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ABSTRACT   

 Receptor tyrosine kinases (RTKs) are integral membrane proteins that regulate many functions 

including cell proliferation, cell survival, and cell death.  They have been shown to be 

responsible for the uncontrolled growth of several cancers.  RTKs phosphorylate downstream 

targets such as phosphatidylinositol 3 kinase (PI3K), a lipid kinase that is made up of two major 

subunits—p85 and p110.  Receptor-mediated endocytosis delivers RTKs from the plasma 

membrane to late endosomes and lysosomes for degradation.  This process is controlled by 

ESCRT proteins and Rab7.  PI3K associates with PDGFR during endocytosis, and PI3K 

binding sites are necessary for the lysosomal trafficking of PDGFR.  The smaller isoforms of 

the ankyrin 3 (Ank3) proteins bind p85.  Ank3 overexpression was shown to increase PDGFR 

degradation, perhaps by controlling the targeting of PDGFR to late endosomes and lysosomes.  

Ank3 overexpression also reduced the RTK levels and cell proliferation rates of NIH 3T3 cells.  

We sought to investigate if cancer cells with RTK overexpression might be deficient in Ank3, 

and if overexpression of ankyrin 105 (Ank105), one of the smaller isoforms of Ank3, would 

reduce RTK levels and the tumorigenic properties of cancer cells.  Two brain cancer cell lines 

showed reduced Ank105 levels associated with high RTK levels, while high levels of Ank105 

associated with low RTK levels were found in normal brain cells.  This suggested a loss of 

Ank105 in the cancer cells, which may have played a role in the cancer development process.  

We observed reduced RTK levels and anchorage-independent growth in cancer cells 

overexpressing HA-Ank105, however, most cells overexpressing a blank vector also showed 

the same results.  An independent effect of the overexpression process was thought to play a 

role in influencing cell behavior.  In the lung cancer cell line HCC827, however, there was 

significant reduction of anchorage-independent growth that was specific for HA-Ank105.  

There also appeared to be a significant reduction in the cell proliferation rate of T98G brain 

cancer cells following transfection with HA-Ank105.  Furthermore, those cells overexpressing 

HA-Ank105 tended to die early in tissue culture, with those that survived losing their HA-

Ank105 expression.  Overall our results suggest a possible role for Ank105 in downregulating 

RTK levels and growth properties of cancer cells.   
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1.0 INTRODUCTION  

1.1 Receptor Tyrosine Kinases 
 

Protein tyrosine kinases are enzymes that catalyze the phosphorylation of tyrosine residues 

in proteins, by transferring a γ phosphate from an ATP molecule to the hydroxyl group of a 

tyrosine residue on the substrate protein (Hubbard and Till, 2000).  There are two classes of these 

enzymes: receptor tyrosine kinases (RTKs) and non-receptor tyrosine kinases.  RTKs are integral 

membrane proteins, while non-receptor tyrosine kinases are found in the cytosol (Hubbard and 

Till, 2000).  Ninety protein tyrosine kinases have been identified in the human genome, and 58 of 

them are RTKs (Robinson et al., 2000).  RTK families include the ErbB receptors, platelet-

derived growth factor receptors (PDGFR), vascular endothelial growth factor receptors, fibroblast 

growth factor receptors, and the insulin receptor (Hubbard and Till, 2000).  The nomenclature of 

the ErbB family deserves special attention; ErbB1 is commonly known as epidermal growth 

factor receptor (EGFR).  ErbB2 is also known as HER2 in humans, and Neu in rodents (Bublil 

and Yarden, 2007).  The latter is important, as the antibodies we used in Western blotting 

experiments were anti-Neu. 

The main function of RTKs is the transmission of signals between cells, or between cells 

and their extracellular environment, in multicellular organisms.  These signals regulate several 

cellular processes that include proliferation, differentiation, migration, adhesion, metabolism, and 

death (Hubbard and Till, 2000; Robinson et al., 2000).  The insulin receptor regulates cellular 

uptake of glucose, while PDGFR, vascular endothelial growth factor, and EGFR play important 

roles in the development and function of various organs including the cardiovascular, nervous, 

gastrointestinal, and respiratory systems, as well as the skin (Holbro and Hynes, 2004).  

Mutations or abnormalities of function of RTKs have been implicated in a variety of diseases, 

especially cancer (Holbro and Hynes, 2004; Engelman and Cantley, 2006). 

The basic structure of RTKs consists of an extracellular N-terminal ligand-binding domain, 

an α-helical transmembrane domain, and a cytosolic C-terminal tyrosine kinase domain (Fig.  

1.1) (Hubbard and Till, 2000; Robertson et al., 2000).  The kinase domain is normally inactive in 

the absence of ligand binding; an activation loop overlies the kinase site and prevents access for 

potential substrates (Robertson et al., 2000).  On ligand binding, adjacent receptors dimerize, and 

the activation loop is phosphorylated.  This results in a  
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Fig. 1.1 Activation of receptor tyrosine kinases (RTKs). RTKs (except ErbB receptors)

have dimeric ligands that bind two receptors simultaneously. Once close to each other,

the receptors transphosphorylate each other at specific tyrosine residues within the

cytoplasmic domain, resulting in enhanced kinase activity. The receptors then

transphosphorylate each other at multiple other tyrosine residues, creating docking sites

for downstream signaling proteins.
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conformational change that moves the loop away from the kinase site, resulting in kinase 

activation (Fig.  1.1) (Robertson et al., 2000).  With the exception of ErbB receptors, the ligand is 

a dimeric molecule that simultaneously binds two receptors and brings them together (Ferguson 

et al., 2003).  ErbB ligands are monomeric, and thus bind only one receptor molecule at a time 

(Ferguson et al., 2003), with dimerization occurring through a different mechanism (see below).  

The ligand-receptor complex is further stabilized by direct receptor-receptor interactions (Heldin 

and Westermark, 1999).  Once activated, the receptors phosphorylate each other at additional 

sites on the cytosolic domain, which then provide docking sites for downstream signaling 

proteins (Heldin and Westermark, 1999; Hubbard and Till, 2000; Holbro and Hynes, 2004; 

Andrae et al., 2008). 

The phosphorylated receptors interact with their targets via specific binding with modular 

proteins containing Src homology 2 (SH2) or phosphotyrosine-binding (PTB) domains (Hubbard 

and Till, 2000).  The specificity of binding is determined by amino acid sequences around the 

phosphorylated tyrosine on the receptor (Holbro and Hynes, 2004), as well as those of the SH2 

domains (Pawson, 2002).  Through these interactions, RTKs activate several intracellular 

signaling pathways including Ras-mitogen activated protein kinase (Ras-MAPK), 

Phosphatidylinositol 3 kinase-Akt (PI3K-Akt), and phospholipase Cγ (PLCγ) pathways (Heldin 

and Westermark, 1999; Hubbard and Till, 2000; Pawson, 2002; Andrae et al., 2008).  The Ras-

MAPK and PI3K-Akt pathways are of particular interest as abnormalities in signaling are 

associated with cancer (Pawson, 2002; Engelman, 2009).   

Ras is a small GTP-binding protein (G protein) that is localized to the plasma membrane 

(Fehrenbacher et al., 2009).  It exists in an inactive GDP-bound state, and an active GTP-bound 

state.  GTP binding by G proteins is promoted by guanine exchange nucleotide factors (GEF).  

For Ras, the GEF is a modular protein called SOS1.  SOS1 is normally cytosolic and bound to 

Grb2, another modular protein.  Grb2 is a small (23 kDa) protein made up of one SH2 domain 

and two SH3 domains (Fehrenbacher et al., 2009).  It is an adaptor molecule that attaches to 

SOS1 via the two SH3 domains and, through its SH2 domain, to phosphotyrosines on activated 

RTKs.  This translocates SOS1 to the plasma membrane, where it facilitates nucleotide exchange 

by Ras, converting the latter to its active GTP-bound state (Fig.  1.2) (Young et al., 2009).  Ras 

recruits Raf activators to the plasma membrane, and Raf is phosphorylated (Cakir  
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and Grossman, 2009).   Active Raf phosphorylates mitogen-activated protein / extracellular 

signal-regulated kinase (MEK) kinase.  In turn, active MEK phosphorylates MAPK (Cakir and 

Grossman, 2009).  The kinases in this pathway target serine/threonine residues (Fehrenbacher et 

al., 2009), except for MEK, a dual specificity kinase that phosphorylates both threonine and 

tyrosine residues on MAPK (Dhanasekaran, 1998).  Phosphorylated MAPK, the final product in 

the cascade, translocates to the nucleus where it promotes gene transcription, resulting in cell 

cycle entry (Fig.  1.2) (Cakir and Grossman, 2009).  Ras has low intrinsic GTPase activity, which 

hydrolyzes GTP back to GDP, thus inactivating itself.  This activity is enhanced several-fold by 

GTPase activating proteins (GAPs), which switch off the signaling pathway.  Shc and the insulin 

receptor substrate-1 are other proteins that can bind to activated RTKs, get phosphorylated by the 

RTKs, and bind Grb2, translocating SOS1 to the plasma membrane to activate Ras (Cakir and 

Grossman, 2009).  Mutations resulting in constitutively active Ras have been implicated in some 

cancers (Bianco et al., 2006).     

Phosphatidylinositol 3 kinases (PI3Ks) belong to a family of lipid kinases, and there are 

three classes of enzymes within the group: Classes I, II, and III (Engelman et al., 2006).  Class I 

enzymes are further sub-divided into Class IA and Class IB, depending on the receptors with 

which they interact.  We are primarily interested in Class IA PI3Ks, which will be referred to as 

PI3K from hereon.  PI3K is activated by RTKs (Fig.  1.3) (Heldin and Westermark, 1999; Andrae 

et al., 2008).  It consists of a catalytic p110 subunit and a regulatory p85 subunit.  The p85 

subunit has two SH2 domains that bind phosphotyrosines on RTKs, and an inter-SH2 domain 

that keeps it constitutively bound to the catalytic p110 unit (Katso et al., 2001).  Following RTK 

activation, the p110-p85 heterodimer is recruited to the plasma membrane via phosphotyrosine 

binding, bringing the catalytic p110 unit close to its substrate, phosphatidylinositol 4,5 

bisphosphate (PI(4,5)P2).  In the cytosol, p85 maintains the catalytic p110 subunit in an inactive 

state.  Following phosphotyrosine binding, however, this inhibitory effect is relieved, and p110 

phosphorylates PI(4,5)P2 to yield PI3,4,5 trisphosphate (PI(3,4,5)P3) (Heldin and Westermark, 

1999; Katso et al., 2001).   

PI(3,4,5)P3 provides binding sites for proteins with pleckstrin homology (PH) domains, 

such as Akt (also known as protein kinase B) and phosphoinositide-dependent protein kinase 1 

(PDK1; Fig.  1.3)).  Akt and PDK1 are normally cytosolic, but upon RTK activation, are  
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Fig. 1.3 The Phosphatidylinositol-3 Kinase–Akt pathway. Following RTK activation,

PI3K is recruited to the plasma membrane, where it binds to phosphotyrosine residues

on the RTK via its p85 subunit. This activates PI3K, which then phosphorylates PI
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come into close proximity with each other. Akt, a serine-threonine kinase, is

phosphorylated by both PDK1 and mTORC2. Active Akt phosphorylates several proteins

involved in cell survival, cell proliferation, cell growth, and cell metabolism. MDM2

normally degrades p53, a tumor suppressor. MDM2, BAD and FOXO are all pro-

apoptotic proteins whose phosphorylation by Akt inhibits them, promoting cell survival.

GSK3 is a kinase that inhibits the actions of glycogen synthase, as well as those of cell

cycle regulators such as c-myc, cyclin D1 and cyclin E. Its phosphorylation by Akt
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via phosphorylation by Akt.
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recruited to the plasma membrane, where they bind to PI(3,4,5)P3 via their PH domains 

(Engelman, 2009).  This brings the two proteins into close proximity with each other, resulting in 

the phosphorylation of Akt by PDK1.  Akt is also phosphorylated by mammalian target of 

rapamycin complex 2 (mTORC2) (see below), and becomes activated (Cakir and Grossman, 

2009).   

Akt is a serine-threonine kinase, which, on activation, phosphorylates several downstream 

targets (Fig.  1.3).  These target proteins are involved in pathways that regulate cell metabolism, 

cell cycle progression, cell growth, and cell survival (Shaw and Cantley, 2006; Liu et al., 2009).  

They include glycogen synthase kinase 3 (GSK3), forkhead box O (FOXO) proteins, MDM2, 

BCL2-associated agonist of cell death (BAD), and mammalian target of rapamycin (mTOR).  

GSK3 is a serine-threonine kinase that regulates cell metabolism and cell cycle progression; it 

inhibits the enzyme glycogen synthase, as well as cell cycle entry proteins such as c-myc, cyclin 

D1 and cyclin E (Shaw and Cantley, 2006).   The overall effect of GSK3 is thus to reduce cell 

proliferation.  Akt inhibits these effects of GSK3, tipping the balance in favor of cell proliferation 

(Shaw and Cantley, 2006).  The FOXO proteins belong to a family of transcription factors that 

inhibit cell cycle entry and promote apoptosis.  Akt phosphorylation results in their inactivation, 

promoting cell survival (Engelman et al., 2006; Liu et al., 2009).  MDM2 is an E3 ubiquitin 

ligase that results in the degradation of p53, a tumor suppressor gene (Ogawara et al., 2002).  P53 

promotes apoptosis in response to damaged DNA, preventing the proliferation of abnormal cells.  

It is normally kept at very low levels by MDM2-mediated ubiquitination and degradation, 

however in the presence of DNA damage, Akt is activated and inhibits MDM2  (Ogawara et al., 

2002).  P53 becomes stabilized and promotes apoptosis of the damaged cells.  Through its action 

on MDM2, Akt is involved in the regulation of cell cycle progression (Ogawara et al., 2002; 

Engelman et al., 2006; Shaw and Cantley, 2006; Liu et al., 2009).  As its name implies, BAD is 

also a pro-apoptotic protein.  Its activity is inhibited by Akt, promoting cell growth and survival 

(Shaw and Cantley, 2006).   

