shag Magic” (SM) retroviral vector is 7210bps long with the hairpin sequence,
which is located between the 5’LTR and the self-inactivating LTR (sinLTR) sequences. The genes
for the bacterial selection marker chloramphenicol and the mammalian selection marker
puromycin are also located within the two LTR sequences. This plasmid also codes for bacterial
resistance to kanamycin. In the 5’LTR sequence is the psi-2 packaging signal. Gene expression in
mammalian cells is under the control of the U6 promoter. The origin of transfer (OriT) is
necessary for transfer of bacterial plasmid DNA from the host bacteria to the recipient bacteria
during conjugation. Two plasmids were purchased, which had two different inserts targeting
different areas of cav1 (renamed pJohn and pReva, see Materials and Methods for sequences).
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5’TGCTGTTGACAGTGAGCGCCCATCAATTTGGAGACTATAATAGTGAAGCCACAGAT
GTATTATAGTCTCCAAATTGATGGTTGCCTACTGCCTCGGA (red letters = sense sequence,
green letters = loop sequence, and blue letters = antisense sequence). This plasmid confers
bacterial resistance to kanamycin (25µg/mL, Sigma) and chloramphenicol (25µg/mL, Sigma), and
has the mammalian selection marker puromycin (2µg/mL, Sigma). In mammalian cells, gene
expression is under the control of the U6 promoter, which has been used in several other
experiments and shown to be the most effective promoter for optimally driving precise initiation
and termination of shRNA gene transcription (Xia et al., 2003).

Preparing large amounts of plasmid DNA
To produce large amounts of these plasmids necessary for multiple transfections, the
bacterial stocks were grown in 5mL of Luria Broth (LB, 5g/L yeast extract, 10g/L bacto-tryptone,
and 10g/L NaCl in sterile water) and the appropriate concentration of antibiotics, in 125mL
flasks. These flasks were shaken in a 37°C incubator at 180rpm overnight. Following the
overnight incubation, the plasmid DNA was prepared by alkaline lysis using NaOH and sodium
dodecyl sulfate (SDS) as follows: The bacterial culture was spun for 5 minutes at 5000rpm in a
JA-20 Beckman centrifuge. The bacterial pellet was resuspended in Solution I (50mM D-glucose,
25mM Tris-HCl, 10mM EDTA, in distilled water). Solution II (1% SDS and 0.2M NaOH in
distilled water) was added slowly while gently stirring to lyse the bacterial cells and avoid
breakage of the DNA. Finally, Solution III (5M potassium acetate and 20% glacial acetic acid in
distilled water) was added creating a precipitate comprised of SDS, potassium, RNA, bacterial
DNA, proteins and bacterial cell wall complexes. The mixture was spun for 20 minutes at
5000rpm to remove the precipitated debris. The supernatant, containing the plasmid DNA was
filtered, and the pelleted precipitate discarded. The initial alcohol precipitation was done using
isopropanol. To remove any traces of SDS and proteins, the DNA was extracted using phenol38

chloroform-isoamylalcohol, then the DNA was extracted using chloroform:isoamlalcohol to
remove any traces of phenol. The DNA was treated with RNAse (1mg/mL, Sigma) to remove any
RNA, and then ethanol-precipitated 2-3 times to concentrate and purify the DNA as well as
remove any phenol traces.

Calcium Phosphate Transfection
To produce the cav1 shRNA retrovirus, the psi-2 packaging line was transfected with the
retroviral plasmid vectors pJohn and pReva using the technique of Chen and Okayama (1987)
with some modifications. Cells were grown in a 24 well plate to 50% confluence. For each well,
the DNA was prepared by dissolving a pellet of 3µg in 135µL sterile water and adding 15µL 2.5M
CaCl2· 6H2O. The precipitate was formed by adding 150µL 2xBES (N,N_-bis[2-hydroxyethyl]-2aminoethanesulfonic acid, Sigma, Cat. #B6266, 280mM NaCl, 1.5mM Na2HPO4 · 2H2O) and
incubated at room temperature for 30 – 45 seconds, when opalescence appeared. The suspension
was added to the cells followed by 4 hours of incubation at 37°C, 5% CO2. After the incubation
period and every day thereafter, fresh medium supplemented with 10% fetal-calf serum (HyClone,
Cat. #SH30396.03) was added. To yield a stable virus-producing line, the cells were selected with
2-5µg/mL puromycin. One clone was selected as the virus producing cell line, psi-2 cav1 shRNA
John 6b (see Results).

5’ Dephosphorylation of Restriction Digested DNA during cloning
Once the EGFP-cav1-C1 plasmid had been digested with the NheI restriction enzyme
(see Results), the 5’ phosphate (5’P) end of the NheI “sticky end” was removed to prevent religation of the plasmid with itself during the ligation step of the cloning procedure. Calf intestine
alkaline phosphatase (CIAP) was used to remove the 5’P according to the manufacturer’s
instructions (Promega Cat. #M1821). A total of 8.25µg of DNA was dephosphorylated using
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40µL of 10nM Tris-HCl, pH 8.0, 5µL CIAP 10x reaction buffer, and 5µL CIAP. This mixture
was incubated for 30 minutes at 37°C. Afterwards, 5µL of CIAP were added and the mixture was
incubated for another 30 minutes at 37°C to completely remove all phosphates from the 5’ end.

Gel Purification of EGFP-cav1 fragment
To purify the DNA fragment of interest (EGFP-cav1 or CMV-EGFP-cav1), which is to
be ligated (see DNA Ligation during cloning, below) into the pBabeHygro retrovial vector, the
fragment was run on a 1% agarose gel then gel-purified using a Qiagen Gel Purification Kit,
according to the manufacturer’s instructions (Qiagen Cat. #28704). The gel was stained lightly
with 0.01µg/mL of ethidium bromide then the fragment was analyzed under UV light. The DNA
fragment was then excised from the gel using a sharp scalpel and placed in a microcentrifuge
tube. Three volumes of the Qiagen Buffer were added to 1 volume of the gel. To dissolve the gel
in the mixture, the tube was placed in a 50°C water bath for 10 minutes, and the tube vortexed
every 2 minutes. One gel volume of isopropanol was added to the mixture. The mixture was then
transferred into a Qiagen Quick Spin Column, and centrifuged for 1 minute so that the DNA
fragment binds the column and the remaining contents (Qiagen Buffer and agarose) flow through
and are discarded. All centrifugation steps were done at 13000rpm in a table top microcentrifuge.
Another 500µL of Qiagen Buffer were added to the column and spun for another minute to
remove traces of agarose. Then 750µL of PE buffer were added to the column and spun for 1
minute. This step was repeated to thoroughly wash the DNA. Finally, the DNA was eluted by
adding 50µL of Qiagen Elution Buffer to the column and centrifuging for 1 minute.
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DNA Ligation
To ligate the linkers to the fragment or the fragment to the digested pBabeHygro
retroviral vector, we used Invitrogen’s T4 ligation kit according to the manufacturer’s instructions
(Invitrogen, Cat. #15224-041). A total of 0.1µg of DNA was prepared in three separate
microcentrifuge tubes at ratios of 1:2, 1:5, and 1:10 (backbone:linker), according to the
manufacturer’s protocol. To the DNA, 4µL of 5x reaction buffer and 0.2 units of the T4 DNA
ligase were added then incubated in a 16°C waterbath overnight.

Metafectene Transfection
To overexpress cav1, the pEGFP-cav1-C1 plasmid was transfected into our murine cells
using the Metafectene Pro Transfection Kit according to the manufacturer’s instructions (Biontex,
Germany). After initial trials to test the efficiency of transfection, the Metafectene Kit proved to
be a more effective method for overexpressing cav1 compared to the CaP method. The day before
transfection, NIH DL+10 and 10T1/2 fibroblasts were plated at various confluences in a 24-well
plastic plate. Briefly, 1µg of pEGFP-cav1-C1 plasmid was mixed with 7µL of the transfection
reagent in 60µL of antibiotic and serum-free medium, and incubated for 20 minutes at room
temperature to form DNA-lipid complexes. This mixture was added to the cell medium
supplemented with 5% calf serum, and placed in a 37°C incubator set at 5% CO2 overnight. As a
control, these cells were also transfected with the MSCV-GFP plasmid. After the overnight
incubation period, fresh medium supplemented with 10% fetal-calf serum was added. To
determine the efficiency of transfection, cell fluorescence was examined by fluorescence
microscopy (Olympus Inverted Microscope, Model IX50 with Fluorescence Attachment, Model
IX). For co-transfection with the Stat3C plasmid, 0.5µg of the Stat3C plasmid and 0.5µg of the
EGFP-cav1-C1 plasmid were incubated with 7µL of the transfection reagent.
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Infection with the cav1 shRNA retrovirus
For the purposes of downregulating cav1, 10T1/2 and NIH DL+10 mouse fibroblasts were
infected with the cav1 shRNA retrovirus, using medium from the psi-2 cav1 shRNA John 6b cells,
which secrete this virus. To neutralize negative charges, polybrene was added to a final
concentration of 8µg/mL and acidified with 1M HEPES (unbuffered) to a pH of ~6.0 determined
by the colour of the phenol red pH indicator present in the medium. To remove live cells and to
sterilize the preparation, the suspension was filtered through a 0.2µm filter and the filtrate was
pipetted onto the 10T1/2 and NIH DL+10 cells and incubated for 3 hours in a 37°C incubator set
at 10% CO2. After the incubation period, fresh medium supplemented with 10% fetal-calf serum
was added without removing the inoculum. To yield a stable cell line expressing the cav1 shRNA
construct, the cells were selected using 2-5µg/mL puromycin. A total of 34 clones were tested for
cav1 levels and two clones with low cav1, 10T1/2 cav1 shRNA 1a and 10T1/2 cav1 shRNA 2b,
were used in further experimentation.

Infection with the Stat3i adenovirus
Two adenoviral stocks were provided by Dr. Maria Castro (Gene Therapeutics Research
Institute at Cedars-Sinai, California), the first expressing a short interfering RNA (siRNA) for
Stat3 tagged to the EGFP gene, under transcriptional control of the CMV promoter
(Ad.CMV.EGFPStat3i). The second adenoviral vector contains a control scrambled sequence,
which does not downregulate Stat3, and is tagged to the EGFP and under transcriptional control
by the CMV promoter (Ad.CMV.EGFPStat3c). The structures and sequences inserted are
unpublished. To infect HeLa cells, the cesium chloride purified virus was diluted in 1mL DMEM
supplemented with 5% calf serum, and 0.5% polybrene, and 10µL of unbuffered HEPES to
multiplicity of infection (MOI) of 12 (or 12 pfu/cell). The infection medium was pipetted onto the
cells and incubated for 3 hours in a 37°C incubator set at 10% CO2. Following removal of the
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inoculum, and everyday thereafter, fresh medium supplemented with 10% fetal-calf serum was
added. Pictures of the cells were taken approximately 24-48 hours after infection under phase
contrast and fluorescence microscopy to show the efficiency of infection (see Results, Figure 23).
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Chapter 3
Results
Downregulation of cav1 increases Stat3-ptyr705 levels at all densities
Previous results by Galbiati et al. (1998) showed that cav1 downregulation with an
antisense RNA increased the activity of Erk1/2. Since Erk and Stat3 are often coordinately
regulated by growth factors and oncogenes, we decided to examine the effect of cav1
downregulation upon Stat3 activity. To this effect, we made use of the mouse fibroblast line, NIH
3T3, used before in our lab to examine the effect of density upon Stat3 activity (Vultur et al.,
2004), and the effect of the Simian Virus 40 Large Tumor antigen upon Stat3 (Vultur et al., 2005).
Also, to examine the generality of the phenomena observed, we also tested this effect in mouse
NIH DL+10, Balb/c3T3 and 10T1/2 fibroblasts, and in the psi-2 packaging line.
Cav1 activity was reduced using three approaches:
1. Methylcyclodextrin (MCD) treatment
2. Stable expression of a full length cav1 antisense
3. Cav1-specific, shRNA

1.

Cav1 downregulation using MCD
Mouse Balb/c3T3 fibroblasts were plated at three different confluences: 70%, 100% and

100%+2days post-confluence. In order to disrupt caveolae and cav1, cells were treated with 0%,
1% (8.4mmol/L) or 2% (16.8mmol/L) MCD for 1 hour, then cell extracts were prepared and
Western blots probed with an antibody specific for the tyr-705 phosphorylated form of Stat3
(Figure 11A), the dually phosphorylated, activated form of the Erk 1/2 kinase (Figure 11B), total
cav1 (Figure 11C), and the abundant heat shock protein (Hsp90) as a loading control (Figure
11D).
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Figure 11: Downregulation of cav1 using methylcyclodextrin increases Stat3 and Erk1/2
activity
Balb/c 3T3 mouse fibroblasts were grown to 3 confluences: 70%, 100%, and 100%+2days postconfluence. These cells were treated with 0%, 1% (8.4mmol/L) or 2% (16.8mmol/L) MCD for 1
hour, followed by cell lysis for protein extraction. The lysates were resolved by gel
electrophoresis and Western blots were probed for (A) ptyr-705 Stat3, (B) the dually
phosphorylated, activated form of the Erk1/2 kinase, (C) total cav1, and D) Hsp90, as a loading
control. Note that disruption of caveolae by MCD causes cav1 downregulation at all densities
examined, but the decrease in cav1 is more pronounced with 2% MCD (Panel C, lanes 3, 6 and 9).
At the same time, pErk levels increased with increasing MCD concentrations (Panel B, lanes 3, 6
and 9). Stat3-ptyr705 levels also increased with MCD treatment. However, at 70% confluence,
Stat3-ptyr705 levels were higher with 1% (8.4mmol/L), than with 2% (16.8mmol/L) MCD (Panel
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A, lane 2 vs. 3), while the reverse was seen at higher confluences (Panel A, lane 5 vs. 6 and lane 8
vs. 9), possibly due to the greater sensitivity of these cells to the MCD at lower confluences, as
evidenced by morphological observation. Note that the blot against pStat3 was exposed so as to
demonstrate the differences between MCD treatments and not the increase with cell density (Panel
A, lane 1 vs. 7). The data shown are representative of 3 experiments. Numbers to the left of the
blots refer to molecular weight markers.
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The results show that at all densities examined, MCD-treated cells express lower levels of cav1
compared to the untreated controls, and, the decrease in cav1 was increasing with increasing
concentrations of MCD (Figure 11C). These results are in agreement with Galbiati et al. (1998)
who demonstrated that downregulation of cav1 results in increased activity of the MAPK pathway
(Figure 11B). Stat3-ptyr705 levels also increased with MCD treatment. However, at 70%
confluence, Stat3-ptyr705 levels were higher with 1%, than with 2% MCD (Figure 11A, lane 2 vs.
3), while the reverse was seen at higher confluences (lane 5 vs. 6 and lane 8 vs. 9). The reasons for
this difference in the response of Erk as opposed to Stat3 are not clear, but they could be related to
the greater sensitivity of these cells to the MCD at lower confluences, as evidenced by
morphological observation, and this might affect pStat3 levels more than Erk.

2.

Stable expression of a full-length cav1 antisense
Downregulating cav1 by MCD treatment is quite crude as MCD chelates cholesterol, and

this could lead to the activation of many signaling pathways (Pike, 2005) that could have been
responsible for the observed activation of Stat3. Therefore, to show that cav1 downregulation was
responsible for the increase in Stat3 activity, more specific means of downregulating cav1 were
required. This was achieved, at first, by using an NIH 3T3 mouse fibroblast cell line expressing a
cav1, full-length antisense (a gift from Dr. Ferruccio Galbiati, University of Pittsburgh). The
expression of the antisense was maintained by selecting with the G418 selection marker
(350µg/mL). The cells were plated at different confluences ranging from 70% to 100%+3days
post-confluence, and lysates were prepared and resolved by SDS-PAGE. As shown in Figure 12,
expression of the antisense caused a reduction in cav1 levels. This downregulation corresponded
to a reciprocal increase in Stat3-ptyr705, which is in agreement with the MCD results.
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Figure 12: Downregulation of cav1 in cells harboring cav1 antisense positively regulates the
activity of Stat3
Lysates of NIH 3T3 cells expressing the cav1 antisense and the parental cell line (normal NIH
3T3) grown from 70% to 100%+3days post-confluence, as indicated, were prepared and resolved
by SDS-PAGE. Immunoblotting was performed using antibodies against (A) phospho-Stat3 and
(B) total cav1. Numbers under the lanes refer to band intensities obtained by densitometric
analysis (see Materials and Methods). In comparison to the parental line, the cav1 antisense
significantly decreased cav1 protein levels as determined by band intensity analysis (e.g. Panel B,
lane 1 vs. 7, lane 5 vs. 11, and lane 6 vs. 12). At the same time, Stat3 activity greatly increased as
determined by band intensity analysis (e.g. Panel A, lane 4 vs. 10 and lane 5 vs. 11). The positive
regulatory effect of the cav1 downregulation on Stat3 activity is more pronounced at higher
confluences. Note that in the parental line, pStat3 starts to decrease at 100%+3days postconfluence, whereas in the antisense line, Stat3 activity remains high (Panel A, lane 6 vs. 12). We
did probe for Hsp90 as a loading control and while the data showed equal loading, there was a
significant amount of background likely due to non-specific binding of the antibody (even after
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overnight blocking) preventing clear visualization of the Hsp90 bands. However, a protein
determination was carefully performed to ensure that there was equal loading between the
different samples. The line separating lane 6 and 7 of both panels is to indicate that these samples
are from different parts of the same blot. Numbers to the left of the blots refer to molecular weight
markers.
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3.