MTOR is a serine-threonine kinase whose function is to link cell proliferation to nutrient, 

energy and oxygen levels (Liu et al., 2009).  It exists in two forms—mTOR complex 1 

(mTORC1) and mTORC2.  MTORC1 is a downstream target of Akt, whereas mTORC2 

regulates Akt as mentioned above.  MTORC1 consists of the catalytic subunit mTOR, regulatory 

associated protein of mTOR (raptor), proline-rich Akt substrate 40 kDA (PRAS40), and another 
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protein called mLST8 (Liu et al., 2009).  The two known targets of mTORC1 are ribosomal 

protein S6 kinase 1 (S6K1) and eukaryotic initiation factor 4E-binding proteins 1 (4EBP1), which 

are key factors in the initiation of protein synthesis.  MTORC1 thus promotes cell proliferation 

and growth.   

PI3K signaling has been shown to be more complicated than described, with interaction 

(crosstalk) between the PI3K-Akt and Ras-MAPK pathways (Shaw and Cantley, 2006; Cakir and 

Grossman, 2009; Liu et al., 2009).  While some direct interaction between the pathways has been 

shown (Cakir and Grossman, 2009), the best characterized link is through the tumor suppressor 

tuberous sclerosis (Shaw and Cantley, 2006).  Tuberous sclerosis exists as a complex of two 

interacting units—tuberous sclerosis 1- tuberous sclerosis 2 (TSC1-TSC2).  It normally inhibits 

the activity of mTORC1.  Both the Ras-MAPK and PI3K-Akt pathways inhibit TSC2, removing 

its inhibitory effect on mTORC1, which promotes cell proliferation (Fig.  1.4) (Shaw and 

Cantley, 2006).  The final activity of mTORC1 therefore depends on the balance between the 

PI3K-Akt and Ras-MAPK pathways. 

The PI3K-Akt pathway is inhibited by PTEN, a phosphatase that dephosphorylates 

PI(3,4,5)P3 and turns off the PI3K pathway (Fulda, 2009).  PTEN therefore functions as a tumor 

suppressor, and mutations of PTEN have been associated with advanced, poor prognosis human 

cancers such as glioblastoma multiforme, prostate cancer, breast cancer, and melanoma (Liu et 

al., 2009).  Mutations in other PI3K pathway proteins such as Akt, p85 and p110, have also been 

associated with cancer (Engelman et al., 2006).   

Two RTKs are of particular interest to this project:  platelet-derived growth factor receptor 

and epidermal growth factor receptor.   

The platelet derived growth factor receptor (PDGFR) family consists of two members: 

PDGFR-α (molecular weight 170 kDa) and PDGFR-β (molecular weight 180 kDa) (Andrae et 

al., 2008).  They have the basic RTK structure of extracellular, transmembrane, and cytosolic 

domains (Fig.  1.1).  Their extracellular domain, however, has five immunoglobulin (Ig) loops, 

and the cytosolic tyrosine kinase domain is split by a non-catalytic amino acid insert (Hubbard 

and Till, 2000).   

The ligands for these receptors include platelet-derived growth factor (PDGF) A, B, C, and 

D (Board and Jayson, 2005).  PDGFR-α binds PDGF A and C, while PDGFR-β binds PDGF A 

and B.  Both homo- and heterodimers are formed, although only the homodimers have  
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Fig. 1.4 Interaction between PI3K-Akt and Ras-MAPK pathways. Tuberous sclerosis (TSC)

is a tumor suppressor that exists in two forms, TSC1 and TSC2. These function as a

complex, TSC1-TSC2. Following RTK activation, the PI3K pathway results in the

activation of Akt. RTK activation also leads to the active Ras-GTP recruitment of kinases

that phosphorylate Raf1. Active Raf1 in turn activates MEK, which then activates MAPK.

TSC2 forms a common downstream target for Akt and MAPK, by which it is inhibited. The

activity of mTORC1, a promoter of protein synthesis, is thus dependent on the balance

between the PI3K-Akt and Ras-MAPK pathways.
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been well-characterized (Alvarez et al., 2006; Andrae et al., 2008).  The ligand PDGF-D has 

recently been shown to bind PDGFR-β (Wang et al., 2009).  The three outermost Ig sub- 

domains of the PDGFRs contain the ligand-binding epitopes, with Ig domain 2 playing the 

biggest part, and Ig domain 4 further stabilizing the ligand-receptor complex (Heldin and 

Westermark, 1999).  The effects of the PDGFs depend on the specific receptor expression within 

the target cells.  The major cell types expressing PDGFRs include fibroblasts and smooth muscle 

cells, which express both α and β receptors, however many other cell types will express only one 

receptor type (Alvarez et al., 2006).  Both α and β receptors stimulate cell proliferation, 

chemotaxis, and actin reorganization.  Some differences exist however; PDGFR-α will inhibit 

chemotaxis depending on the cell type, and, with regard to actin reorganization, only PDGFR-β 

stimulates formation of circular actin fibers.  PDGFR-β also inhibits apoptosis (Heldin and 

Westermark, 1999; Alvarez et al., 2006).   

In the normal adult, PDGFs are involved in the wound healing process (Schmidt et al., 

2006).  They are believed to do this through their chemotactic effect for mesenchymal cells like 

fibroblasts and chondroblasts, which contribute to the formation of new tissue (Schmidt et al., 

2006), as well their role in promoting the formation of new blood vessels (Alvarez et al., 2006).  

They also play a major role during embryonal development.  PDGFR-α is involved in the 

migration of cells during development of the heart and central nervous systems (Andrae et al., 

2008).  Failure of migration of mesodermal cells is associated with vertebral arch closure defects 

as well as defects of the cardiac outflow tract, thymus, and the facial skeleton.  PDGFR-β 

signaling is invoved in the formation of specialized epithelial linings in the intestines, lungs, hair, 

blood vessels, kidneys, and palate (Andrae et al., 2008).  PDGFRs are implicated in many 

malignancies; PDGFR-α is amplified in glioblastoma multiforme and mutated in gastrointestinal 

stromal tumor, while PDGFR-β is mutated in myeloid leukemia’s (Ostman and Heldin, 2007); 

overexpression has been described in malignant gliomas, prostate cancer, and ovarian cancer 

(Board and Jayson, 2005). 

Epidermal growth factor receptor (EGFR) belongs to the ErbB (also known as human 

estrogen receptor [HER]) family of RTKs, which includes ErbB1, ErbB2, ErbB3 and ErbB4 (Fig.  

1.5) (Holbro and Hynes, 2004).  ErbB1 is also known as EGFR, while ErbB2 is commonly 

referred to as HER2.  Its counterpart in rodents is called Neu (Bublil and Yarden,  
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Fig. 1.5 Ligand-binding specificities of ErbB receptors. ErbB1 (EGFR) binds

epidermal growth factor (EGF), transforming growth factor-α (TGF α), amphiregulin
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2007).  Three groups of small molecular weight proteins form ligands for the ErbB receptors 

(Hynes and MacDonald, 2009).  In the first group, epidermal growth factor, transforming growth 

factor α, amphiregulin and epigen, bind ErbB1 (Fig.  1.5).  In the second group, growth factors 

betacellulin, heparin-binding EGF and epiregulin, bind both ErbB1 and ErbB4 receptors, while 

the third group, consisting of the neuregulins, binds both ErbB3 and ErbB4 or only ErbB4 (Fig.  

1.5) (Hynes and MacDonald, 2009).  No ligand has been identified for the ErbB2 receptor 

(Holbro and Hynes, 2004).   

The ErbB receptor extracellular domain consists of sub-domains I, II, III, and IV (Fig.  1.6).  

In the inactive state, domains II and IV are tethered by a hairpin loop, resulting in a conformation 

that keeps subdomains I and III apart (Bublil and Yarden, 2007).  These latter subdomains are 

involved in ligand binding and so are prevented from doing that in this conformation (Fig.  

1.6)(Holbro and Hynes, 2004; Bublil and Yarden, 2007).  Ligand binding results in a 

conformational change that relaxes the tethered structure and frees up the hairpin loop, which 

then interacts with another hairpin loop from an adjacent ligand-bound receptor molecule, to 

complete the dimerization process (Fig.  1.6)(Holbro and Hynes, 2004; Bublil and Yarden, 2007).  

The loop is thus referred to as the dimerization loop.  The activation of ErbB2 is different, since it 

has no known ligand.  It exists in a constitutively open conformation, with the dimerization loop 

in a ready-to-bind position.  This makes it the ‘preferred partner’ for the other ErbB receptors 

(Holbro and Hynes, 2004; Bublil and Yarden, 2007).   

While RTK activation generally involves phosphorylation of tyrosine residues within the 

activation loop, the mechanism for ErbB receptors is different.  Activation seems to result from a 

reorientation of the kinase domains of the dimerized receptors, such that they are able to 

transphosphorylate each other (Bublil and Yarden, 2007).  This process is switched off via a 

number of mechanisms that includes phosphatases, ubiquitin-mediated proteolysis, and receptor-

mediated endocytosis (Hubbard and Till, 2000).  ErbB receptors play important roles in 

embryogenesis.  Their normal role in the adult however is not clearly established (Holbro and 

Hynes, 2004).  ErbB1 is involved in the development of the skin, lungs, gastrointestinal tract, and 

central nervous system, while ErbB2 is involved in the development of the heart and peripheral 

nervous system (Holbro and Hynes, 2004).   
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Fig. 1.6 Structure and activation of the ErbB family of RTKs. (A) The extracellular domain
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releases the tethered subdomains II and IV and makes the hairpin loop available for binding

with a hairpin loop from an adjacent receptor. At the same time, the activation loop in the

cytosolic domain is moved, activating the kinase region. (C) Adjacent RTKs dimerize and

transphosphorylate each other. This differs from the other RTKs, in which kinase activation

requires the phosphorylation of specific tyrosine residues in the kinase domain.
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ErbB receptors are of special interest because of their implication in a number of cancers 

(Bublil and Yarden, 2007; Abella and Park, 2009; Hynes and MacDonald, 2009).  The receptors 

in those settings are constitutively active through autocrine ligand production, gene amplification, 

or receptor mutation (Bublil and Yarden, 2007; Hynes and MacDonald, 2009).  The commonest 

mutation of ErbB1 (EGFR) is type III, in which a deletion in the extracellular  

domain renders it constitutively active.  This is most commonly seen in glioblastoma multifome, 

a poor prognosis brain tumor, and non small cell lung cancer (Bublil and Yarden, 2007; Hynes 

and MacDonald, 2009).  ErbB1 gene amplification is seen in association with TGFα 

overexpression in squamous carcinoma of the head and neck, breast cancer, and ovarian cancer 

(Holbro and Hynes, 2004).  No activating mutations of ErbB2 have been identified, but 

overexpression of this receptor is seen in 20% of breast cancers and is associated with a poor 

prognosis (Bublil and Yarden, 2007; Hynes and MacDonald, 2009).  Although ErbB2 has no 

known ligand, it appears that overexpression forces the receptors to form homodimers and 

activate signaling.  Heterodimers are also formed with ErbB3.  The most important downstream 

pathway activated by ErbB2 overexpression in cancer is the PI3K pathway.  Activating Akt and 

p110α mutations are also implicated in breast cancer, as are low levels of PTEN (Hynes and 

MacDonald, 2009). 

RTK activity is downregulated by dephosphorylation as well as endocytosis, the latter 

leading to degradation of RTKs in lysosomes (Abella and Park, 2009). 

 

1.2 Receptor-Mediated Endocytosis 
 

Endocytosis plays a large part in the downregulation of activated RTKs (Mukherjee et al., 

2006; Abella and Park, 2009).  The endocytic pathway is well-described and includes several 

steps: cargo (RTK) recruitment, clathrin cage assembly, budding, vesicle formation, vesicle 

fission, and vesicle uncoating (Pryor and Luzio, 2009).  The two major pathways involved in 

RTK endocytosis are clathrin-mediated and caveolin-mediated endocytosis, the best-

characterized being clathrin-mediated endocytosis (Mukherjee et al., 2006).   

Clathrin is a protein that consists of three 180 kDa heavy chains, each intertwined with a 

50 kDa light chain to form a triskelion shape (Fig.  1.7A).  It is important for membrane budding 

and formation of clathrin-coated vesicles (CCVs)(Ungewickell and Hinrichsen, 2007; Rappoport, 

2008).  Clathrin attaches to the cytosolic face of the plasma membrane via adapter  
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proteins, the most important one being AP2 (Fig.  1.7B).  AP2 is a heterotetrameric protein made 

up of β2, α, µ2, and σ2 subunits.  The subunits form a rectangular structure with two ‘ears’ 

extending from one end of the rectangle (Fig.  1.7B) (Collins et al., 2002).  These ‘ears’ 

bind clathrin at one end, while the µ2 subunit binds an activated RTK (Ungewickell and 

Hinrichsen, 2007).  RTK binding is specified by motifs at the cytosolic ends of the receptors, 

which are either tyrosine or leucine based.  The motif sequences are YXXΦ for the tyrosine-

based ones, where Φ is a hydrophobic residue, and D/E-XXXL-L/I for the leucine-based motifs 

(Ungewickell and Hinrichsen, 2007; Pryor and Luzio, 2009).  In either case, X can be any amino 

acid.  The adapter protein AP2 also binds to the lipid membrane directly via PI(4,5)P2 

(Rappoport, 2008).  This attachment of clathrin to the plasma membrane results in the formation 

of a clathrin-coated pit that contains RTKs within its lumen (Fig.  1.7C).  RTKs can also be 

monoubiquitinated, resulting in recruitment of other adapter proteins with ubiquitin-binding sites 

such as EPS15 and epsin (Pryor and Luzio, 2009).  In either case, RTKs are incorporated into the 

lumen of the pit, which is eventually cut off from the plasma membrane to form a  CCV (Fig.  

1.7C).   

Alternatively, budding is promoted by caveolin proteins.  In this case the first step is 

attachment of single ubiquitin molecules by E3 ubiquitin ligases such as Cbl, that bind via their 

SH2 domains to multiple phosphorylated tyrosine residues on activated RTKs 

(multiubiquitination) (Mayor and Pagano, 2007).  Adapter proteins with ubiquitin-binding sites, 

such as EPS15 and epsin, are then recruited.  They attach, at one end, to ubiquitin, and at the 

other, to caveolin proteins.  Caveolin proteins then bind cavins that form a coat on the cytosolic 

face of the plasma membrane in the vicinity of RTKs(Bastiani et al., 2009).  This leads to 

budding, with formation of a caveolin-coated pit (Ungewickell and Hinrichsen, 2007).   

The clathrin- or caveolin-coated pit is severed from the plasma membrane through the 

action of a GTPase called dynamin (Mayor and Pagano, 2007; Zwang and Yarden, 2009).  This 

enzyme polymerizes around the neck of the clathrin-coated pit and, probably together with actin 

and /or myosin, constricts the neck and releases the vesicle into the cytoplasm (Ungewickell and 

Hinrichsen, 2007).  Soon after release of the CCV into the cytoplasm, it must have its clathrin 

coat removed in order for it to fuse with a target endosome  (Fig.  1.7C) (Lemmon, 2001).  This 

function is carried out by the heat shock protein Hsc70, working with its cofactor, a DnaJ protein 

called auxilin (Lemmon, 2001; Zwang and Yarden, 2009).  The current model proposes that 
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auxilin binds to clathrin and recruits Hsc70 through its DnaJ domain.  Hsc70 then cleaves ATP 

and promotes release of the clathrin molecules, which are recycled to the plasma membrane for 

more rounds of membrane budding (Fig.  1.7C) (Lemmon, 2001).  This process is thought to be 

regulated in part by synaptojanin, a lipid phosphatase that dephosphorylates PI(4,5)P2 and 

PI(3,4,5)P3, an action that probably also contributes to the release of clathrin molecules from the 

vesicle membrane by release of AP2 (Lemmon, 2001).   

The vesicle, containing activated RTK, becomes tethered to an early endosome and 

finally fuses with it.  Vesicle fusion is controlled by the Rab family of proteins (Sonnichsen et al., 

2000; Ward et al., 2005).  They are a family of small, Ras-like GTPases.  In their active, GTP-

bound state, they recruit other proteins to promote membrane fusion between intracellular 

organelles (Ward et al., 2005).  Endosomes are thought to be organized into different domains 

that are positive for specific Rab GTPases, the function performed by that domain being 

determined by the effector protein(s) recruited by the Rab GTPase (Sonnichsen et al., 2000).  The 

fusion of an RTK-carrying vesicle with an early endosome begins with the tethering of the 

vesicle to the early endosome by early endosome antigen 1 (EEA1), a protein that binds 

phosphatidylinositol 3 phosphate (PI3P) at one end and Rab5-GTP at the other (Fig 1.8).  Class 

III PI3K is involved in the trafficking of vesicles within cells, and its kinase activity generates 

PI3P (Liu et al., 2009).  PI3P is also generated from the dephosphorylation of PI3,4,5P3  to PI3P 

by the enzymes PI 4-phosphatase and PI 5-phosphatase (Shin et al., 2005).   

Rab5 is a GTPase that interacts specifically and exclusively with early endosomes during 

vesicle tethering (Zwang and Yarden, 2009).  The fusion of a vesicle with its target endosome is 

achieved by the coordinated action of tethering factors (e.g.  Rabs and Rab effectors such as 

Rab5-GTP and EEA1) and special proteins called soluble N-ethylmaleimide-sensitive factor 

attachment protein receptors (SNARES) (Fig.  1.9) (Cai et al., 2007; Pryor and Luzio, 2009).  

SNAREs are a family of membrane proteins (Cai et al., 2007).  A tetrameric trans-SNARE 

complex is assembled that binds two v-SNARE molecules such as vesicle associated membrane 

protein (VAMP) (on the transport vesicle), with two t-SNARE molecules such as syntaxin (on 

the target endosome) (Fig.  1.9B,C) (Pryor and Luzio, 2009).  The complex is a coiled coil 

structure that is stabilized by another protein, SNAP 25, and it  
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Fig. 1.8 Vesicle tethering pre-membrane fusion. Tethering occurs just before a

vesicle fuses with an early endosome. The protein early endosome antigen 1 (EEA1)

binds a recently uncoated vesicle to an early endosome by attachment to PI(3)P at

the vesicular end, and Rab5 at the early endosomal end. This process requires GTP

for energy, and is mediated by Rab5, a GTPase that interacts specifically and

exclusively with early endosomes. Tethering positions the vesicle and early

endosome for the next stage—fusion.
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Fig. 1.9 Schematic representation of fusion events between two endosomes. After vesicle

tethering (A, B), a complex is formed between a v-SNARE such as VAMP on the transport

vesicle, with a t-SNARE such as syntaxin on the target vesicle (C). This is a coiled coil that

is strengthened by SNAP 25, another membrane protein. The process is catalyzed by Rab

proteins, a family of GTPases that work through various effector proteins that they recruit to

the membranes. Fusion allows delivery of transport vesicle contents (RTK) into the target

vesicle. The SNARE complexes are then disassembled through the action of N-

ethylmaleimide-sensitive factor (NSF), an ATPase, and become available for more fusion

events.
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promotes fusion of transport and target vesicle membranes (Fig.  1.9D). The actual act of fusion, 

and specificity of vesicle pairing, is thought to be directed by a family of proteins called  

Sec1/Munc18-1 (SM) proteins (Wickner and Schekman, 2008; Sudhof and Rothman, 2009).  

Once fusion is completed, SNAP promotes the disassembly of the SNARE complex by an 

ATPase called NSF (Fig.  1.9E) (Wickner and Schekman, 2008). 

Inside early endosomes, RTKs are detached from their ligands due to the reduced pH.  Up 

until this stage, RTKs continue to signal and activate downstream pathways.  Following 

detachment of their ligands, they are dephosphorylated and become inactive again (Mukherjee et 

al., 2006).They are then sorted to one of two pathways: recycling back to the plasma membrane, 

or into late endosomes and lysosomes for degradation (Fig.  1.10) (Zwang and Yarden, 2009).  

Some RTKs are recycled back to the plasma membrane where they are re-used.  RTK recycling is 

controlled by two the GTPases Rab4 and Rab11 (Sonnichsen et al., 2000; Ward et al., 2005).   

The specific effector proteins recruited by these two GTPases however, are not known 

(Sonnichsen et al., 2000).  Rapid recycling vesicles require Rab4 function, and receptor transit 

through this route is a rapid process that takes only 2 – 3 minutes.    Slow recycling vesicles 

require both Rab4 and Rab11 function, with a longer transit time of 5 – 10 minutes (Sonnichsen 

et al., 2000; Zwang and Yarden, 2009).  RTKs may undergo several rounds of recycling before 

being targeted to late endosomes / lysosomes for degradation.   

Early / sorting endosomes either fuse with or mature into late endosomes.  A subset of 

late endosomes contain multiple vesicles within their lumina, and are referred to as multi-

vesicular bodies (MVBs) (Tran et al., 2009).  These are formed by internal budding of vesicles 

into the cytosol of late endosomes, and they contain cargo (RTKs) destined for degradation in 

lysosomes (Hurley and Emr, 2006; Pryor and Luzio, 2009; Tran et al., 2009; Zwang and Yarden, 

2009).  The formation of MVBs and sorting of RTKs to lysosomes (MVB pathway) is driven by 

a set of proteins known as endosomal complexes required for transport (ESCRT) (Tran et al., 

2009).  These belong to a family of proteins concerned with vacuolar protein sorting (VPS).  

Class E vps proteins are responsible for the MVB pathway, and include hepatocyte growth 

factor-regulated tyrosine kinase substrate (HRS), ESCRT-I, ESCRT-II, ESCRT-III and VPS4 

(Hurley and Emr, 2006; Tran et al., 2009).  Targeting  of RTKs into MVBs depends on their 

pre-labeling for such sorting by monoubiquitination, a process catalyzed by the E3 ubiquitin 

ligase, Cbl.  (Mukherjee et al., 2006).  The ubiquitinated  
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receptors cluster in special domains rich in phosphatidylinositol and clathrin (Mukherjee et al., 

2006).   HRS is the first protein in the pathway, binding directly to ubiquitin via its ubiquitin-

binding motif, and to endosomal membrane via its FYVE domain (Hurley and Emr, 2006).  It 

then recruits ESCRT-I, for it acts as a docking site through a direct interaction.  ESCRT-I also 

binds directly to ubiquitin on the RTK.  ESCRT-I in turn recruits ESCRT-II, which also has 

ubiquitin and membrane-binding sites (Hurley and Emr, 2006; Tran et al., 2009).  ESCRT-III is 

the last in the MVB formation pathway, however its exact role is not understood.  This cascade of 

events leads to the invagination of endosomal membrane to form MVBs.  The complexes are then 

disassembled through the action of VPS4 through ATP hydrolysis (Hurley and Emr, 2006; Tran 

et al., 2009).  RTKs in the MVBs are then delivered to lysosomes for degradation, a process that 

includes vesicle fusion (Pryor and Luzio, 2009).  The fusion events are as already described 

above.  Fusion of an MVB with a lysosome delivers RTKs into the acidic lysosomal lumen, 

where they are degraded (Fig.  1.10) (Pryor and Luzio, 2009).  Several mutations resulting in the 

impairment or loss of RTK ubiquitination, have been identified in several malignancies (Abella 

and Park, 2009).   

  The targeting of RTKs to late endosomes and lysosomes for degradation is also thought to 

involve a group of proteins called ankyrins (Ignatiuk et al., 2006). 

 

1.3 Ankyrins 
 

Ankyrins are proteins that are widely expressed in cells, whose major function is to provide 

cellular stability by anchoring the cytoskeleton to the plasma membrane (Lambert and Bennett, 

1993; Peters et al., 1995; Mohler, 2006).  Three groups are recognized within the family: ankyrin 

1, ankyrin 2, and ankyrin 3 (Ank3)(Peters et al., 1995).  Ankyrin 1 (erythrocyte ankyrin) is the 

major ankyrin in red blood cells.  Its gene is located on chromosome 8, and it links the 

transmembrane protein anion exchanger with the β subunit of spectrin to stabilize the red cell 

membrane skeleton.  Its importance is demonstrated by the severe hemolytic anemia that follows 

genetic defects in ankyrin 1 (Peters et al., 1995).   

Ankyrin 2 (Ank2) is coded by a gene on chromosome 4, and forms the main ankyrin in 

nervous tissue (Peters et al., 1995).  Abnormalities in Ank2 are associated with cerebellar 

dysfunction (Lambert and Bennett, 1993) and cardiac arrhythmias (Mohler, 2006).  The basic 

structure of ankyrins consists of three domains: a 90 kDa N-terminal membrane protein-binding 
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domain, a 72 kDa central spectrin-binding domain, and a 55 kDa C-terminal regulatory domain 

(Fig.  1.11).  The latter regulates the binding activities of the N-terminal and central domains 

(Lambert and Bennett, 1993; Peters et al., 1995).  A distinctive feature of the N-terminal domain 

is the presence of twenty-four ankyrin repeat sequences, each repeat comprising 33 amino acids 

(Lambert and Bennett, 1993).   

Ank3, or epithelial ankyrin, is the most recently described group in the ankyrin family.  It 

has the widest tissue distribution, and is the main ankyrin in epithelial tissues (Peters et al., 

1995).  Peters et al. (1995) identified conserved amino acid sequences within the spectrin-binding 

domain of human ankyrins 1 and 2, mouse ankyrin 1, and unc44, a C.  elegans ankyrin.  They 

designed degenerate oligonucleotide primers based on these sequences, which they used to 

amplify ankyrin cDNA from several mouse tissues using PCR.  It was from this experiment that 

they isolated a PCR product with 61% and 76% amino acid identity to ankyrin 1 and ankyrin 2, 

respectively, and named it Ank3 (Peters et al., 1995).   They localized the Ank3 gene to 

chromosome 10.  Through screening of normal mouse cDNA libraries, Peters et al.  determined 

the cDNA sequence of Ank3 to consist of 7084 nucleotides, encoding a protein of 1961 amino 

acids and a molecular weight of 214 kDa.   Most (greater than 70%) of the N-terminal and 

spectrin domain sequences of Ank3 are conserved compared to ankyrin 1 and ankyrin 2, while 

the C-terminal domain shows less than 30% amino acid identity (Peters et al., 1995).  Western 

blotting of extracts from mouse kidney and other tissues identified several Ank3 isoforms of 

different molecular weights: 215 kDa, 200 kDa, 170 kDa, 120 kDa (Ank120), and 105 kDa 

(Ank105).  These arise as a result of alternative splicing (Peters et al., 1995).  Some of the 

isoforms are characterized by the presence of inserts: inserts A and B at the junction of the N-

terminal and spectrin domains, and insert C within the regulatory domain (Fig.  1.11) (Peters et 

al., 1995).  The structure of the smaller isoforms Ank120 and Ank105 differs from the basic 

ankyrin structure by a lack of the N-terminal repeat domain (Peters et al., 1995).  Isoforms 

Ank120 and Ank105 also have a unique 6-amino acid sequence at their N-terminal ends, and 

only differ from each other by the presence or absence of insert C, respectively (Fig.  1.11) 

(Hoock et al., 1997).    While the larger isoforms of Ank3 localize to the plasma membrane, 

Ank120 and Ank105 are bound to late endosomes and lysosomes (Hoock et al., 1997).  The 

larger isoforms of Ank3 have been shown to play a role in maintaining cell membrane polarity 

(Sobotzik et al., 2009), and deficiencies have been  
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Ank105

Fig. 1.11 Domain structure of ankyrin protein 3 (Ank3). The basic structure of Ank3

consists of an N-terminal membrane-binding domain, a central spectrin-binding

domain, and a C-terminal regulatory domain. Some isoforms have inserts: A and B at

the junction between the membrane protein-binding and spectrin-binding domains, and

insert C within the regulatory domain. The smaller isoforms—Ank120 and Ank105—

lack the membrane protein-binding domain, and have six unique N-terminal amino

acids (blue rectangle), the only difference between them being the presence of insert C

in Ank120 and its absence in Ank105.

spectrin regulatory
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associated with neurological disorders (Mohler, 2006).  They have also been associated with 

bipolar disorder (Barnett and Smoller, 2009). 

PI3K-binding sites are essential for the downregulation of PDGFR (Joly et al., 1994).  