Cav1 specific, shRNA
A common method for silencing gene expression is by short RNA interference. To this

effect, we used two commercially available cav1 shRNA retroviral constructs (from Open
Biosystems, re-named pJohn and pReva, see Materials and Methods). Each bacterial preparation,
containing the construct, was streaked onto an LB agar plate containing the selection markers
kanamycin and chloramphenicol, and individual colonies were picked and grown in liquid LB
containing the same selective agents. Due to the presence of the long terminal repeat (LTR)
sequences, recombinant plasmids may form. To ensure that minimal amounts of recombinant
plasmids were generated, the bacteria were incubated for a maximum of 16 hours (as
recommended by the manufacturer), and a higher concentration of chloramphenicol (30µg/mL
instead of 25µg/mL) was used as this selection marker gene is within the two LTR regions where
the shRNA construct is located. Kanamycin was also added at a concentration of 25µg/mL (as
recommended by the manufacturer). The plasmid DNA was prepared by alkaline lysis using
NaOH and SDS (see Materials and Methods). To confirm that no recombinants were present,
DNA from 7 individual colonies (3 pReva and 4 pJohn) was resolved on a 1% agarose gel (Figure
13). No recombinants were detected under these conditions in any of the 7 preparations. For
transfection of the psi-2 packaging line, we used the DNA of pReva and pJohn from the colonies
shown in lanes 2 and 5, respectively.
In preparation for transfection, psi-2 cells were plated at 50% confluence in medium
supplemented with 5% calf serum. The following day, these cells were transfected with the pReva
and pJohn plasmids by the calcium phosphate method (see Materials and Methods). Following
transfection, the cells were selected for puromycin resistance and individual clones were picked
and grown to 90% confluence to test for (low) cav1 expression levels or to freeze in liquid
nitrogen. The reason the tested cells were grown to 90% confluence is because normal psi-2 cells
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Figure 13: Test for recombination associated with the pReva and pJohn cav1 shRNA
retroviral plasmids
Lanes 2-8 are 2µL samples of DNA from 7 individual colonies run undigested on a 1% agarose
gel. According to the manufacturer, it is very common to see this 7.2kb circular piece of DNA
above the 10kb marker. An explanation was not provided by the manufacturer, however it is
possible that this plasmid is prone to being nicked, and nicked DNA has been shown to migrate
slower than linear or supercoiled DNA (Bego, 2000). Notice that in all samples, the DNA is
located just above the 10kb marker, as indicated by the black arrow. In lanes 2-4, a band was
detected above the DNA band of interest. It is likely that this band represents residual bacterial
DNA. Since there were no bands detected near the 1.8kb region (red arrow), there are no
recombinant products present. The plasmid DNA from lanes 2 and 5 were used for further
experimentation. Lane 1 has 2µL of the 10kb DNA ladder where the numbers to the left of the
picture refer to the size of the bands.
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at this confluence express sufficiently high levels of cav1, allowing for clear identification of
cav1 downregulation in the transfected cells. Lysates of the transfected cells were resolved by gel
electrophoresis and compared against the parental psi-2 cell line as a positive control (Figure 14).
The line found to have the lowest cav1 levels (psi-2 cav1 shRNA John 6b) was chosen as the
cav1 shRNA retroviral packaging cell line. NIH DL+10 and 10T1/2 cells were infected with the
culture supernatant of the psi-2 cav1 shRNA John 6b cells and selected for puromycin resistance
(see Materials and Methods). Again, a number of clones were grown to 90% confluence and
tested for (low) cav1 levels by Western blotting (Figure 15). In Panel C, the clones in lanes 4 and
13 (10T½ cav1 shRNA 1a and 10T1/2 cav1 shRNA 2b, respectively) were used for further
experimentation.
To examine the effect of cav1 downregulation upon Stat3-ptyr705 levels, the same psi-2 cell
lysates (grown to 90% confluence) were probed for Stat3-ptyr705. The results revealed that low
cav1 expression correlates with high Stat3-ptyr705 levels (Figure 14A and B, lane 1 vs. 3). Since
Stat3 activity was previously shown to increase dramatically with cell density, we also examined
cav1 and Stat3-ptyr705 levels in psi-2 cav1 shRNA John 6b cells plated at different densities. A
similar analysis was undertaken for the 10T1/2 cav1 shRNA 1a and 2b cell lines, which were
infected with retrovirus, produced from the psi-2 cav1 shRNA John 6b packaging line. Cell
lysates were prepared from cells grown to 70%, 100%, and 100%+2days post-confluence. As
shown in Figure 16, there was a significant decrease in cav1 protein expression, with an increase
in Stat3 activity (lanes 1-3 vs. 4-6 and 7-9).
The above results taken together indicate that targeted downregulation of cav1 leads to an
increase in Stat3 activity. This Stat3 increase is much stronger than the increase previously shown
to be caused by serum addition (Vultur et al., 2004). At first glance, our results are at variance
with data by Shah et al. (2002) who showed that MCD inhibits the IL-6-mediated activation of
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Figure 14: Screening psi-2 packaging lines stably transfected with the pJohn and pReva
retroviral vectors for low cav1 levels
The clones and the positive control (normal psi-2 cells) were grown to 90% confluence, and
lysates were resolved by gel electrophoresis, and immunoblots were probed for the (A) total cav1,
(B) the phosphorylated tyrosine 705 form of Stat3, and (C) Hsp90, as a loading control. The clone
in lane 3 (psi-2 cav1 shRNA John 6b) was chosen for further experimentation, since it expressed
low levels of cav1 (Panel A, lane 1 vs. 3). At the same time, this decrease in cav1 corresponded
with an increase in pStat3 (Panel B, lane 1 vs. 3). The line between lane 1 and 2 indicates that
these samples are from different parts of the same blot. Numbers to the left of the blots refer to
molecular weight markers. (Data shown is of the transfection and western analysis done by Dr.
Mulu Geletu).
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Figure 15: Screening NIH DL+10 and 10T1/2 mouse fibroblasts for stable expression of the
cav1 shRNA construct at 90% confluence
(A and B) NIH DL+10 and (C) 10T1/2 mouse fibroblast cells were infected with the supernatant
of the psi-2 cav1 shRNA John 6b packaging line, which produces the retrovirus carrying the cav1
shRNA gene. These infected cells and the parental cell lines (NIH DL+10 and 10T1/2) were grown
to 90% confluence, and their lysates were resolved by gel electrophoresis, and immunoblots were
probed for total cav1. A band intensity analysis was done to determine which clones expressed the
lowest levels of cav1 in comparison to the parental line. The three clones in Panel B (lanes 4, 6,
and 10) were lost during the cell thawing process, and so clones from Panel C, lanes 4 (10T1/2
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cav1 shRNA 1a) and 13 (10T1/2 cav1 shRNA 2b) were chosen for further experimentation. These
blots were probed for Hsp90 as a loading control, but the bands were not clear because of high
background, which was likely due to non-specific binding (even after overnight blocking).
However, a protein determination had been carefully performed to ensure that there was equal
loading in all samples. The line between lane 5 and 6 of Panel A indicates that these samples are
from different parts of the same blot. Numbers to the left of the blots refer to molecular weight
markers.
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Figure 16: Downregulation of cav1 by stable expression of a cav1 shRNA construct in
10T1/2 cells upregulates Stat3-tyr705 phosphorylation at all densities examined
A retroviral cav1 shRNA vector was stably transfected into the psi-2 packaging line, via calcium
phosphate transfection, which expresses the gag, pol, and env genes necessary to make the
retrovirus. This virus was then used to infect 10T1/2 mouse fibroblasts and stably selected for
using puromycin as a selection marker (see Materials and Methods). Two selected clones, 10T1/2
cav1 shRNA 1a and 2b, and the parental 10T1/2 cell line were grown to different confluences:
70%, 100%, and 100%+2days post-confluence, and their lysates were resolved by SDS-PAGE.
Western immunoblots were probed for (A) total cav1, (B) ptyr-705 Stat3, and (C) Hsp90, as a
loading control. The cav1 shRNA construct effectively downregulated the levels of cav1 at all
densities examined, however the decrease in cav1 levels was most pronounced at high confluences
as confirmed by band intensity quantitation analysis (Panel A, lane 2 vs. 5 and 8, and lane 3 vs. 6
and 9). The downregulation of cav1 corresponded to an increase in pStat3. However, in Panel B,
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lane 4, pStat3 was slightly lower than the control (lane 1 vs. 4). A possible explanation for this is
there was a break in the SDS-polyacrylamide gel following protein migration on the Western
apparatus. There may have been some overlap between the two pieces of the gel during the
transfer (SDS-polyacrylamide gel to the nitrocellulose membrane) resulting in poor contact
between the gel and the membrane and therefore preventing all of the protein (of this lane) to
transfer over to the nitrocellulose membrane (can see the break in Panel B, lane 4). Regarding the
pStat3 blot (Panel B), there are two detectable bands; the top band represents pStat3α (our band of
interest) and pStat3β (dominant negative form and alternative splice variant). This could be
confirmed by stripping and re-probing (see Materials and Methods) the membrane with another
ptyr-705 Stat3 antibody (i.e. from another manufacturer). Note that these two bands are not clearly
detected in lane 4, likely because of the break in the gel. Numbers to the left of the blots refer to
molecular weight markers.
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Stat3. However, cell density was not taken into account in this work. In any event, it is still
possible that the two Stat3 activators, IL-6 and density (i.e. cadherin engagement) may be using
different mechanisms.