Mutation of PI3K-binding sites was shown to interfere with the targeting of PDGFR to 

lysosomes, resulting in continued recycling of receptor back to the plasma membrane (Joly et al., 

1994).  It has also been shown that PI3K remains bound, via the p85 subunit, to activated PDGFR 

during intracellular trafficking of the receptor, suggesting a role for PI3K in the regulation of 

PDGFR degradation (Kapeller et al., 1993).  Previous work in our laboratory used phage display 

library experiments to identify hexapeptides with binding capability for the SH2 domains of the 

p85 subunit of PI3K (King et al., 2000).  This identified several proteins, including Ank3, as 

possible p85-binding proteins.  Subsequent work in the laboratory used coimmunoprecipitation 

and immunoblot experiments to show that p85 was associated with the smaller isoforms of Ank3 

(Ank120 and Ank105) in NIH 3T3 cells stimulated with PDGF (Ignatiuk et al., 2006).  Pulldown 

experiments using several fragments of Ank3 showed that the C-terminal SH2 domain of p85 

interacted with Ank3 at two sites: the spectrin domain and the regulatory domain with insert C.  

The p110-binding domain of p85 was shown to interact with the N-terminal region of Ank105 

(Ignatiuk et al., 2006).   

The binding of p85 to Ank120 and Ank105 (Ignatiuk et al., 2006), the demonstrated 

localization of these smaller Ank3 isoforms to late endosomes and lysosomes (Hoock et al., 

1997), and the requirement of p85-binding sites on PDGFR for receptor targeting to lysosomes  

(Joly et al., 1994), suggested a possible role for Ank3 in the sorting of PDGFR to lysosomes for 

degradation (Ignatiuk et al., 2006).  Overexpression of Ank120 or Ank105 in NIH 3T3 cells 

resulted in reduced basal PDGFR levels, as well as more rapid decline in PDGFR levels 

following stimulation with PDGF (Ignatiuk et al., 2006).  These changes were paralleled by 

similar reductions in the downstream activation of PLCγ1 and Shc, two PDGFR signaling targets.  

However, MAPK signaling was unaffected, and Akt activation actually increased (Ignatiuk et al., 

2006).  Ignatiuk and colleagues also used coimmunfluorescence experiments to show that 

Ank105 and Ank120 colocalized to late endosomes and lysosomes, as well as with p85 and 

PDGFR, but not at early endosomes (Ignatiuk et al., 2006).  Finally, cell proliferation 

experiments showed significantly reduced ability of Ank120- or Ank105-expressing NIH 3T3 
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cells to proliferate in response to PDGF, consistent with the observed reduction in PDGFRs 

(Ignatiuk et al., 2006).   

Ank3 has been implicated in a large genetic study of cancer samples.  Glinsky et al.  

identified an 11-gene signature that is associated with the self-renewal pathway of hematopoietic 

stem cells in primary tumors and their metastases in prostate cancer (Glinsky et al., 2005).  On 

examining tumor samples from more than 1100 cancer patients with 11 different types of cancer, 

they found this gene signature to correlate with poor prognosis disease.  One of the genes 

downregulated in the poor prognosis cancers was Ank3 (Glinsky et al., 2005).  This suggests that 

Ank3 plays a tumor suppressor role in normal cells, and that its deficiency might contributes to 

the development of malignant disease.  This data however does not identify which isoforms of 

Ank3 were important in the development of poor prognosis cancer. 
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2.0 RATIONALE AND OBJECTIVES   

Ignatiuk et al. demonstrated enhanced downregulation of PDGFR by overexpression of 

Ank3 in immortalized but non- transformed cells (Ignatiuk et al., 2006).  As discussed above, 

overexpression of RTKs is commonly observed in a variety of cancers, and likely drives the 

increased cell proliferation and cell survival observed in these cells (Holbro and Hynes, 2004; 

Engelman and Cantley, 2006; Bublil and Yarden, 2007; Andrae et al., 2008).  It is possible that 

the uncontrolled cell proliferation in these cancer cells is partly due to defective RTK 

downregulation.  Taking this further, defective Ank105 (or Ank120) expression could play a role 

by diminishing receptor-mediated endocytosis and degradation in lysosomes, leading to increased 

RTK expression and cancer cell proliferation.  This project sought to investigate if Ank105 could 

regulate the growth and tumorigenic properties of cancer cells.   

 

 

 2.1 Hypothesis   
Some cancer cell lines that overexpress receptor tyrosine kinases may have low levels of 

Ank105.  Regardless of the level of Ank105 in cancer cells, overexpression of Ank105 may 

decrease their level of RTK expression, slow their growth, and/or reverse their transformed 

properties to those of normal cells. 

 

 

2.2 Objectives 
 

1. To determine the levels of Ank105 in cancer cell lines compared to normal cells. 

2. To overexpress Ank105 in cancer cells and determine how this affects receptor tyrosine 

kinase levels.   

3. To overexpress Ank105 in cancer cells and determine how this affects their growth and 

tumorigenic properties.   
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3.0 MATERIALS AND METHODS 

 All chemicals used were of analytical grade or higher, and were purchased from VWR, Sigma 

or BDH, unless otherwise stated.  The names and addresses of the suppliers of all materials used 

are listed in Table 3.1.  Unless otherwise specified, all chemical reactions were carried out at 

room temperature. 

 

3.1 Cell Lines and Standard Tissue Culture Conditions 

Cell lines from cancers of brain, breast and lung, as well as the NIH 3T3 mouse fibroblast 

cell line, were used.  Cell lines T98G (brain cancer), MDA-MB-231 and MCF7 (breast cancers) 

were already available in our laboratory, the rest being purchased from American Type Culture 

Collection (ATCC).    Normal, immortalized cells from breast and lung were also obtained from 

ATCC.  Standard details of the cell lines are shown in Table 3.2, and the special feature of each 

cell line are detailed in Tables 3.3 – 3.5.  There are no available normal brain cell lines, so we 

obtained two commercial whole cell lysates from normal human brain: cerebral cortex (Human) 

whole cell lysate, Cat# ab30061, and Brain (Human) Tissue Lysate, Cat# ab29466, from Abcam 

Inc.  Cells were grown in tissue culture as per ATCC recommendations.  Unless otherwise stated, 

all tissue culture media were supplemented with 10% fetal bovine serum (FBS, Hyclone) and 1% 

(v/v) penicillin G and streptomycin [(100 units/mL penicillin G and 100 µg/mL streptomycin) 

(P/S, Invitrogen)], and cells were maintained in a humidified incubator at 37ºC with 5% CO2.  

The specific media used for each cell line are shown in Table 3.6.   

 

3.2 Cell Culture Techniques 

3.2.1 Stable Transfection of Cells 

Stable transfections were carried out using a plasmid expressing the Ankyrin105 (Ank105) 

gene, in order to test the effects of Ank105 overexpression in the cell lines under study.  The 

Ank105 gene was cloned onto the HA3 vector by another graduate student from our laboratory 

(Ignatiuk et al., 2006).  The HA3 vector was derived from pRc/CMV2 (Invitrogen) (King et al., 

2000), and expressed three copies of a 9-amino acid repeat (YPYDVPDYA) from a 

hemagglutinin (HA) tag cloned into the multiple cloning site downstream of the CMV promoter 
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Table 3.1  Names and addresses of material suppliers 

Company Name Address 

Abcam Inc. Cambridge, MA, USA 

American Type Culture Collection Manassas, VA, USA 

Applied Biosystems Canada Streetsville, ON, Canada 

BDH, Inc. Toronto, ON, Canada 

Bio-Rad Laboratories, Ltd. Mississauga, ON, Canada 

Cedarlane Laboratories, Ltd. Burlington, ON, Canada 

EMD Chemicals®, Inc. Gibbstown, NJ, USA 

Fermentas Canada, Inc. Burlington, ON, Canada 

GE Healthcare Bio-Sciences, Inc. Baie D’Urfé, QC, Canada 

Gibco Burlington, ON, Canada 

HyClone Logan, UT, USA 

Invitrogen, Canada, Inc. Burlington, ON, Canada 

MacVector, Inc. North Carolina, USA 

Mandel Scientific Company, Inc. Ontario, Canada 

Millipore TM Billerica, MA, USA 

New England Biolabs, Ltd. Pickering, ON, Canada 

Novagen Mississauga, ON, Canada 

PerkinElmer Life Sciences, Ltd. Boston, MA, USA 

Qiagen, Inc. Mississauga, ON, Canada 

Santa Cruz Biotechnology, Inc. Santa Cruz, CA, USA 

Sigma-Aldrich Co. Oakville, ON, Canada 

VWR International Mississauga, ON, Canada 

 

 

(Fig. 3.1). The HA tag was attached to the N terminus of Ank105 to give the fusion protein HA 

Ank105 (Ignatiuk et al., 2006).  This allowed the HA tag to be used as an indicator  

of ectopic HA-Ank105 levels, separate from endogenous Ank105.  The basic pRc/CMV2 vector 

also incorporates a neomycin resistance gene for mammalian selection, as well as an ampicillin 

resistance gene for bacterial resistance (Fig. 3.1).   
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Table 3.2  Cell lines used in experiments  

Organ Cell Line 
Catalogue 

Number 
Cell Type 

Additional 

Information 

Embryo NIH 3T3 CRL-1658 Mouse normal fibroblasts  

CCD-16Lu CCL-204 Normal lung fibroblasts   

CCD-19Lu CCL-210 Normal lung fibroblasts   

HCC827 CRL-2868 Adenocarcinoma  

EGFR tyrosine kinase 

domain (E746 –E750 

deletion) mutation 

NCI-H1395 CRL-5868 Adenocarcinoma  

NCI-H1648 CRL-5882 Adenocarcinoma  

NCI-H2009 CRL-5911 Adenocarcinoma  

NCI-H23 CRL-5800 
Non-small cell lung cancer 

(NSCLC) 

EGFR,  K-ras 12 and 

p53 mutation (I246M)            

NCI-H1993 CRL-5909 NSCLC  

NCI-H2087 CRL-5922 NSCLC  

NCI-H1770 CRL-5893 Neuroendocrine carcinoma  

MSTO-211H CRL-2081 Biphasic mesothelioma  

Human 

Lung 

NCI-H727 CRL-5815 Bronchial carcinoid  

Hs 617.Mg CRL-7379 Normal breast  

Hs 578Bst HTB-125 Normal breast fibroblasts  

MDA-MB-

231 
HTB-26 Breast adenocarcinoma 

 

MCF7 HTB-22 Breast adenocarcinoma  

Human 

Breast 

AU565 CRL-2351 Breast adenocarcinoma 

Parental cell line SK-

BR-3 (ATCC, Cat# 

HTB-30) 

T98G CRL-1690 Glioblastoma multiforme  
Human 

Brain 
DBTRG-

05MG 
CRL-2020 Glioblastoma multiforme 
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Table 3.3  Special Feature of Cell Lines - Lung 
Cell Line Special Features 

HCC827 
Lung adenocarcinoma with acquired mutation in EGFR tyrosine 

kinase domain (E746 –E750 deletion). 

NCI-H1395 Lung adenocarcinoma (patient was a smoker—15 pack years) 

NCI-H1648 
Lung adenocarcinoma derived from a metastatic lymph node 

(patient was a smoker—40 pack years). 

NCI-H2009 
Lung adenocarcinoma derived from a metastatic lymph node 

(patient was a smoker—30 pack years). 

NCI-H23 

Lung adenocarcinoma (patient was a smoker—30 pack years). Cells 

carry K-ras and p53 (codon 246) mutations, and express c-myc, L-

myc, v-src, v-erb, c-raf 1, Ha-ras, Ki-ras and N-ras RNAs. C-myc 

DNA amplified 20-fold with no detectable RNA amplification. 

Heterogeneous mRNA expression for PDGF A and B, TGF α and 

β, and EGFR. 

NCI-H1993 
Lung adenocarcinoma derived from metastatic lymph node (patient 

was a smoker—30 pack years).  

NCI-H2087 
Lung adenocarcinoma derived from a metastatic lymph node 

(patient was a smoker—60 pack years).  

NCI-H1770 
Neuroendocrine carcinoma derived from metastatic lymph node 

(patient was a non-smoker).  

MSTO-211H 

Biphasic mesothelioma cells obtained from pleural effusion before 

radiation or chemotherapy. Cells overexpress c-myc oncogene with 

no detectable gene rearrangement or amplification. They alslo 

express v-src, v-abl, v-erb B, c-raf 1, Has-ras, Ki-ras, and N-ras 

NCI-H727 

Bronchial carcinoid tumor. Easily detectable p53 levels compared to 

normal lung. Cells synthesize neuromedin B and parathyroid-like 

peptides, but not gastrin releasing peptide. Expressed EGFR and 

growth is inhibited by anti-EGFR monoclonal antibodies. 
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Table 3.4  Special Feature of Cell Lines - Breast 
Cell Line Special Features 

Hs 617.Mg Normal breast cells 

Hs 578Bst 
Breast fibroblasts derived from normal breast tissue away from a 

ductal carcinoma on the same breast 

MDA-MB-231 

Adenocarcinoma of breast, derived from metastatic cells in pleural 

effusion. Cells express WNT7B oncogene. Cell line is aneuploid 

female, most chromosomes being triploid. Chromosomes N8 and 

N15 are missing. Cells express EGF and TGF-α . 

MCF7 

Adenocarcinoma of breast, derived from metastatic cells in pleural 

effusion. Cells are are hypertriploid or hypotetraploid. They have 

competent estradiol receptors, and express the WNT7B oncogene. 

AU565 

Adenocarcinoma of breast, derived from metastatic cells in pleural 

effusion. Patient had been treated with radiation, steroids and 

chemotherapy. Cells amplify and overexpress ErbB2 oncogene, and 

also express ErbB3, ErbB4 and p53 oncogenes. 

Cell differentiation can be induced by treating cells with 

mycopphenolic acid, phorbol 12-myristate 13-acetate, retinoic acid, 

Neu differentiation factor, or the TA-1 monoclonal antibody to the 

extracellular domain of the ErbB2 receptor. 

 

Table 3.5  Special Feature of Cell Lines - Brain 
Cell Line Special Features 

T98G Glioblastoma multiforme cells with hyperpentaploid chromosome 

count and numerous chromosomal structural abnormalities. Cells are 

anchorage independent, and enter into a viable G1 phase when 

deprived of serum. 