Examination of the effect of cav1 upregulation upon Stat3-tyr705 phosphorylation
To further explore the role of cav1 in Stat3 regulation, we transiently overexpressed cav1
using the EGFP-cav1-C1 plasmid (see Materials and Methods, Figure 6) into NIH DL+10 and
10T1/2 cells. The use of calcium phosphate (see Materials and Methods) and lipofectamine
transfection protocols did not yield a good efficiency (<10%) as determined by fluorescence
microscopy. Still, it was possible to see that the fluorescing cells, which overexpress cav1, died a
few days after transfection, while the control cells, transfected with the MSCV-GFP plasmid
alone, remained viable for at least a week.
To improve the efficiency of cav1 overexpression, we attempted to create a retroviral vector
by cloning the EGFP-cav1 fragment of the EGFP-cav1-C1 plasmid into the pBabeHygro retroviral
vector (see Materials and Methods, Figure 7), where gene expression is under the control of the
MoMLV promoter. To do this, we cut the EGFP-cav1-C1 plasmid using the restriction enzyme
NheI. The AUG for EGFP-cav1 is positioned at basepairs (bps) 613-615, 21 nucleotides
downstream from the NheI (592) cut site (Figure 17A). Following the restriction enzyme digest,
the 5’ phosphorylated ends were dephosphorylated using Promega, calf intestinal alkaline
phosphatase (CIAP) according to the manufacturer’s instructions (see Materials and Methods).
The 5’ dephosphorylated NheI “sticky end” was converted to a BamH1 “sticky end” using doublestranded DNA oligonucleotide linkers (5’ CTAGGGATCC) (the underlined letters represent the
restriction cut site for BamH1). The linker and digested DNA (backbone) were ligated together
using Invitrogen, T4 Ligation Kit at pmol ratios of 1:2, 1:5, and 1:10 (backbone:linker, as
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Figure 17: Cloning the EGFP-cav1 fragment into the retroviral vector pBabeHygro
(A) The EGFP-cav1-C1 plasmid was digested with the NheI restriction enzyme, which cut the
plasmid at the NheI restriction enzyme cut site indicated by the red arrow. The 5’P ends were
removed using Promega, calf intestinal alkaline phosphatase (CIAP). The dephosphorylated NheI
“sticky ends” were converted to a BamH1 “sticky end” by ligating double-stranded DNA
oligonucleotide linkers (with 5’P ends, 5’ CTAGGGATCC, the underlined letters represent the
restriction cut site for BamH1), to the NheI “sticky end”. The DNA (EGFP-cav1-C1 plus linkers)
was digested with BamH1 to excise the EGFP-cav1 fragment flanked by 5’P, BamH1 “sticky
ends”. The green arrow points to the BamH1 cut site located downstream of the cav1 gene. (B)
The pBabeHygro retroviral vector (see Figure 7 for detailed map) was digested with the BamH1
restriction enzyme (as indicated by the green arrow), then dephosphorylated using CIAP to
prevent re-ligation of the plasmid with itself during the ligation step. (C) The EGFP-cav1
fragment (with BamH1 sticky ends) was then ligated to the BamH1 digested, 5’ dephosphorylated
pBabeHygro retroviral vector using the Invitrogen ligation kit at pico-molar ratios of 1:2, 1:5,
1:10, and 1:15 (backbone: fragment). The final product was the 6.8 kb pBabeHygro EGFP-cav1
retroviral vector.
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recommended by the manufacturer), then incubated in a 16°C waterbath overnight according to
the manufacturer’s instructions (see Materials and Methods). Following the ligation step, this
DNA was digested with BamH1 to cut out the EGFP-cav1 fragment and to cut the linker to create
BamH1 “sticky ends”. The digested fragment was then purified from a 1% agarose gel according
to the manufacturer’s instructions (see Materials and Methods). The pBabeHygro retroviral vector
was also digested with BamH1 to create compatible ends with the purified EGFP-cav1 fragment
(Figure 17B). Furthermore, we dephosphorylated the 5’ overhangs of the digested pBabeHygro
vector with calf intestine alkaline phosphatase (CIAP) to discourage re-ligation of the vector
during the ligation step. Following the dephosphorylation step, the linearized pBabeHygro
(backbone) was ligated to the EGFP-cav1 fragment (Figure 17C). The ligation ratios used were
1:2, 1:5, 1:10, and 1:15 (backbone: fragment, as recommended by the manufacturer). We
confirmed the proper orientation of the fragment into the retroviral vector (pBabeHygro EGFPcav1) by digesting the plasmid with the restriction enzyme NdeI and running it on a 1% agarose
gel. Proper orientation is indicated by the presence of a 5.6kb band and a 1.2 kb band (Figure 18).
Repeated attempts to transfect this plasmid into psi-2 cells by CaP transfection did not yield any
fluorescencing cells. Since we did get strong expression with the EGFP-cav1-C1 plasmid, i.e.
under control of the CMV promoter, a possible explanation for the inability of the pBabeHygro
vector to express cav1 might be that the MoMLV promoter is not as strong as the CMV promoter.
To improve expression efficiency, we next cloned the whole fragment, CMV-EGFP-cav1
into the pBabeHygro retroviral vector (Figure 19). This time PCR primers were designed, with
SalI and EcoR1 restriction cut sites at the end, to amplify the CMV-EGFP-cav1 fragment.
Following PCR amplification, the fragment and retroviral vector were digested with the restriction
enzymes SalI and EcoR1. The fragment and vector were ligated at molar ratios of 1:2, 1:5, 1:10,
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Figure 18: Digestion of the pBabeHygro EGFP-cav1-C1 retroviral vector with NdeI to
confirm proper orientation of the EGFP-cav1 fragment following ligation
Samples from ligation mixtures 1:5 and 1:10 were digested with the restriction enzyme NdeI and
2µL of the digested and undigested sample were run on a 1% agarose gel. The pBabeHygro
EGFP-cav1 vector is approximately 6.8kb. The uncut plasmid (lanes 2 and 4) migrates to ~4.0kb,
while the digested fragments (Lane 3 and 5) migrate to ~5.6kb (pBabeHygro backbone) and ~1.2
kb (EGFP-cav1, as indicated by the arrow). The presence of a 5.6kb band and a 1.2 kb band
following digestion with the NdeI restriction enzyme, demonstrates that the fragment ligated into
the retroviral vector in the proper orientation, and was used in further experimentation. Lane 1 has
1µL of the 10kb DNA ladder where the numbers to the left of the picture refer to the size of the
bands.
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Figure 19: Cloning the CMV-EGFP-cav1 fragment into the retroviral vector pBabeHygro
(A) The pBabeHygro retroviral vector was digested with the restriction enzymes EcoR1 (as
indicated by the blue arrow) and SalI (as indicated by the purple arrow). The fragment that was
excised due to this digestion was 18bp long. (B) PCR primers, designed with SalI and EcoR1
restriction sites at the end, were used to amplify the 1.8kb CMV-EGFP-cav1 fragment. The red
arrow indicates where the forward primer annealed to the DNA (the AseI cut site), and the black
arrow indicates where the reverse primer annealed to the DNA (the BamH1 cut site). Following
PCR amplification, the fragment was digested with the restriction enzymes SalI and EcoR1. (C)
The fragment and digested pBabeHygro retroviral vector were ligated together using the
Invitrogen ligation kit at pico-molar ratios of 1:2, 1:5, 1:10, and 1:15 (backbone: fragment). The
final product was the 7.4kb pBabeHygro CMV-EGFP-cav1 retroviral vector.
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and 1:15 (backbone: fragment, as recommended by the manufacturer), to yield the pBabeHygro
CMV-EGFP-cav1 plasmid. To confirm that no mistakes were made during PCR amplification, the
vector was sequenced and subsequently transfected into psi-2 cells by CaP transfection. Since
there were a few fluorescing cells, we selected for these cells using hygromycin (30µg/mL).
However, shortly after treatment with this antibiotic, these cells died. We thought that cell death
may have been mediated by cav1 expression, therefore to improve the survival of the psi-2 cells,
we overexpressed Stat3 in these cells by co-transfecting them with the Stat3C plasmid (see
Materials and Methods, Figure 9). To select for Stat3C and EGFP-cav1 expression, we used
200µg/mL of G418 and 30µg/mL of hygromycin, respectively. Since both G418 and hygromycin
are aminoglycosidic antibiotics, we lowered the concentration of G418 (compare to Materials and
Methods, pg. 34, 400µg/mL) to prevent lethal effects to the cells. While these cells survived
longer, they eventually died following antibiotic selection.

Cav1 upregulation decreases Stat3 activity
To achieve a high expression of cav1, we resorted to more efficient transfection reagents.
In fact, Metafectene (Biontex, Germany) gave satisfactory transfection efficiencies with the
original EGFP-cav1-C1 plasmid (>55%) and low cytotoxicity, therefore it was used in further
experimentation.
NIH DL+10 mouse fibroblasts were plated at 70%, 90% and 100% confluence, and
transfected with the EGFP-cav1-C1 plasmid. Approximately 36 hours after transfection, the cells
were lysed and the protein extracts resolved by gel electrophoresis. The data are shown in Figure
20. The confluence at the time of extraction was 75%, 100% and 100%+1 day post-confluence for
both transfected and control untransfected cells, as estimated by microscopic observation. The
transfected cells overexpress cav1 as determined by the presence of the EGFP-cav1 band (Panel
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Figure 20: Overexpression of cav1 downregulates Stat3 activity
NIH DL+10 cells were transfected at 70%, 90% and 100% confluence with the EGFP-cav1-C1
plasmid using Metafectene transfection protocols. Lysates were prepared 36 hours after the
transfection and resolved by SDS-PAGE. The Western blots were probed for (A) the
phosphorylated 705 form of Stat3 and (B) total cav1. The presence of the EGFP-cav1 band (at
46kDa) indicates that these cell overexpress cav1 (Panel B, lanes 4-6). This overexpression of
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cav1 corresponded to a decrease in Stat3 activity (Panel A, lanes 4-6 vs. 1-3). The bands at the
bottom of Panel B represent endogenously expressed cav1. In lane 5, there is significantly less
cav1 expression compared to the control NIH DL+10 cells (lane 1). A likely explanation for this is
sometimes cav1 protein bands are detected around 66kDa or higher because cav1 remained in an
oligomerized form (Sargiacomo et al., 1995). The blot was probed for Hsp90 as a loading control,
but the bands were not clearly identified because of a high degree of background, which was
likely due to non-specific binding (even after overnight blocking). Therefore, we probed for
another loading control, alpha-tubulin, to confirm that pStat3 downregulation was not due to
protein degradation caused by the transfection procedure. While probing with alpha-tubulin
confirmed equal loading and no protein degradation, the data were not shown for the same reasons
we did not show the Hsp90 results. Numbers to the left of the panels refer to molecular weight
markers.

66

B, lanes 4-6). The overexpression of cav1 corresponded with a significant decrease in pStat3
(Panel A, lanes 4-6 vs. 1-3). Even though this experiment was performed once, these initial
results demonstrate that cav1 overexpression leads to a reduction in Stat3-tyr705 phosphorylation.

Cav1 overexpression induces apoptosis
Previously, Galbiati et al. (2001) showed that cav1 promotes cell cycle arrest through a
p53/p21 dependent pathway and does not increase basal levels of caspase-3 activity, which is
positively associated with apoptosis. However, induction of apoptosis by treatment with the
antibiotic staurosporine, demonstrated that cells overexpressing cav1 increased caspase-3 activity
compared to the normal cells, indicating that the cav1 expressing cells were sensitized to
apoptosis. To examine whether cav1 overexpression can also cause apoptosis, we transiently
transfected NIH DL+10 and 10T1/2 cells with the EGFP-cav1-C1 plasmid and the MSCV-GFP
control plasmid using Metafectene. Following transfection and everyday thereafter, fresh medium
supplemented with 10% fetal-calf serum was added to the cells. Pictures of the cells were taken 96
hours after transfection under phase contrast and fluorescence illumination. The morphology of
the cells overexpressing cav1 demonstrates apoptotic cell death because characteristics such as
blebbing, nuclear fragmentation, pyknosis (nucleus collapse into a dense structure), and cell
shrinkage were observed (Figure 21A and B). Cells transfected with the control plasmid, MSCVGFP, did not display any of the morphological characteristics indicative of apoptosis for up to 2
weeks after transfection (Figure 21C).

Stat3 prevents cav1-mediated apoptosis
In attempting to overexpress cav1 we demonstrated that co-transfecting psi-2 cells with the
Stat3C plasmid allowed the cells to survive longer. Several studies have shown that Stat3 is
responsible for transcribing anti-apoptotic genes such as Bcl-XL and Mcl-1 that promote cell
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Figure 21: Overexpression of cav1 in NIH DL+10 and 10T1/2 cells causes characteristic
apoptotic morphology
(A) NIH DL+10 and (B) 10T1/2 cells were plated at 60% confluence to allow for optimal
transfection efficiency. The cells were transfected with the EGFP-cav1-C1 plasmid using
Metafectene (see Materials and Methods). Approximately 96 hours after transfection, pictures of
the cells were taken under phase contrast and fluorescence microscopy. This experiment was
performed several times. Microscope observation revealed a change in morphology at ~72 hours
after transfection. The pictures were taken at 96 hours, when the morphology change was most
pronounced, and before the cells detached from the plastic dish. The morphology of the cells
overexpressing cav1 (as indicated by green fluorescence) demonstrates characteristics of
apoptosis such as blebbing (yellow arrows), nuclear fragmentation (blue arrows), pyknosis
(nucleus collapse into a dense structure, red arrows), and cell shrinkage (purple arrows). To
characterize these morphologies, the pictures of these cells were compared against pictures of
previously characterized apoptotic cells (Weinberg, 2001). (C) As a control, 10T1/2 cells were
transfected with pMSCV-GFP plasmid. Note that these cells, 96 hours after transfection, did not
display any of the morphological characteristics indicative of apoptosis.
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survival (Catlett-Falcone, R., 1999; Epling-Burnette et al., 2001; Altieri, 2008). Since Stat3
promotes cell survival, we were interested in whether or not Stat3 could rescue cells from cav1mediated apoptosis. Therefore, we co-transfected NIH DL+10 mouse fibroblasts with the EGFPcav1-C1 and Stat3C plasmids using Metafectene. To ensure that the cells were expressing the
Stat3C plasmid, cells were selected using G418 (400µg/mL). The medium of these cells was
changed daily, and the morphology of these cells was observed over the course of 2 weeks (after
transfection). Pictures of these cells were taken approximately 96 hours after transfection (Figure
22). Although this experiment was performed once, these initial observations show that the cells
remained viable even after 96 hours, demonstrating that Stat3C may rescue cells from cav1mediated apoptosis.

Stat3 downregulation upregulates cav1 expression
Results by Razani et al. (2000) demonstrated that p53 positively regulates cav1
transcription. Since upregulation of cav1 downregulates Stat3 activity (Figure 20), and Stat3 is
known to bind to and downregulate the p53 promoter (Niu et al., 2005), we examined whether
Stat3 downregulation could upregulate cav1. To this effect we made use of two Adenoviral
vectors, one expressing siRNA for Stat3 tagged to EGFP (Ad-Stat3i), and the other, a control
scrambled sequence of the Stat3 siRNA tagged to EGFP (Ad-Stat3c, both gifts from gifts from Dr.
Maria Castro, Gene Therapeutics Research Institute at Cedars-Sinai, California). Since these
vectors are more effective at infecting human cells, we made use of the HeLa cell line, shown in
our lab to express substantial Stat3-ptyr705 levels, which increase with cell density (unpublished
data). In initial experiments to determine the efficiency of infection, HeLa cells were
photographed under fluorescence illumination to determine the efficiency of EGFP expression. As
shown in Figure 23, infection at 12 pfu/cell achieved a uniform infection of essentially 100% of
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Figure 22: Co-transfection of the Stat3C plasmid with the EGFP-cav1-C1 plasmid, rescues
cells from cav1-mediated apoptosis
NIH DL+10 fibroblasts were plated at 60% confluence (for optimal transfection efficiency)
before co-transfecting the cells with the EGFP-cav1-C1 and Stat3C plasmids. After transfection,
to ensure that the cells were expressing the Stat3C plasmid, we observed the fluorescing cells
following selection with G418 (400µg/mL). The medium of these cells was changed daily with
10% fetal-calf serum. Approximately 96 hours after transfection, pictures of the cells were taken
under phase contrast and fluorescence microscopes. This experiment was performed once and
these initial observations show that the cells remained viable even after 96 hours, demonstrating
that it is possible Stat3 can rescue cells from cav1-mediated apoptosis.