DBTRG-05MG Glioblastoma multiforme cells obtained from patient that had been 

treated with multiple chemotherapy agents and radiation.  Cells are 

near tetraploid, and most missing copies of chromosome 10 and have 

extra copies of chromosome 7. 
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Table 3.6  Tissue culture media used for cell lines  
Cell Line(s) Base Medium Special supplements 

NIH 3T3, NCI-H1648, 

NCI-H1770, T98G  

DMEM  

Hs 578Bst DMEM 30 ng/mL EGF, 1.5 g/L Na 

pyruvate, 4.0 mM L-glutamine 

Hs 617.Mg DMEM 4.0 mM L-glutamine, 1.0 mM Na 

pyruvate 

NCI-H2087 DMEM F12 0.02 mg/mL insulin, 0.01 mg/mL 

transferring, 25 nM Na selenite, 50 

nM hydrocortisone, 1 ng/mL EGF, 

0.01 mM ethanolamine, 0.01 mM 

phosphorylethanolamine, 100 pM 

triiodothyronine, 0.5%, 0.5 mM Na 

pyruvate. 

NCI-H2009 DMEM F12 5 µg/mL insulin, 0.01 mg/mL 

transferring, 30 nM Na selenite, 10 

nM hydrocortisone, 10 nM β-

estradiol 

NCI-H1993 RPMI-1640 Glucose 4.5 g/L 

NCI-H23, NCI-H1395, 

MSTO-211H, NCI-H727, 

HCC827, MB-MDA-231, 

AU565 

RPMI-1640  

DBTRG-05MG RPMI-1640 4.5 g/L D-glucose, 25 mM HEPES, 

1.0 mM Na pyruvate, 0.1 mM 

hypoxanthine, 4 µM thymidine, 10 

mg/L adenine, 1.0 mg/L ATP, 0.4 

mM L-cysteine, 50 mg/L L-proline 

CCD-16Lu, CCD-19Lu, 

MCF7 

(αMEM) NaHCO3 1.5 g/L 



*
* *

* * *

Fig. 3.1 Schematic of pRc/CMV2 plasmid (Invitrogen). The HA3 vector expressed three

copies of a 9-amino acid repeat (YPYDVPDYA) from a hemagglutinin (HA) tag cloned into the

multiple cloning site. The Ank105 cDNA was cloned into the vector such that it was attached,

via its N terminus, to the HA3 tag. PCMV = CMV promoter; T7 = T7 promoter; = restriction

sites within multiple cloning site; BGH pA = bovine growth hormone polyadenylation signal; f1

= f1 phage origin of replication; SV40 = simian virus 40 origin of replication and

polyadenylation signals; Neomycin = neomycin resistance gene for mammalian cell selection;

CoIE1 = origin of replication for intrabacterial plasmid replication; Amp = ampicillin resistance

gene for bacterial resistance.

*
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The culture medium used was either Dubelcco’s Modified Eagle Medium (DMEM) or 

Roswell Park Memorial Institute 1640 (RPMI-1640), depending on the cell line.  On day one, 3.5 x 

105 cells were plated onto a 6 cm plate and grown overnight in an incubator at 37 °C and 5% CO2.  

On day 2, the transfection mixes were prepared according to the manufacturer’s instructions, 

consisting of 600 µL Opti-MEM®I reduced serum medium (Invitrogen, Cat# 31985-062), 2.5 µg 

DNA (HA-Ankyrin105), 10 µL LipofectamineTM reagent (Invitrogen, Cat# 18324), and 2.4 mL 

serum-free culture medium.  The cells were washed with serum-free culture medium and the 

transfection mix was incubated with the cells for 5 hr at 37 °C and 5% CO2.  Three milliliters of 

culture medium with 20% FBS were then added to create a medium with a final concentration of 

10% FBS, and incubated overnight.  On day 3 the transfection media were changed to (DMEM or 

RPMI) + 10% FBS + 1% P/S, and the cells cultured to 80-90% confluence.  Once confluent, cells 

were split and re-suspended in selection medium.  Selection media contained 400 µg/mL 

Geneticin® (Invitrogen, Cat# 11811098), commonly known as G418—an antibiotic that selected 

for cells expressing the transfected DNA.  In addition, 10% FBS and 1% P/S were added.  All 

clones were subsequently grown in selection medium for the rest of the experiment.  The surviving 

cells formed discrete colonies that were picked, plated into 24-well plates, and gradually scaled up 

until they could be screened for HA-Ank105 levels and grown on regular 10 cm plates.  Some of 

the cells were then frozen down for storage, while the rest were maintained and used for 

experiments. 

 

3.2.2 Transduction of Cells with Adenovirus Vector   

Adenovirus transduction was used to obtain high levels of protein in our cell lines.  

Adenoviruses constitute a large group of double stranded DNA viruses that belong to the 

Adenoviridae family (Douglas, 2007).  They are divided into six groups (A-F), with a further 

subdivision into approximately 50 serotypes.  Viruses from group C, serotypes 2 and 5, are used 

most commonly as gene vectors (Dharmapuri et al., 2009).  The adenoviruses are non-enveloped, 

their structure consisting of a protein capsid with an icosahedral shape, which encloses a DNA 

core (Fig.  3.2).  From the surface of the capsid, extend several fiber proteins with knobs at their 

ends (Fig.  3.2).  The genome is a linear, 36 kb DNA structure with two major groups of genes— 

 



Capsid

Fiber knob

Fiber

Fig. 3.2 Schematic of the basic structure of adenoviruses. The viral

particle has an icosahedral shape that is subdivided into hexons and

pentons. From the penton and hexon angles extend several fibers that

have a knob at their ends. The knobs are used for attachment to the cell

surface receptor Coxsackie-adenovirus receptor, allowing the virus to

dock immediately prior to internalization by receptor-mediated

endocytosis.

36
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early and late genes (Mizuguchi et al., 2001).  The five early genes are designated E1A, E1B, E2, 

E3 and E4.  The E1A gene is the first to be transcribed following viral entry, and induces the host 

cell to enter the S phase of the cell cycle.  It acts in concert with E1B.  Genes E2 and E4 are 

involved in transcriptional regulation of the host cell, including inhibition of apoptosis, while E3 

modulates the host cell immune responses in vivo (Mizuguchi et al., 2001).  Transcription of the 

early genes is in preparation for viral replication.  There are five late genes (L1-L5), which 

encode the synthesis of viral capsid proteins following DNA replication (Mizuguchi et al., 2001).  

The genome has inverted terminal repeat sequences at each end, which function as primers for 

DNA replication (Douglas, 2007).   

Viral entry into the cell is mediated by two main cell surface receptors—Coxsackie-

adenovirus receptor and av-integrin (Sharma et al., 2009).  The virus docks by attachment to the 

Coxsackie-adenovirus receptor, and receptor-mediated endocytosis is carried out by av-integrin 

(Douglas, 2007).  Once within the cytoplasm, the virus escapes from the endosomes, the capsid 

disintegrates, and the viral core translocates to the nuclear membrane, where the DNA is exported 

into the nucleus via nuclear membrane pores.  This early phase lasts about 6-8 hr.  In the nucleus, 

late viral genes are transcribed to make the protein capsid that will enclose viral DNA particles, a 

process that takes about 4 hr (Douglas, 2007).   

In the adenovirus vector, a large number of genes are deleted, so that the virus is replication 

deficient (Mizuguchi et al., 2001; Dharmapuri et al., 2009).  This also creates room for the 

insertion of the gene of interest, e.g.  HA-Ank105.  Adenoviral DNA remains episomal, i.e.  it 

does not integrate into the host cell genome (Douglas, 2007), a fact that prevents host cell 

transformation by the virus.  The virus transduces a wide variety of cell types, as well as both 

dividing and non-dividing cells.  These properties of adenovirus, and the ease with which its 

genome can be manipulated, make it a suitable choice for viral gene vector (Douglas, 2007; 

Dharmapuri et al., 2009).  The vector can be mass-produced at high titers.  The major 

disadvantage is that expression of the gene of interest is transient (Dharmapuri et al., 2009). 

We obtained the shuttle vector Dual GFP-CCM from Vector Biolabs, and the Ank105 gene 

was cloned into the vector by Levi Furber, a graduate student in our laboratory.  As in section 

3.2.1 above, the Ank105 gene was attached to the hemagglutinin (HA) gene to give the fusion 

protein HA-Ank105.  Detection of HA allowed us to confirm and measure the level of HA-

Ank105 independent of endogenous Ank105.  After cloning and sequence verification (Levi 
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Furber), the product was shipped to Vector Biolabs for adenovirus recombination, amplification, 

concentration and titration.  The adenovirus co-expressed green fluorescent protein (GFP) as a 

separate product from the same transcript, so that infected cells could be visualized using 

fluorescence microscopy.  An estimate of the percentage of cells infected could also be made 

using fluorescence microscopy.  We adopted a protocol for the infection process from Vector 

Core, a sub-division of the Centre for Gene Therapy at the University of Michigan 

(www.med.umich.edu/vcore).  As per the protocol, adenoviral infections were carried out on cells 

that were 50% confluent.  So the first step was to determine the number of cells required to 

achieve 50% confluence on a 6 cm plate by the following day.  This was done by empirically 

plating a range of cell numbers on a 6-well plate and examining the plate the following morning.  

Initially, we calculated the number of cells required to achieve 50% confluence in a 6 cm plate 

from the known surface area of a single well and that of a 6 cm plate.  In practice, this turned out 

to be inaccurate, and the empirical technique was used for the 6 cm plates too.  The numbers of 

cells plated for each cell line are shown in Table 3.7.   

The adenovirus came at a titer of 62 x 106 plaque forming units (PFU)/µL.  We diluted it 

1:10 with sterile PBS, aliquoted it into several microfuge tubes of different volumes, and stored it 

at -80 °C.  We then only thawed enough volume of virus suspension for use during the 

experiment being conducted on any particular day.  This avoided repeated thawing and freezing 

of the suspension, which would have resulted in loss of viable virus particles.  Next, we 

determined the multiplicity of infection (MOI) required to achieve 100% infection.  MOI is the 

number of viral particles per cell in the plate.  First, cells were grown in a 6-well plate to achieve 

50% confluence by the following morning.  They were then infected with adenovirus.  The 

number of PFUs required was determined by multiplying the number of cells in the plate by the 

MOI.  The volume of viral suspension was then calculated using the formula: Volume (µL) = 

(MOI x No.  of cells)/ (PFU/µL).  We prepared wells with MOIs of 0, 50, 100, 200, 500, and 

1000.  The infection process was carried out in a tissue culture hood at room temperature.  The 

virus was thawed on ice.  We actually needed a further 1:10 dilution of the virus suspension in 

order to obtain more practical (and more accurate) volumes to work with.  This was done with 

sterile PBS.  Throughout the infection process, cells were grown in their specific culture media as 

detailed in Table 3.6.  Each well had a total culture medium volume of 2 mL.  The culture 

medium in the plate was replaced with fresh medium, the calculated volume of virus suspension  
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Table 3.7  MOIs and Numbers of Cells Plated for 50% Confluence  
Number of Cells Plated 

Cell Line 
6-well Plate 6 cm Plate 

MOI  

Used 

CCD-16Lu Not done 100,000 1000 
CCD-19Lu Not done 100,000 1000 
NCI-H727 336,000 250,000 1000 
NCI-H827 144,000 90,000 500 
Hs 617.Mg Not done 90,000 1000 
Hs 578Bst Not done 100,000 1000 

MDA-MB-231 264,000 250,000 1000 
AU565 168,000 170,000 1000 
T98G 90,000 130,000 1000 

DBTRG-05MG 96,000 100,000 1000 
 

 

 

added to the cell plate, and mixed by gently tipping the plate from side to side.  At this point the 

protocol had the options of either 1 hr or overnight infection.  We incubated the infected cells 

overnight at 37 °C and 5% CO2, and changed the culture media after 24 hr.  Daily fluorescent 

micrographs of each well were then taken using a Coolpix 990 digital camera (Nikon) attached to 

an Eclipse TE300 microscope (Nikon), for up to four days post infection.  Fluorescence 

microscopy was used to determine the level of infection since the adenovirus expressed GFP.  

The lowest MOIs required to achieve 100% infection were selected.  The MOIs used for each cell 

line are shown in Table 3.7.  For the normal lung (CCD-16Lu and CCD-19Lu) and breast (Hs 

617.Mg and Hs 578Bst) cell lines, we selected the highest MOI used for the corresponding 

cancer cells.  Once MOIs were established, the next step was to determine the onset and duration 

of HA-Ank105 expression.  It was important to have HA-Ank105 expression over at least twelve 

days, the length of time it took to complete the soft agar experiments examining anchorage-

independent growth.  Five sets of 6 cm plates of infected cells were prepared for each cell line.  

On days 2, 3, 4, 10 and 15 post infection, one set was used to prepare a whole cell lysate (wcl) for 
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immunoblot analysis for HA-Ank105 and receptor tyrosine kinase levels (section 3.3.1).  

Fluorescent micrographs were taken before lysing the cells. 

Special safety precautions were taken in handling the adenovirus.  All materials and cells 

used in the transduction experiments were handled as per biosafety level 2 guidelines in the 

Biosafety Manual of the Department of Health, Safety and Environment of the University of 

Saskatchewan.  All spaces that were used for adenovirus experiments were highlighted with 

prominent labels.  A tissue culture gown and gloves were worn at all times during experiments.  

Waste fluids were collected into a dish containing 10% bleach solution, and solid waste in red 

biohazard bags that were sealed at the end.  At the end of the experiments, pipettes were 

incubated in 10% bleach for about 15 minutes before being sent for sterilization.  The bleach-

treated fluid waste was disposed of in a sink, and all surfaces cleaned, first with 10% bleach, and 

then with 70% ethanol as per usual practice. 

3.2.3 Cell Proliferation Assay 

  For each cell line or clone, 5 x 105 cells were plated on each of several 10 cm tissue culture 

plates.  The non-transfected cell lines were grown in regular medium as shown in Table 3.6, 

while the transfected cells were grown in selection medium (containing G418), at 37 °C and 5% 

CO2.  Culture media wee changed every 3 days.  On days 2, 4, 6 and 8, one of the plates was 

trypsinized and the cells counted on a Coulter Counter.  Mean cell counts were calculated and 

plotted using Excel 2000 (Microsoft), and the standard deviation shown by error bars on the 

graphs.  Three independent experiments were carried out for each cell line / clone. 

3.2.4 Anchorage-independent Growth  

This was examined experimentally by growing cells in soft agar and measuring the amount 

of colony formation.  First,  bottom layers of soft agar with nutrients were prepared, and then  top 

agar layers with cells suspended in them poured on top.  The cells then grew in this environment, 

drawing nutrients from the bottom layers.  The soft agar bottom layers were prepared as follows: 

1.8% agar was made from agar in de-ionized water, and autoclaved for sterility.  It was then 

either used immediately or stored at room temperature for later use.  In the latter case, the agar 

was melted in a microwave just before use and kept in a 42 °C water bath.  Nutrients consisting 

of 10.2 ml of 2X culture medium, 2 ml of 10% FBS, 1 ml vitamin mixture [100X MEM (Gibco, 
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Cat# 11120-052)] were mixed in a large tube (typically 50 ml Falcon tube) and warmed up to 37 

°C in a water bath.  A pipette was then warmed with a lighter and used to draw 6.8 ml of agar, 

which was immediately mixed with the nutrient mixture in the Falcon tube.  The resulting 

mixtures were then aliquoted equally into four 6 cm tissue culture plates and allowed to cool 

down.  The top agar layers were prepared when cells were ready for plating.  More soft agar was 

prepared as described above.  Nutrient mixes were made consisting of 4 ml of 2X culture 

medium, 0.8 ml of 10% FBS, 0.3 ml of 100x MEM, 1.3 ml de-ionized water, and kept in a 37 °C 

water bath.  Growing cells were trypsinized, suspended in culture media in 15 ml Falcon tubes, 

and counted using a Coulter counter.  The cell concentrations in the tubes were calculated, and 

volumes containing 50,000 cells pipetted into culture tube(s).  After warming-up a pipette, 1.6 ml 

of agar was pipetted out and mixed with the nutrient mixture.  The cells in each tube were then 

suspended in 2 ml of the agar/nutrient mix and poured onto the bottom soft agar layer.  Once the 

top agar layers had cooled down, photographs of the plates were taken on day one in order to 

provide a baseline for identification of colonies.  A Coolpix 990 digital camera (Nikon) attached 

to an Eclipse TE300 microscope (Nikon) was used.  The cells were grown for 12 days at 37 °C 

and 5% CO2.  On day 12, the number of colonies in each plate was counted, and representative 

photographs taken.  To count colonies, a circle was traced around a 6 cm tissue culture plate, onto 

a plastic grid sheet.  Three 1 cm2 squares were drawn within the circle in positions chosen at 

random.  The plastic grid was taped onto the microscope platform, and the plate to be counted 

placed on the circle.  The number of colonies inside each square was counted, without moving 

the plates.  The total number of colonies in the plates were calculated based on the surface areas 

of the squares (total 3 cm2) and the 6 cm plates.  The latter was calculated from an actual 

measurement of the plate diameter and use of the formula: Area = πr2, where π = 3.14, and r 

(radius) = 2.65 cm, making the area of a 6 cm plate 22.05 cm2.  Thus the total number of colonies 

per 6 cm plate = (# colonies counted in 3 cm2 x 22.05)/ 3.  Colonies were identified as clumps of 

cells that had formed over the 12 days.  Clumps that were due to insufficient dispersion of cells 

during plating were documented by taking photographs of the plates on day 1, and were excluded 

from the count   
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3.2.5 Annexin V Apoptosis Assay 

The annexin V affinity assay is used in tests for the detection of early apoptosis (Martin et 

al., 1995; Vermes et al., 1995; Otsuki et al., 2003).  Phosphatidylserine is a lipid that is normally 

present only on the inner surface of the cell membrane, but becomes externalized during 

apoptosis (Otsuki et al., 2003).  Annexin V is a protein that binds negatively-charged 

phospholipids such as phosphatidylserine (Otsuki et al., 2003).  When complexed with 

fluorescein isothiocyanate (FITC), it can be detected by green fluorescence (Vermes et al., 1995).  

We used the Vybrant Apoptosis Assay Kit #2 from Molecular Probes® (Invitrogen, Cat # 

V13241).  This kit uses Alexa Fluor® 488 annexin V (emits green fluorescence) and propidium 

iodide, a nucleic acid dye that emits red fluorescence.  Cells in late apoptosis or cells that die 

through mechanisms other than apoptosis, have a broken cell membrane that results in the 

exposure of nucleic acids.  Using this test, live cells show no fluorescence, cells in early 

apoptosis show green fluorescence only, while necrotic cells or those in late apoptosis will 

demonstrate both green and red fluorescence (Fig.  3.3).    

Several methods were used to induce apoptosis.  For each set of cells treated with an 

apoptosis-inducing agent, untreated control cells were similarly tested for apoptosis.  The first 

method used hydrogen peroxide.  Cells were grown to 80-90% confluence.  In the tissue culture 

hood, at room temperature, 100 µL of 100 mM hydrogen peroxide was added to the 10 mL of 

culture media in the culture plates, to get final hydrogen peroxide concentrations of 1 mM.  The 

cells were then incubated for 4 hours at 37 °C and 5% CO2.  After 4 hours, all procedures were 

carried out at room temperature.  The cells were washed in phosphate buffered saline [137mM 

NaCl, 2.7 mM KCl, 10 mM sodium phosphate dibasic, 2 mM potassium phosphate monobasic, 

pH 7.4] (PBS) and trypsinized.  They were then suspended in their regular culture  

medium and centrifuged for 5 minutes at 720 x g.  The supernatants were aspirated off, the cells 

re-suspended in PBS, and centrifuged again.  One million cells were then labeled with Alexa 

Fluor® 488 annexin V and propidium iodide as per manufacturer’s instructions, and fluorescence 

detected using fluorescence activated cell sorting (FACS) analysis.  Repeat experiments were 

carried out using 4 mM hydrogen peroxide solution.   

In the second method we used temozolomide, a chemotherapeutic agent known to kill brain 

cancer cells (Franceschi et al., 2009).   The drug was purchased from the Saskatoon Cancer 

Centre Pharmacy in pill form.  Temozolomide suspensions were prepared in low-serum (0.5%  



Fig. 3.3 Sample results of Annexin V test. Cells were analyzed

by flow cytometry after I annexin V and propidium iodide. L –

live cells showing minimal fluorescence; D –dead cells showing

red and green fluorescence; A –apoptotic cells showing green

fluorescence. Red fluorescence is from propidium bound to

DNA, and green fluorescence is from annexin V bound to

phosphatidylserine. Adapted from: Molecular Probes® Product

Information. VybrantTM Apoptosis Assay Kit #2 (Revised: 27-

June- 2005).
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FBS) DMEM.  This was a modification from the paper in which the protocol is described (Sur, 

Sribnick, et al, 2005).   In that original protocol the T98G cells were grown in RPMI 1640, 

whereas in our laboratory we had always grown these cells in DMEM.  Cells were grown in 

DMEM with 10% FBS, 1% P/S and, for transfected cells, G418 (400 µg/L).  The media was 

changed to the low-serum type (0.5% FBS) 24 hr before treatment with temozolomide (Sur et al., 

2005).  On the day of treatment the cells were incubated in 200 µM temozolomide for 6 hr and 

then analyzed for phosphatidylserine externalization with the annexin V affinity assay.  The 

experiment was repeated using 800 µM temozolomide.  Lastly, we also used low-serum (0.15% 

FBS) medium for 18 hours to induce apoptosis, and then tested them with the annexin V affinity 

assay. 

 

3.3 Protein Analysis 

3.3.1 Preparation of Whole Cell Lysate  

  To prepare whole cell lysates (wcl) for protein analysis, 10 cm plates of cells of 

approximately 80-90% confluence were washed in PBS, and 300 µL of boiling sodium dodecyl 

sulfate (SDS) sample buffer [10% (w/v) glycerol, 5% (v/v) β-mercaptoethanol, 2.3% (w/v) SDS, 

and 0.05% (w/v) bromophenol blue, pH 6.8] were added to the plates.  The cells were scraped 

using a plastic spatula, and the resulting thick solutions were thinned out by repeatedly drawing 

them through a 27-gauge needle using a syringe.  The lysates were then boiled at 100 °C for 5 

minutes, and either used immediately or stored at -80 °C. 

  In order to compare whole cell lysates for protein levels, we needed to use samples 

containing the same amounts of protein.  It was thus necessary to know the protein concentration 

of each lysate being analyzed.  This was determined using the Total Protein Kit, Micro Lowry, 

Peterson’s modification (Sigma-Aldrich, Cat # TP0300).  The method measures the degree to 

which the Folin & Ciocalteu’s Phenol Reagent (Sigma-Aldrich, Cat # F 9252) is reduced, 

producing a purple color (Lowry et al., 1951; Peterson, 1977).  This is determined by measuring 

the absorbance of the samples at a wavelength between 500 and 800 nm (typically 750 nm), and 

calculating the protein concentration from a calibration curve derived from absorbance 

measurements on protein standards (Lowry et al., 1951; Peterson, 1977).  The components of the 

kit included Lowry Reagent powder (Sigma-Aldrich, Cat # L 3540), 0.15% (w/v) deoxycholate 
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(DOC) solution (Sigma-Aldrich, Cat # D 8566), 72% (w/v) Trichloroacetic acetic acid solution 

(TCA), 20% (v/v) Folin & Ciocalteu’s Phenol Reagent (Sigma Aldrich, Cat # F 9252), and 

protein standard (bovine serum albumin or BSA), 2 mg per vial (Sigma-Aldrich, Cat # P 5619).  

The Lowry Reagent solution, Folin & Ciocalteu’s Phenol Reagent and Protein Standard solution 

were prepared as per manufacturer’s instructions.  BSA was added to tubes to give protein 

standard concentrations of 0, 50, 100, 200, 300 and 400 µg/mL, made up with de-ionized water to 

total volumes of 500 µL each.  To separate tubes, 25 µL of whole cell lysate were added and 

diluted with de-ionized water to total volumes of 500 µL.  Interference to the Lowry reaction can 

be seen due to chemicals such as Tris, EDTA, phenols, ammonium sulfate, sucrose, and citrate.  

These were removed (with the exception of phenols) with DOC and TCA, which precipitated the 

protein.  The Lowry Reagent also contains SDS, which promotes dissolution of lipoproteins 

(Peterson, 1977).  The following tests apply to both protein standard as well as whole cell lysate 

samples.  To each tube, 50 µL of DOC were added, mixed well, and the mixture left to stand for 

10 minutes.  TCA (50 µL) was then added to each tube, mixed well, and the mixture centrifuged 

at 20,800 x g for 10 minutes.  The supernatants were carefully pipetted out, taking care not to 

remove the protein precipitates, which were then dissolved in 500 µL of Lowry Reagent.  To this 

mixture, 500 µL of de-ionized water were added, and the solutions left to stand for 20 minutes.  

Then 250 µL of Folin &Ciocalteu’s Phenol Reagent were added to each tube, the contents mixed 

promptly and rapidly, and then left to stand for 30 minutes to allow development of color.  

Samples were then placed in cuvets and had their absorbance measured at 750 nm.  The 

absorbance values of the protein standards were used to plot a calibration curve from which the 

protein concentrations of the whole cell lysates were calculated using Excel 2000 (Microsoft). 

 

3.3.2 Sodium Dodecyl Sulfate-polyacrylamide Gel Electrophoresis (SDS-PAGE)  

  Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was used to 

resolve proteins prior to Western blot analysis (Laemmli, 1970).  The system consists of two 

parts: a lower resolving gel and an upper stacking gel.  The gels were cast and run on the Mini-

Protean® Tetra Electrophoresis System (Bio-Rad).  The composition of the resolving gel varied 

depending on the molecular weight range of the proteins being analyzed.  We used gels 

containing either 7.5% or 10% (w/v) acrylamide/bisacrylamide solution (29.2:0.8 acrylamide to 
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bisacrylamide) in 375 mM Tris-HCl, pH 8.8, and 0.1% (w/v) SDS.  Ammonium persulfate 0.6% 

(w/v) (APS) and  N,N,N’,N’-tetra-methylethylenediamine  0.1% (v/v) (TEMED) were added to 

initiate gel polymerization (Laemmli, 1970), and the gels poured in between two glass plates 

separated by a 1 mm spacer.  Approximately 100-200 µL of water-saturated butanol were poured 

over the top of the resolving gels to remove any air bubbles and prevent the top part of the gels 

from drying out.  The gels were then left to polymerize for a minimum of 45 minutes.  When 

resolving gel polymerization was complete, stacking gel mixes were prepared with 4.5% 

acrylamide/bisacrylamide solution containing 125 mM Tris-HCl, pH 6.8, and 0.1% (w/v) SDS 

(Laemmli, 1970).  The butanol on the resolving gels was washed off using gel running buffer [25 

mM Tris-HCl, 192 mM glycine and 0.1% (w/v) SDS], and APS and TEMED added to the 

stacking gel mix to initiate polymerization.  The stacking gel solution was then poured over the 

resolving gels, and plastic combs with 10 or 15 wells were inserted.  The gels were left to 

polymerize for approximately 8 minutes, and the combes removed promptly but carefully to 

avoid them sticking to and deforming the gels.  The gels were then clamped as per 

manufacturer’s instructions.  Gels had to be clamped in pairs, so if only one was being run, a 

‘blank’ was clamped along with it, and the assembly immersed in a chamber containing gel 

running buffer [25 mM Tris-HCl, 192 mM glycine and 0.1% (w/v) SDS]. 

  Whole cell lysates were prepared for resolution by thawing on ice followed by boiling at 

100 °C for 5 minutes.  Volumes of lysate containing the same total amount of protein (see section 

3.3.1) were then loaded into the stacking gel wells.  The first one or two wells were loaded with 

pre-stained protein standards, molecular weights (in kDa) 170, 130, 100, 70, 55, 40, 35, 25, 15 

and 10 (Fermentas, Cat # 0671). 

  The chambers containing the gels were then closed and connected to electric power to run 

at a constant voltage of 180 V until the bromophenol blue had run off the bottom of the gel 

(Laemmli, 1970). 