71

Figure 23: HeLa cells infected with adenovirus Ad.CMV.EGFPStat3i carrying a Stat3
siRNA construct
HeLa cells were infected at 12pfu/cell with the adenovirus carrying the genes for Stat3 siRNA
tagged to EGFP. Pictures were taken 24 hours after infection. Note the efficient infection as
shown by EGFP expression of essentially 100% of the cells. (Magnification: 170x)
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the cells. The controlled scrambled vector displayed a similar efficiency (data not shown). To
examine the effect of Stat3 downregulation upon cav1 levels, HeLa cells were grown to different
confluences ranging from 50% to 100%, infected with the Ad-Stat3i vector and harvested 48 or 72
hours after infection. Cell lysates were probed for Stat3-ptyr705, total Stat3, total cav1 and Hsp90,
as a loading control. As shown in Figure 24, there is an increase in Stat3-ptyr705 with cell density
(Panel B, lanes 1 and 3, and lanes 5, 7 and 9), while infection with Ad-Stat3i caused a substantial
decrease in both total (Panel A, lanes 1, 3, 5, 7 and 9 vs. 2, 4, 6, 8 and 10, respectively) and
phospho-Stat3 (Panel B, lanes 1, 3, 5, 7 and 9 vs. 2, 4, 6, 8 and 10, respectively). At the same
time, cav1 levels significantly increased at all densities examined (Panel C, lanes 1, 3, 5, 7 and 9
vs. 2, 4, 6, 8 and 10, respectively).
HeLa cells were plated to different confluences ranging from 60% to 100%+2days postconfluence, and infected with the Ad-Stat3i or the control Ad-Stat3c vectors. Cells were harvested
36 hrs later and cell lysates probed for Stat3-ptyr705 and total cav1. As shown in Figure 25, there
is an increase in Stat3-ptyr705 with cell density (Panel A, lanes 1, 4, 7, 10 and 13), while infection
with Ad-Stat3i caused a substantial decrease (Panel A, lanes 3, 6, 9, 12 and 15 vs. 1, 4, 7, 10 and
13, respectively). At the same time, HeLa cells infected with Ad-Stat3i displayed a dramatic
increase in cav1 levels (Panel B, lanes 3, 6, 9, 12 and 15 vs. 1, 4, 7, 10 and 13, respectively).
Interestingly, HeLa cells infected with the control vector, Ad-Stat3c, showed an increase in cav1
levels (Panel B, lanes 2, 5, 8, 11 and 14 vs. 1, 4, 7, 10 and 13, respectively), which was most
pronounced at lower confluences (Panel B, lane 2 vs.1). Furthermore, an increase in pStat3 levels
was seen at 100% confluence and higher (Panel A, lane 8, 11 and 14 vs. 7, 10 and 13). A possible
explanation for this is the adenoviral vector itself could be affecting pStat3 and total cav1 protein
expression. Since these data demonstrate that cav1 levels increase when Stat3 activity is
downregulated, this suggests that Stat3 could negatively regulate cav1 expression.
73

Figure 24: Transient downregulation of Stat3 using an adenovirus vector carrying Stat3
siRNA, positively regulates cav1 levels
HeLa cells were infected with the Stat3 siRNA adenoviral construct at confluences ranging from
50% to 100% confluence. Cell lysates were prepared 48 and 72 hours after infection and the
Western blots were probed for (A) total Stat3, (B) phospho-Stat3, (C) total cav1, and (D) Hsp90,
as a loading control. Both pStat3 (Panel B, lanes 2, 4, 6, 8 and 10 vs. 1, 3, 5, 7, and 9) and total
Stat3 (Panel A, lanes 2, 4, 6, 8 and 10 vs. 1, 3, 5, 7, and 9) were effectively downregulated by the
Stat3 siRNA construct at all densities examined. At the same time, cells infected with the AdStat3i vector demonstrated a significant increase in cav1 levels (Panel C, lanes 2, 4, 6, 8 and 10
vs. 1, 3, 5, 7, and 9). The numbers to the left of the panels refer to molecular weight markers.
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Figure 25: Transient downregulation of phospho-Stat3 using adenovirus vectors carrying
Stat3 siRNA compared to a controlled scrambled version of the Stat3 siRNA vector,
positively regulates cav1 levels
HeLa cells were plated at confluences ranging from 60% to 100%+2days post-confluence. HeLa
cells were infected with adenoviral constructs coding for a Stat3 siRNA (Adenovirus Stat3i) and a
controlled vector coding for a scrambled version of the Stat3 siRNA gene (Adenovirus Stat3c).
Cell lysates were prepared approximately 36 hours after infection and the Western blots were
probed for (A) phospho-Stat3 and (B) total cav1. The Stat3i adenovirus vector effectively
downregulated pStat3 at all densities examined (Panel A, lanes 3, 6, 9, 12 and 15 vs. 1, 4, 7, 10
and 13). This decrease in pStat3 corresponded to a significant increase in cav1 expression (Panel
B, lanes 3, 6, 9, 12 and 15 vs. 1, 4, 7, 10 and 13). Interestingly, HeLa cells infected with the
control vector, Ad-Stat3c, showed an increase in cav1 levels (Panel B, lanes 2, 5, 8, 11 and 14),
which was most pronounced at lower confluences (Panel B, lane 2 vs.1). In addition, an increase
in pStat3 levels was seen at 100% confluence and higher (Panel A, lane 8, 11 and 14). A possible
explanation for this is the adenoviral vector itself could be affecting pStat3 and total cav1 protein
expression. These blots were probed for Hsp90 as a loading control, but the bands were not clear
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because of high background, which was likely due to non-specific binding (even after overnight
blocking). However, a protein determination had been carefully performed to ensure that there
was equal loading in all samples. The numbers to the left of the panels refer to molecular weight
markers.
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Density causes a dramatic increase in cav1 levels
It was previously shown by Galbiati et al. (1998) that cell density can increase cav1
levels. However, the levels of cav1 at confluences beyond 100% were not examined. Since our lab
showed that Stat3-ptyr705 levels increase with cell density and peaks at 1-2 days post-confluence
(Vultur et al., 2004), we examined cav1 levels as a function of density. Mouse NIH DL+10
fibroblasts were plated on 6cm plastic dishes at different confluences ranging from 50% to
100%+11days post-confluence. Cell extracts were prepared and Western blots probed with an
antibody specific for the tyr-705 phosphorylated form of Stat3, or for total cav1. As shown in
Figure 26, there was a dramatic increase in cav1 protein expression, as well as active Stat3, with
cell density. Furthermore, cav1 expression continues to increase post-confluence and peaks at
100%+4days post-confluence, while Stat3 activity peaks at 100%+5days post-confluence,
according to band intensity quantitation analysis. As a loading control, the blot was probed for
Hsp90 (Figure 27C). Several other cell lines such as the NIH 3T3, Balb/c 3T3, and 10T1/2 mouse
fibroblasts, the HeLa cervical cancer cell line, the psi-2 and Phoenix packaging lines, were tested
to try and determine precisely where cav1 levels peak with respect to Stat3 activity mediated by
cell-cell adhesion (data not shown). The results showed that the peak of cav1 levels varied
between cell lines and that it occurred before or after the peak of Stat3 activity. This demonstrates
that the relationship between cav1 and phospho-Stat3 levels is complex and dependent upon other
factors as well.
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Figure 26: Cell density upregulates total cav1 and Stat3 activity
Lysates from NIH DL+10 mouse fibroblasts were grown to different densities ranging from 50%
to 100%+11days post-confluence and resolved by gel electrophoresis. A Western blot analysis
shows that (A) phosphorylated Stat3 and (B) total cav1 increase with cell density and peak at
densities post-confluence. Regarding Stat3, peak activity as determined by band intensity
quantitation analysis is seen at 100%+5days post-confluence (Panel A, lane 8), whereas cav1
levels peak at 100%+4days post-confluence (Panel B, lane 7). Hsp90 was used as a loading
control (C). Numbers to the left of the blots refer to molecular weight markers.
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Chapter 4
Discussion
The activity of Stat3 has been shown to enhance tumor progression, while a constitutively
active form of Stat3 alone is capable of inducing neoplastic transformation (Bromberg et al.,
1999). Overactivation of Stat3 is found in several forms of human cancer and has even been
suggested as a marker of tumor progression in ovarian cancer and melanoma (Rosen et al., 2006;
Zhuang et al., 2007). In normal cells, Stat3 is activated by receptor and non-receptor tyrosine
kinases, and its activity is tightly regulated. However, in cancer cells mutations to these kinases or
their ligands cause an unregulated increase in Stat3 activity. Our lab discovered that Stat3 could
also be activated through homophilic interactions of cadherin mediated by cell-to-cell adhesion,
e.g. through cell density (Arulanandam et al., unpublished; Vultur et al., 2004). The cadherin
engagement causes a dramatic increase in the Rho GTPases Rac1 and cdc42, and this leads to the
activation of Stat3. To determine which kinase is responsible for activating Stat3 following cell to
cell adhesion, several likely targets such as Src, Fyn, Yes, EGFR, Fer, IGF1-R, or JAK were
inhibited by pharmacological inhibition or genetic ablation. Inhibition of each kinase individually
did not abolish Stat3 activity, although inhibition of the Jak1 kinase reduced the activation of
Stat3 mediated by cell density, indicating the possibility of a redundancy in the effect of the
kinases on Stat3. It is also possible that Stat3 phosphorylation is carried out by another kinase, or
due to phosphatase activity inhibition or inhibition of any other Stat3 inhibitor. However, as many
of the signaling molecules known to activate Stat3 (e.g. tyrosine kinase receptors and non-receptor
kinases) reside in caveolae and are inactivated by interaction with the caveolin scaffolding domain
(CSD) of cav1; we decided to examine the role of cav1 upon Stat3 activity. In fact, cav1 has been
shown to negatively regulate the MAPK pathway, which is often activated alongside Stat3,
possibly by binding the caveolin binding motif (CBM) of the Erk kinase (Galbiati et al., 1998).
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Since the function of the CSD has been shown to negatively regulate several signal
transduction pathways and inhibit growth activity by acting as a multi-kinase inhibitor (Williams
and Lisanti, 2005), we were interested in whether or not cav1 had a negative regulatory effect on
Stat3 activity. Furthermore, we were interested in the effect of cell density on cav1 and how it
related to the increase in Stat3 activity mediated by cell density.

Effect of cav1 upon Stat3
Previous results showed that disruption of caveolae and cav1 with the cholesterol chelator
methylcyclodextrin (MCD) in Hep3B cells reduced the activation of Stat3 by interleukin-6 (IL-6)
and interferon-γ (IFN- γ) (Shah et al., 2002), suggesting that the activation of Stat3 by these
cytokines depends on caveolae as well as cav1 for signal propagation. This work was conducted
using confluent cultures, where Stat3 activity is very high and has been shown to increase in the
presence of cytokine stimulation (Vultur et al., 2004). Given that cav1 has been shown to act like
a suppressor of cytokine signaling (SOCS) protein, that is, it binds to and inhibits JAK kinases
(Jasmin et al., 2006), and is demonstrated as a negative regulator of several kinases and growth
factor receptors through binding to the CSD domain (Li et al., 1996; Lisanti et al., 1994b), these
results were unexpected. However, this study was based on inhibition of cav1 following MCD
treatment. MCD is not specific to caveolae or cav1 as it chelates cholesterol possibly activating
other signaling pathways (Pike, 2005), which might be responsible for the inhibition of IL-6mediated activation of Stat3. Therefore, to examine the effect of cav1 upon pStat3, we assessed
Stat3-tyr705 phosphorylation at different densities, before and after inhibition of cav1 function
using three different approaches: 1) Treatment with MCD at different densities, 2) Expression of
full-length, cav1 antisense RNA, and 3) Expression of two different cav1 shRNA’s. In addition,
we compared normal cells to cells overexpressing cav1 at different densities to examine the effect
of cav1 on Stat3.
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Our results demonstrate that cav1 plays a potent, negative role in Stat3 activation, at all
cell densities. In support of these findings, unpublished data by Kristen Albert (a previous PhD
student) showed that expression of cav1 in the cav1 null U251 prostate cancer cell line resulted in
decreased Stat3 activity (Figure 27). These findings are in agreement with previous studies which
demonstrate the inhibitory capabilities of cav1 on signal transduction (Williams and Lisanti, 2005;
Engelman et al., 1998). Based on these previous studies, it is possible that cav1 indirectly exerts
its negative regulatory effects on Stat3 by sequestering kinases responsible for its activation
through binding to the CBM of these kinases (Figure 28A). However, since it was shown that
cav1 transcriptionally represses the activity of cyclin D1 (Hulit et al., 2000), it is possible that
cav1 could directly bind to the Stat3 promoter and inhibit its transcription (Figure 28B).
The antisense experiment clearly demonstrates that cav1 downregulation permits sustained
Stat3 activity at high confluences (Figure 12A, lane 6 vs. 12), while cav1 downregulation by all
described methods causes an increase in Stat3 that is much stronger than the increase caused by
serum addition (Vultur et al., 2004), demonstrating the negative effect of cav1 on Stat3 activity. A
future experiment would be to determine whether the expression of cav1 or inhibition of JAK
kinases (Vultur et al., 2004) is the more potent, negative regulator of Stat3 activity mediated by
cell density. Furthermore, we did not probed for total Stat3 in most of our experiments because we
were interested in whether or not cav1 can negatively regulate pStat3 activity. However, it would
be beneficial to probe for total Stat3 in all of these experiments because it would show whether or
not cav1 affects Stat3 at the transcriptional level. Also, by creating ratios between the band
intensity quantitation analysis data of pStat3 and total Stat3, and comparing the data in cells
treated with a JAK kinase inhibitor or serum-starved cells or cells overexpressing cav1, it will
help to determine how potent cav1 is as a negative regulator of Stat3 activity.
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Figure 27: Expression of cav1 in the cav1 null U251 prostate cancer cells decreases Stat3
activity
U251 cav1 null prostate cancer cells were plated at confluences ranging from 85% to
100%+10days post-confluence (lanes 2-9). These cells were also stably transfected with cav1,
and grown to 100% confluence (lane 1). Cell lysates were resolved by gel electrophoresis and the
Western blots were probed for (A) ptyr705 Stat3 and (B) total cav1. Notice in the normal U251
cells, cav1 is essentially not expressed at any of the confluences shown (Panel B, lanes 2, 5-9
[slight expression in lanes 3 and 4]). The transfected line (positive control) expresses significantly
higher levels of cav1 compared to the normal cell line (U251) (Panel B, lane 1 vs. 3). At the same
time, this corresponds to a dramatic decrease in Stat3 activity (Panel A, lane 1 vs. 3). Numbers to
the left of the blot refer to molecular weight markers. (Western analysis by Kristen Albert,
previous PhD student).
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Figure 28: Proposed model for cav1 downregulation of Stat3
(A) Through binding to the CSD, cav1 inhibits the activity of several growth factor receptors and
kinases (Lisanti et al., 1994b; Li et al., 1996; Couet et al., 1997a&b; Jasmin et al., 2006) known to
activate Stat3. (B) It is possible that cav1 can negatively regulate Stat3 transcription directly, as it
was shown that cav1 transcriptionally represses the activity of cyclin D1 through direct binding to
its promoter (Hulit et al., 2000). (C) Cav1 may be able to downregulate Stat3 activity through p53
and cause apoptosis since it was shown that cav1 transcriptionally promotes p53 expression
(Galbiati et al., 2001), and p53 has been shown to negatively regulate Stat3 phosphorylation and
DNA binding (Lin et al., 2002). Finally, from our experiments, it is possible that cav1 could
mediate apoptosis by transcriptionally promoting p53 expression; a process that could be
augmented by the negative regulatory effects that p53 has on Stat3.
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Finally, the abundant heat shock protein 90 (Hsp90) (Vultur et al., 2004) was used as a
loading control instead of total Stat3 because active Stat3 increases with density and is capable of
activating its own promoter (Narimatsu et al., 2001). Therefore, total Stat3 would indirectly be
affected by density. However, in most of the experiments (e.g. Figure 5, 11 and 14) Hsp90 levels
were not consistent between the individual lanes of the blot. Even though previous tests
demonstrated that Hsp90 is not affected by cell density (Vultur et al., unpublished data), it is not
known why the levels of Hsp90 are different between the different confluences. This does not
indicate that there was unequal loading between samples, since all Western analysis (except
Figure 20) were repeated several times (with similar results), and careful protein determinations
were conducted to ensure that there would be equal loading between samples. Instead, it would be
worthwhile to probe for another abundant cellular protein as a loading control. In the experiment
where cav1 was overexpressed by transfection with the EGFP-cav1-C1 plasmid (Figure 20), we
probed for alpha-tubulin. From these initial results, we saw that the bands detected on this blot
were consistent between the different lanes and more importantly, with respect to our lab, it shows
that alpha-tubulin is not affected by density. Additional tests are necessary to confirm this finding,
however, there are several studies that have used alpha-tubulin as a loading control (Anesti et al.,
2008; Bruin et al., 2008).
Regarding the MCD experiment, the sensitivity of the cells to MCD treatment was also
affected by cell density, with densely growing cells requiring higher MCD concentrations.
Although this was not taken into account previously (Shah et al., 2002), the observed upregulation
of Stat3-ptyr705 with MCD, is apparently at odds with the results on Stat3 activation by IL-6,
where cav1 was purported to play a positive role. However, it is entirely possible that the
mechanism of Stat3 activation by growth factor receptors might be different from the activation
through cadherin engagement, under basal growth factor stimulation conditions. It is also possible
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that the addition of cytokines IL-6 and IFN-γ to the cells following MCD treatment initiated a
negative feedback loop by activating the SOCS proteins responsible for the observed inactivation
of Stat3 following cytokine stimulation, therefore not involving cav1. Further work would be
necessary to clarify this point: Stat3 activity should be examined following IL-6 and IFN-γ
addition before and after cav1 downregulation through expression of cav1 antisense at different
densities. It is also possible that cadherin engagement itself could activate the IL-6 receptor, in the
absence of ligand, just as E-cadherin promotes EGFR signaling (Reddy et al., 2005). In this case,
the net effect of cav1 downregulation might vary, depending upon the cell line and the receptor(s)
present.