3.3.3 Western Blot Analysis    

Once SDS-PAGE was complete, the gels were immersed in transfer buffer [20% (v/v) 

methanol, 0.58% (w/v) glycine, and 0.038% (w/v) SDS in 48 mM Tris-HCl, pH 9.2] for 15 

minutes and placed on a very slow nutator at room temperature.  For each gel, one piece of 

nitrocellulose membrane (Whatman) and 6 pieces of blotting paper (3MM Whatman) were 
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prepared, each cut according to the size of the gel—8.2 x 5.4 cm.  The nitrocellulose membranes 

were soaked in deionized water, whereas the blotting papers were soaked in transfer buffer, for 

15 minutes.  The transfer apparatus, an Owl PanterTM Semi-Dry Electroblotter (VWR, Cat # 

27372-374), was cleaned, and the base moistened lightly, with deionized water.  Three pieces of 

blotting paper were then set on the base of the transfer apparatus, followed by the gel, the 

nitrocellulose membrane, and another 3 pieces of blotting paper.  Excess water, transfer buffer 

and air bubbles were removed from the transfer assembly by firmly rolling a plastic tube over the 

sandwich and blotting the fluid off the base.  The transfer apparatus lid was wet with distilled 

water, secured over the base, and the transfer carried out at a constant current of 400 mA, for a 

period of 15 minutes per gel.  A maximum of four gels could be transferred on the same 

apparatus. 

For protein detection by the chemiluminescence method, the nitrocellulose membranes 

were blocked using Tris-Buffered Saline with Tween (TBST) [0.1 M Tris-HCl, pH 8.0, 150 mM 

NaCl and 0.05% (v/v) Tween-20] containing 5% (w/v) Carnation skim milk powder, for 1 hr at 

room temperature or overnight at 4 °C.  Primary antibodies were diluted in the blocking solution 

at concentrations recommended by the manufacturer or as per our laboratory’s experience with 

particular antibodies (Table 3.8).  Once blocking was complete, the nitrocellulose membranes 

were washed 3 times with TBST for 10 minutes per wash, and then sealed in plastic bags with 

primary antibody and left to nutate overnight at 4 °C.  Secondary antibodies (Table 3.5) 

conjugated to horseradish peroxidase (HRP) were diluted in blocking solution.  The 

nitrocellulose membranes were removed from the primary antibody solutions and washed 3 times 

as described above.  They were then sealed in secondary antibody solution and put on a nutator 

for 1-4 hr at room temperature, after which they were washed as above, but for 5 minutes per 

wash.  A 100% Western Lightning enhanced chemiluminescence solution (ECL) (PerkinElmer) 

was prepared by mixing equal volumes of Enhanced Luminol Reagent and the Oxidizing Reagent 

in shallow glass dish.  The nitrocellulose membranes were immersed in the solution and left for 1 

minute, with gentle shaking.  In this method, horseradish peroxide converts ECL to an activated 

molecule that emits light (Sandhu et al, 1991).  An X-Omat Blue XB-1 film (Kodak) was 

exposed to the nitrocellulose membrane for up to 15 minutes as required, in a darkroom, and then 

developed on a Kodak M35A X-Omat processor. 
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Table 3.8  Antibodies used for Western blot experiments 
Antibody Company Catalogue  

Number 
Species Concentrati

on 
/ Dilution  

Figure 

 HA(F7) Santa Cruz sc7392 mouse 5 µg/mL 4.4 - 4.9, 4.15 - 
4.18 

 PDGFRβ (958) Santa Cruz sc432 rabbit 1 µg/mL 4.1- 4.3, 4.7, 
4.9, 4.18 

 EGFR(AP) Anderson 
lab, affinity-
purified (AP) 

 
N/A 

rabbit 1 µg/mL 4.1- 4.3, 4.5 - 
4.7, 4.9, 4.16 - 
4.18 

Ank(AP) Anderson 
lab, AP 

N/A rabbit 1 µg/mL 4.1- 4.3 

 Neu2 (AP) Anderson 
lab, AP 

 
N/A 

rabbit 4 µg/mL 4.1- 4.3, 

 Actin(I-19) Santa Cruz sc1616 goat 0.1 µg/mL 4.1- 4.3, 4.6, 
4.16, 4.17 

 GAPDH Ambion AM4300 mouse 0.5 - 1 µg/mL 4.1- 4.3, 4.5, 4.6 
 pERK 
(p44/42; 
T202/Y204) 

New England 
Biolabs 

9101 rabbit 1 :1000 4.6 

 pTyr (PY20) Santa Cruz sc508 mouse 1 µg/mL Data not shown 
 pAkt Cell 

Signaling 
Technology® 

9271 rabbit 1 :1000 Data not shown 

 pShc(Y317) Upstate® 
(Millipore) 

07-206 rabbit 1 :250 Data not shown 

pPLCγ(Y783) Santa Cruz sc12943R rabbit 1 µg/mL Data not shown 
 Anti-mouse IgG-
HRP 

Santa Cruz sc2005 goat 0.2 µg/mL 4.1- 4.5, 4.7, 4.8 

 Anti-rabbit IgG-
HRP 

Santa Cruz sc2004 goat 0.2 µg/mL 4.1- 4.3, 4.5, 4.7 

 Anti-goat IgG-
HRP 

Santa Cruz sc2020 donkey 0.2 µg/mL 4.1- 4.3 

Anti-mouse IgG 
IRDye 680CW  

LI-COR 
Biosciences 

926-32220 goat  0.1 µg/mL 4.6, 4.9, 4.15, 
4.16, 4.17, 4.18 

Anti-mouse IgG 
IRDye 800CW  

LI-COR 
Biosciences 

926-32210 goat  0.1 µg/mL 4.6 

Anti-rabbit IgG 
IRDye 680CW  

LI-COR 
Biosciences 

926-32221 goat  0.1 µg/mL 4.6, 4.9, 4.16, 
4.17, 4.18 

Anti-rabbit IgG 
IRDye 800CW  

LI-COR 
Biosciences 

926-32211 goat  0.1 µg/mL 4.6 

Anti-goat IgG 
IRDye 800CW  

LI-COR 
Biosciences 

926-32214 donkey  0.1 µg/mL 4.6, 4.9, 4.16, 
4.17, 4.18 
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For protein detection by the Odyssey® Infrared Imaging System (LI-COR Biosciences, Cat 

# 9201-01), the nitrocellulose membranes were blocked with Odyssey® blocking buffer 

[Phosphate buffered saline containing 0.01% sodium azide and a non-mammalian blocking 

reagent] (LI-COR Biosciences, Cat # 927-40000) for 1 hour at room temperature, or overnight at 

4 °C.  Primary antibodies were diluted to the required concentrations in Odyssey® blocking 

buffer, and incubated with the membranes overnight at 4 °C.  The membranes were washed in 

PBST [PBS containing 0.1% (v/v) Tween], 3 washes of 10 minutes each on a rocker.  Secondary 

antibodies for the Odyssey® Infrared Imaging System, tagged with infrared fluorescent dyes 

(IRD) of different wavelengths, can be detected as different colors.  For example, dyes of 

wavelength 680 nm were visualized as red, while those of wavelength 800 nm were visualized as 

green.  In this way, blot could be probed with two antibodies of different species and the bands 

detected in different colors.  The secondary antibodies used are listed in Table 3.5.  Secondary 

antibodies were diluted in Odyssey® blocking buffer to a concentration of 1:10 000 (v/v), 

contained in Western Incubation Boxes (LI-COR Biosciences, Cat # 929-97201), for all 

experiments.  The boxes were black to protect the secondary antibodies from light.  The 

nitrocellulose membranes were incubated in secondary antibodies for 1-2 hr at room temperature, 

and washed 3 times at 5 minutes each using PBST.  The membranes were then placed inside the 

Odyssey® Infrared Imaging System as per manufacturer’s instructions, and images of the blots 

were produced and stored on a computer.  In addition, the band intensities on the blots could be 

quantified and normalized to loading controls.  This allowed for quantitative determination of the 

protein levels.  The units of measurement were arbitrary intensity units, so comparisons were 

valid only between samples on the same nitrocellulose blot, or those processed identically at the 

same time.   

 

3.3.3.1 Blot Stripping   

   After development of radiographic films of blots, nitrocellulose membranes were 

stripped up to a maximum of three times, to allow for re-probing with different primary 

antibodies.  Following washing of the membranes in TBST (three 5-minute washes), the 

membranes were put face up onto a glass dish and soaked in stripping buffer [62.5 mM Tris, pH 

6.8; 2% SDS, 100 mM β-mercaptoethanol] for 30 minutes in an oven at 50 °C.  The stripping 

buffer was then discarded and the membranes washed again in TBST (three 5-minute washes).  
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After washing, the membranes were then re-blocked, following which a radiographic film was 

developed as described above, to check for stripping effectiveness.  The blots were then ready for 

re-probing with different primary antibodies. 
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4.0 RESULTS 

4.1 Receptor Tyrosine Kinase and Ankyrin105 Levels in Cancer Cell Lines 
   

We sought to determine the levels of receptor tyrosine kinases (RTK) and small isoform 

ankyrins in cancer cells.  All the experiments in this project looked at the small isoform ankyrin 

105 (Ank105).  We selected cell lines from lung, breast and brain cancers, as these malignancies 

have been shown to express high levels of RTK (Rand, 2005; Moulder et al., 2008; Dy and 

Adjei, 2009).  We also used immortalized cells from the corresponding normal organs, except for 

brain, as long-term cell lines of normal brain cells are not generally available (Banker and Goslin, 

1988).  The immortalized cells are referred to in the text as “normal” cells.  Cells were grown in 

tissue culture, and whole cell lysates prepared from them.  For the brain however, we purchased 

pre-made whole cell lysate as no cell lines were available.  NIH 3T3 cells were also analyzed as 

they had been studied in our laboratory in the previous experiments leading up to this project.  

Following determination of their protein concentrations using the Lowry method (Lowry et al., 

1951; Peterson, 1977), the whole cell lysates were resolved by SDS PAGE and then probed with 

primary antibody.  After probing with HRP-tagged secondary antibody, protein was detected 

using chemiluminescence.  Actin and GAPDH were used as loading controls.   

4.1.1 Lung Cancer    

  The normal lung cells studied were CCD-16Lu and CCD-19Lu.  Several cancer cell lines 

were tested: adenocarcinoma—HCC827, NCI-H1395, NCI-H1648, NCI-H2009; non-small cell 

lung cancer—NCI-H23, NCI-H1993, NCI-H2087, NCI-H1770; mesothelioma—MSTO-211H; 

and carcinoid—NCI-H727 (Fig.  4.1).   The RTKs expressed by these cells included Neu, EGFR 

and PDGFR.   Both normal cell lines CCD-16Lu and CCD-19Lu expressed Neu, although the 

levels were much lower for CCD19-Lu (Fig.  4.1).   They also showed moderate levels of EGFR, 

high levels of PDGFR, and no detectable ankyrin (Fig.   4.1).   The lung cancer cells showed 

various levels of RTK and ankyrin levels, with no consistent correlation observed.  None of them 

expressed PDGFR, except for the cell line MSTO-211H, which showed relatively low levels of 

PDGFR.  The rest of the lung cancer cell lines expressed Neu, EGFR, or both (Fig.  4.1).  The 

highest EGFR levels were seen in cell lines HCC827, MSTO-211H, NCI-H1648, NCI-H2087, 

NCI-H727 and NCI-H1993, with low levels observed in NCI-H2009 and NCI-H23.  Of these cell  

 



Fig. 4.1 Receptor tyrosine kinase and ankyrin3 (Ank3) expression in human normal lung and

human lung cancer cell lines. For each cell line, whole cell lysate was prepared from cells in

tissue culture. Protein concentrations in the lysates were determined using the Lowry

method. Whole cell lysates were resolved by SDS-PAGE, transferred to a nitrocellulose

membrane, and blocked. The samples were then probed with antibodies against Ank3,

epidermal growth factor receptor (EGFR), platelet-derived growth factor receptor (PDGFR),

and Neu. Different amounts of protein were loaded depending on the receptor they were

being analyzed for, as follows: for EGFR and PDGFR blots, 25 μg; for Neu blots, 50 μg; and

for the Ank3 blots, 100 μg. While 25 μg was the standard amount of protein loaded for most

blots, Neu and Ank3 required larger amounts of protein to detect even small amounts of

receptor. The blots were then probed with horseradish peroxidase-tagged secondary antibody.

The nitrocellulose membrane was immersed in enhanced chemiluminescence substrate, and a

radiographic film exposed to the light-emitting membrane. The film was then developed to

show the protein bands. After stripping, the blots were then probed for Actin and GAPDH,

which were used as loading controls. These results are representative of three independent

experiments.
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lines, NCI-H1648, NCI-H2009, NCI-H1993, NCI-H2087 and NCI-H727 also showed Neu 

expression, accounting for all but one of the lung cancer cell lines expressing this RTK.  NCI-

H1395 was the only cell line to express Neu not in combination with EGFR (Fig.  4.1).  In some 

cell lines, e.g. NIH 3T3, NCI-H1395, NCI-H1648, NCI-H2009 and NCI-H1993, the Neu blots 

are seen as doublets (Fig. 4.1), possibly due to post-translation modification such as 

phosphorylation.  The cell line NCI-H1770 showed no detectable RTK or ankyrin.  The cell lines 

NCI-H23 and MSTO-211H showed no detectable ankyrin, while HCC827 showed trace amounts 

of Ank105 and Ank215.    NCI-H727 had high levels of Ank215 and trace amounts of Ank105.  

The remainder of the lung cancer cell lines—NCI-H1395, NCI-H1648, NCI-H2009, NCI-H1993 

and NCI-H2087—showed high levels of ankyrin, both large and small isoforms (Fig.  4.1). 

  In summary, the normal lung cell lines CCD-16Lu and CCD-19Lu, and some lung cancer 

cell lines—HCC827, NCI-H23 and MSTO-211H—showed a combination of high RTK levels 

with very low or undetectable ankyrin levels, while no consistent correlation between RTK and 

ankyrin levels was identified in the other lung cancer cell lines. 