Effect of Stat3 on cav1
Our results also demonstrate that expression of a Stat3 siRNA by adenovirus vector
infection downregulates Stat3 activity and causes a dramatic increase in cav1 levels, at all
densities examined. This indicates that downregulation of Stat3 can upregulate cav1 expression.
These findings are consistent with Engelman et al. (1999), who demonstrated that decreased
signaling of the p42/44 MAP kinase cascade, which is commonly activated alongside Stat3,
resulted in increased expression of cav1.
Interestingly, HeLa cells infected with the control vector, Ad-Stat3c, showed an increase in
cav1 levels, which was most pronounced at lower confluences (Figure 25B, lane 2), and an
increase in pStat3 levels was seen at 100% confluence and higher (Figure 25A, lane 8, 11 and
14). It is possible that the adenoviral vector itself is affecting pStat3 and total cav1 protein
expression. At high concentrations (cell dependent) the penton fibers of the adenovirus are toxic
to the cell, however, in low concentrations (cell dependent) the presence of these fibers could be
activating signaling transduction pathways (Murugesan et al., 2007; Waszak et al., 2007)
responsible for the observed increases in cav1 and pStat3. Despite the effects of the control
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adenoviral vector on pStat3 and cav1, it is clear from the results (Figure 24 and 25) that
downregulation of Stat3 by the Stat3 siRNA adenoviral vector, corresponded to an increase in
cav1 levels.
Upregulation of cav1 by Stat3 could be via an indirect mechanism, such as through p53
(Figure 29C), or a direct mechanism, i.e. direct Stat3 binding to the cav1 promoter (Figure 29B).
Future work to determine if this mechanism is direct would be to co-transfect a constitutively
active form of Stat3, Stat3C, with a cav1 luciferase reporter plasmid and look for decreased
luminescence, compared to a control reporter plasmid (containing a Stat3 independent promoter).
Furthermore, it is also possible that Stat3 negatively regulates cav1 through transcription of genes
coding for growth factors, which cause the cells to actively divide, this reducing cav1 expression
(Figure 29A) (Galbiati et al., 1998; Volonte et al., 1999). To elucidate these mechanisms, it would
be necessary to examine cav1 levels and signaling molecules known to be activated by Stat3 when
Stat3 is overexpressed or downregulated in cells.

Opposing effects of cav1 and Stat3 on cell survival
It was demonstrated by Galbiati et al. (2001) that cav1 promotes cell cycle arrest through a
p53/p21 dependent pathway and sensitizes cells to apoptosis. Our results, based on cell
morphology, show that cav1 causes apoptosis and that co-expression of Stat3C rescues cells from
the cav1-mediated apoptosis. The discrepancy between our study and Galbiati’s could be due to
expression levels of cav1, as the Metafectene transfection kit that we used caused a much higher
expression of the EGFP-cav1 (as determined by fluorescence) than CaP transfection. Additional
experiments (e.g. TUNEL assay) are necessary to confirm that cells overexpressing cav1 undergo
apoptotic death. However, the findings thus far clearly demonstrate the opposing effects that cav1
and Stat3 have on cell survival. Since it has been shown that cav1 can activate the p53 responsive
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Figure 29: Proposed model for Stat3 downregulation of cav1
(A) The active Stat3 transcription factor transcribes genes such as growth factors HGF (Hung and
Elliott, 2001) and VEGF (Niu et al. 2002) that activate their respective receptor to encourage cell
growth and division. In actively dividing cells, expression of cav1 is low (Galbiati et al., 2001).
(B) Since Stat3 is a transcription factor, it is possible that Stat3 can transcriptional repress cav1
expression. (C) Stat3 has been shown to transcriptionally repress the expression of p53 (Niu et al.,
2005), while p53 transcriptionally activates cav1 (Razani et al., 2000). Therefore, Stat3 could
negatively regulate cav1 through p53.
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element, which is mediated by wildtype p53 (Galbiati et al., 2001) and that p53 is able to
negatively regulate Stat3 phosphorylation and DNA binding (Lin et al., 2002), it is possible that
cav1 can mediate apoptosis by downregulating Stat3 activity via p53. Moreover, this process
could be augmented if cav1 can directly bind to the Stat3 promoter and inhibit its transcription
(Figure 28B and C) (Hulit et al., 2000). Support for apoptosis through Stat3 comes several studies
that show inhibiting the activity of Stat3 induces cell apoptosis (Anagnostopoulou et al., 2006).
Similar results were obtained in TK33/34 murine fibroblasts infected with the Stat3 siRNA
adenovirus vector (data not shown). Finally, Stat3 can negatively regulate p53 through binding to
and inhibiting transcription of its gene (Niu et al., 2005), possibly explaining how Stat3 was
shown to rescue cells from cav1 mediated apoptosis (Figure 22). However, it is also entirely
possible that co-transfection of Stat3C and EGFP-cav1-C1 resulted in a reduced number of
transcription factors available to transcribe, and therefore lead to the overexpression of cav1.
Therefore, as a control, it would be necessary to co-transfect the EGFP-cav1-C1 plasmid with an
empty vector with the same promoter as the Stat3C plasmid (CMV) to ensure that cell survival
was due to the expression of Stat3C, and not reduced expression of cav1.

Density upregulates cav1 and Stat3
Previous results by Galbiati et al. (1998) showed that cav1 downregulation in
subconfluent cultures increases Erk1/2 activity, indicating that cav1 negatively regulates Erk1/2,
possibly through inhibition of receptor tyrosine kinases. Our results indicate that MCD treatment
decreases cav1 expression and increases Erk1/2 activity at all cell densities, which is in agreement
with this conclusion. Examining the effect of cell density on cav1 revealed a dramatic increase, in
step with Stat3-ptyr705, where the peak expression of both signaling molecules occurs postconfluence.
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It is important to note that in Figure 26B, lane 9, there is less cav1 expression compared
to lanes 8 and 10. A likely explanation for this is sometimes cav1 protein bands are detected
around 66kDa or higher because cav1 remained in an oligomerized form. A suggested approach
for breaking up these cav1 oligomers, is to boil the cell lysates for different periods of time to see
which sample, after resolving it by gel electrophoresis, produces the most bands at a molecular
weight of 22kDa (indicative of the cav1 monomer) (Sargiacomo et al., 1995).
We thought that cav1 could participate in the density-mediated upregulation of Stat3
activity following its peak expression, however, peak expression of these proteins was found to
vary with the experiment, possibly due to the complex relationship of the two; cav1
downregulates Stat3, and decreased Stat3 upregulates cav1. Moreover, results by Vultur et al.
(2004) showed that, unlike Stat3, Erk1/2 activity is not affected by cell density, while cav1
downregulation with MCD or genetic means results in a dramatic activation of Erk. However, it is
possible that the liberation of signaling molecules upon cav1 downregulation affects Erk and
Stat3 differently; cav1 downregulation activates receptors that activate Stat3, but Erk1/2 is still
associated with the CSD, therefore held in an inactive conformation.

Conclusion
This study was the first to examine the effects of cav1 on Stat3 activity, and found that a
negative regulatory relationship exists between these signaling molecules. This is consistent with
findings from Engelman et al. (1998, 1999), who demonstrated that a negative regulatory
relationship exists between the p42/44 MAP kinase pathway (commonly activated alongside
Stat3) and cav1. From these findings we offered possible mechanisms through which this
relationship occurs; 1) Via sequestration of growth factor receptors and kinases, 2) Through a
p53-dependent pathway, and 3) By direct transcriptional inhibition. Further experiments will be
necessary to confirm the mechanism by which these two molecules interact.
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Stat3 is becoming an attractive target for cancer therapy since Stat3 plays a pivotal role in
promoting cancer cell survival, proliferation, invasion and angiogenesis. Furthermore, many
signal pathways that are upregulated in cancer converge onto a handful of transcription factors,
one of which is Stat3. Therefore, eliminating Stat3 from the cascade would abrogate the response
needed for cancer growth. Moreover, targeting Stat3 for anti-cancer therapies provides a degree of
specificity since strong evidence demonstrates that the activity of Stat3 is critical for cancer cell
survival, where as normal cells would be tolerant to disruption in Stat3 signaling. Therefore, it is
important to elucidate pathways that promote and inhibit its activity, as this provides researchers
with alternative avenues through which they can target Stat3.
Our lab discovered that Stat3 can be activated by cell to cell adhesion and this introduces a
new factor that must be taken into consideration when evaluating potential inhibitors of Stat3 in
vitro. In the in vivo tumor environment, there is a high degree of cell contact offering plenty of
opportunities for Stat3 activation. A study by Chen et al, (2006) validates this point elegantly,
demonstrating that LNCap prostate cancer cells when grown to high, but not low densities, display
the same biomarkers as found in prostate cancer tissues. Therefore, it is important to study Stat3 in
confluent cell cultures as this is more representative of the in vivo cancer state.
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