   

4.1.2 Breast Cancer  

  We tested the normal breast cell lines Hs 617.Mg and Hs 578Bst, and the breast cancer cell 

lines MDA-MB-231, MCF-7 and AU565.  Both normal cell lines showed low levels of PDGFR, 

and neither of them had detectable levels of Neu.  Hs 578Bst showed low EGFR levels, while Hs 

617.Mg expressed moderate levels of EGFR.  There was no detectable ankyrin in either normal 

cell line (Fig.  4.2).  The MDA-MB-231 cancer cells had very high levels of EGFR and no Neu, 

whereas AU565 had moderate levels of both EGFR and Neu (Fig.  4.2).  MCF-7 cells showed 

some Neu but no EGFR.  PDGFR was not detected in any of the breast cancer cell lines.  No 

ankyrin was detected in the MDA-MB-231 cells, whereas MCF-7 and AU565 had moderate 

amounts of the larger isoforms.  Except for MCF-7, which showed trace amounts of small 

isoform ankyrin, there were no detectable levels of the smaller isoforms Ank105 or Ank120 in 

the MDA-MB-231 or AU565 cell lines (Fig.  4.2).   

  While the cancer cell lines MDA-MB-231 and AU565 showed high RTK levels in 

association with no or very low Ank105 /Ank120, the same pattern was observed in the normal 

cell lines Hs 617.Mg and Hs 578Bst (Fig 4.2). 
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Fig. 4.2 Receptor tyrosine kinase and ankyrin3 (Ank3) expression in human normal breast

and human breast cancer cell lines. For each cell line, whole cell lysate was prepared from

cells in tissue culture. Protein concentrations in the lysates were determined using the Lowry

method. Different amounts of protein were loaded depending on the blots they were being

analyzed for, as follows: for EGFR and PDGFR blots, 25 μg; for Neu blots, 50 μg; and for the

Ank3 blots, 100 μg. While 25 μg was the standard amount of protein loaded for most blots,

Neu and Ank3 required larger amounts of protein to detect even small amounts of receptor.

Whole cell lysates were resolved by SDS-PAGE, transferred to a nitrocellulose membrane,

and blocked. After probing the blots with secondary antibodies, the protein bands were

detected using the chemiluminescence method. Actin and GAPDH were used as loading

controls. These results are representative of three independent experiments.
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4.1.3 Brain Cancer 

  For normal brain, we obtained commercial lysates prepared from normal human brain 

tissue: cerebral cortex lysate and whole brain lysate.   Two brain cancer (glioblastoma 

multiforme) cell lines, T98G and DBTRG-05MG, were studied (Fig.  4.3).  No Neu expression 

was detected in either normal brain or brain cancer cells.  Both normal brain cell lysates showed 

low levels of PDGFR levels, and cerebral cortex cells had low levels of EGFR (Fig.  4.3).  Low 

levels of the larger ankyrin isoforms were found in both normal brain cell preparations.  

However, cerebral cortex cells showed very high levels of Ank105 and Ank120, while only trace 

amounts were detected in whole brain cells (Fig.  4.3).  The T98G cells had very high levels 

ofEGFR, while these were moderate in the DBTRG-05MG cells.  Similarly, PDGFR levels were 

high in the T98G cells and very low in DBTRG-05MG (Fig.  4.3).  Both cancer cell lines 

exhibited very low levels of the smaller ankyrin isoforms while the larger isoforms were present 

at high levels.   

  The results of the cerebral cortex cells, with high Ank105 /Ank120 associated with no 

detectable RTK, contrast with those of the brain cancer cells, in which high RTK levels were 

associated with very low or undetectable levels of Ank105 /Ank120.  This suggests a loss of 

Ank105 /Ank120 expression in the cancer cells, possibly resulting in the high RTK levels. 

 

 

4.2 Overexpression of HA-Ank105 in Cancer Cells via Plasmid-mediated Transfection   
   

  The central goal of the project was to investigate the effect of HA-Ank105 overexpression 

on the growth properties of cancer cells.   Initially this was achieved through plasmid-mediated 

transfection.   We used a plasmid expressing HA-Ank105, so that Ank105 expression could be 

achieved through HA detection, allowing us to separate endogenous Ank105 from the 

recombinant HA-Ank105 protein.   We started the transfections with two cell lines: T98G, a 

brain cancer cell line, and MDA-MB-231, a breast cancer cell line, selected because of their very 

high levels of RTK.   Several clones from each cell line were picked from colonies surviving the 

selection medium, and grown in tissue culture until whole cell lysates could be prepared from 

each one of them.   They were then screened to detect those expressing HA.   Twenty-five  
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Fig. 4.3 Receptor tyrosine kinase and ankyrin3 (Ank3) expression in human normal brain

and human brain cancer cell lines. For each cell line, whole cell lysate was prepared from

cells in tissue culture. Protein concentrations in the lysates were determined using the Lowry

method. Different amounts of protein were loaded depending on the blots they were being

analyzed for, as follows: for EGFR and PDGFR blots, 25 μg; for Neu blots, 50 μg; and for the

Ank3 blots, 100 μg. While 25 μg was the standard amount of protein loaded for most blots,

Neu and Ank3 required larger amounts of protein to detect even small amounts of receptor.

Whole cell lysates were resolved by SDS-PAGE, transferred to a nitrocellulose membrane,

and blocked. After probing the blots with secondary antibodies, the protein bands were

detected using the chemiluminescence method. Actin and GAPDH were used as loading

controls. These results are representative of three independent experiments.
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microliters of each whole cell lysate (protein concentration not determined) were resolved with 

SDS PAGE and probed with HA antibody.   From the T98G cell line, 4 of 18 clones died before 

they could be screened.   Ten of the remaining 14 clones were positive for HA-Ank105.   Three 

of nineteen MDA-MB-231 clones died before the screening stage.   Only three of the remaining 

16 clones had detectable HA-Ank105 expression.  Examples of the clone screening experiments 

are shown in Fig.  4.4.   Only those clones expressing HA-Ank105 were maintained in tissue 

culture for further analysis.   Six T98G clones expressing HA-Ank105 subsequently died in tissue 

culture, leaving four for experiments.   The HA-Ank105 expressing clones were analyzed by 

Western blot for RTK expression, with GAPDH used as a loading control. 

   

4.2.1 Characterization of HA-Ank105 Transfected Breast Cancer Cells 

4.2.1.1 Receptor Tyrosine Kinase Expression in Transfected Breast Cancer Cells   
   

   The three HA-expressing MDA-MB-231 breast cancer clones were analyzed by Western 

blot for EGFR levels (Fig.  4.5).   COS-1 cells expressing HA-Ank105 were used as positive 

controls for HA-Ank105.   The parental (untransfected) MDA-MB-231 cell line had the highest 

EGFR levels, while the three clones expressing HA-Ank105 showed lower EGFR levels (Fig.  

4.5).  However, the actin levels in these clones were also lower, indicating a possible problem 

with sample loading. 

  The chemiluminescence method allowed for only a crude visual assessment of the level of 

protein expression in cells.   The Odyssey Imaging System from LI-COR Biosciences allowed for 

quantification of protein expression on Western blots (LI-COR Biosciences).   Resolution of 

whole cell lysate was carried out by SDS PAGE as described above, as was the probing of the 

blot with primary antibody.   The difference was in the secondary antibody and the detection 

system.   The secondary antibodies, tagged onto infrared fluorescent dyes (IRD),  were detected 

by the Odyssey system.   Images of the blots were stored on a computer, and band intensities 

were quantified.   These were then normalized to the band intensities of the loading controls, 

allowing for a more accurate comparison.   The units of measurement were arbitrary, so 

comparisons are only valid within a single analysis of blots treated identically at the same time.   

We sought to investigate if there was a dose-response relationship between HA-Ank105 levels in  
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secondary antibody, expression was detected using chemiluminescence. T98G_P: parental

brain cancer cell line. MDA-MB-231_P: parental breast cancer cell line. MCF-7 + HA-

Ank105: breast cancer cell line transfected with HA-Ank105, used as a positive control for

HA -Ank105 expression.
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Fig. 4.5 EGFR expression in HA-Ank105-transfected breast cancer

clones. Breast cancer cells from the MDA-MB-231 cell line were

transfected with a plasmid expressing HA-Ank105. Whole cell lysates

from the three surviving clones, the parental (untransfected) cells, and

COS1 cells transfected with HA-Ank105, each containing 25 µg of

protein, were resolved with SDS PAGE and probed for HA and EGFR

levels. Whole cell lysates from COS 1 cells were used as positive controls

for HA levels. Actin was used as a loading control. This experiment was

repeated on a new set of whole cell lysates, together with cells transfected

with a blank vector plasmid, as shown in Fig. 4.6.
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transfected cancer cells and receptor tyrosine kinase expression.   Following acquisition of the 

Odyssey Imaging System by the Cancer Research Unit, we switched from chemiluminescence to 

the Odyssey Imaging System.  

  We also considered that there might be an effect on RTK expression mediated by the 

transfection process itself, independent of HA-Ank105.   To control for this, we transfected 

cancer cells with a ‘blank vector’, i.e.  the same plasmid, expressing HA but not Ank105.   Three 

such blank vector (BV) clones were obtained.   

  At the time this experiment was done, one of the three MDA-MB-231+HA-Ank105 clones 

(clone #3 in Fig.  4.5) had died, and no lysate was available for the experiment.   Attempts to 

thaw the frozen cells were unsuccessful.   The experiment was therefore done on the remaining 

two clones.   We resolved whole cell lysates from parental (untransfected) MDA-MB-231 cells, 

MDA-MB-231 clones, and NIH 3T3 cells by SDS PAGE, and probed them for HA-Ank105 and 

EGFR expression.   Actin and GAPDH were used as loading controls (Fig.  4.6A, 4.6C).   The 

blot intensities were measured on the Odyssey Imaging System and normalized to actin or 

GAPDH depending on the loading control used.  The normalized blot intensities for HA-Ank105 

and EGFR levels are shown in Figs.  4.6B and 4.6D respectively.   The HA-Ank105 clones 

showed lower EGFR levels than the parental clone (Fig.  4.6D).   However, the blank vector-

transfected clones also showed lower EGFR levels than the parental clone (Fig.  4.6D).   

Replicate experiments were carried out on whole cell lysates prepared from different cell 

passages of the same clone.   Unfortunately, not all the clones remained alive for all the 

experiments.   For the first replicate experiment, there was only one blank vector control and two 

HA-Ank105 clones.   For the second, we had one blank vector control and one HA-Ank105 

clone.   The results however were the same, i.e. there were reduced EGFR levels in both the HA-

Ank105 clones and the blank vector controls compared to the parental (untransfected) cell line.    

4.2.1.2 Effect of HA-Ank105 Overexpression on Signaling Pathway Activation 
   

   We also examined the effect of HA-Ank105 overexpression on the basal activation 

status of the Ras-MAPK and PI3-Akt pathways in breast cancer cells.   Parental cells, one BV 

control and two HA-Ank105 clones were analyzed, as well as NIH 3T3 cells.    Whole cell 

lysates were resolved by SDS PAGE and probed for expression of the phosphorylated 

components of these two signaling pathways: phospho-Akt; phospho-phospholipase C gamma;  



Fig. 4.6   Reduced receptor levels in the MDA -MB-231 cell line following transfection with HA-

Ank105.  Whole cell lysates from parental (non-transfected), blank vector-transfected (BV), and HA-

Ank105-transfected clones,  containing 25 µg of protein, were resolved by SDS PAGE.  Each blot was 

probed with two primary antibodies of different species of origin: A—HA (mouse) and Actin (goat); 

C—EGFR (rabbit) and GAPDH (mouse); E—phosphoMAPK (rabbit) and GAPDH (mouse).  Each 

blot  was then probed with two infrared-linked (IR) secondary antibodies from corresponding species 

but different wavelengths—IRDye 680CW (red) and IRDye 800CW (green).  The bands were detected  

using the Odyssey system.  This allowed simultaneous probing of blots with both protein and loading 

control antibodies as they could be visualized in different colors. NIH 3T3 cells were used as negative 

controls for EGFR.  The blot intensity of each band was measured  and  normalized to either actin or 

GAPDH, which were used as  loading controls. Only two MDA-MB-231+HA-Ank105 clones are 

shown here as one had died.  Only one HA-Ank0 clone was  still surviving  on repeating the 

experiments  (x2), but the results were the same.   The blot intensities in panel E are approximate, as 

the pixels were saturated.  MDA_P = Parental (untransfected) MDA-MB-231 cell line.
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phosphotyrosine; phospho-MAPK ; and phospho-SHC.   Only phospho-MAPK was detected, 

indicating activation of the Ras-MAPK pathway (Fig.  4.6E).  The level of MAPK activation was 

highest in the parental breast cancer cells, and reduced in both the HA-Ank105 clones and the BV 

control (Fig.  4.6F).  There may have been some loading problems however with this experiment, 

as some of the GAPDH bands have saturated (white) pixels (Fig.  4.6E). 

4.2.1.3 Focus Formation in Transfected MDA-MB-231 Breast Cancer Clones 
 

Normal cells in tissue culture stop dividing on coming into contact with each other, whereas 

some cancer cells will continue to grow and form clumps of cells called foci (Abercrombie and 

Ambrose, 1962; Stoker, 1964).   We plated one million cells each of the normal breast cell lines 

Hs 617.Mg and Hs 578Bst, parental MDA-MB-231 cells, one blank vector clone, and two HA-

Ank105 clones, in 10 cm tissue culture plates.  The number of cells plated had been determined 

to allow at least 3 days of growth before cells reached confluence.   The cells were examined 

under the microscope and the media changed every 3 days for 15 days.   The cells were then 

fixed with methanol, stained with Giemsa stain, and photographs taken (data not shown).   No 

focus formation was identified in any of the cell lines.   This experiment was done on two 

separate occasions using fresh cells. 

4.2.2 Characterization of HA-Ank105 Transfected Brain Cancer Cells  

  The first set of brain cancer clones from the T98G cell line were prepared and tested 

concurrently with the breast cancer cell line MDA-MB-231, as mentioned in section 4.2.  Four 

HA-expressing T98G clones were analyzed by Western blot for both EGFR and PDGFR levels 

(Fig.  4.7).   One of the clones showed reduced EGFR levels (Fig.  4.7A), while the others 

showed no difference in the level of EGFR or PDGFR levels (Fig.  4.7A, 4.7B).   

  When we changed to the Odyssey Imaging System for protein detection, and started 

working with blank vector controls (section 4.2.1), we carried out experiments only on the breast 

cancer cells, and just maintained the T98G brain cancer cells in tissue culture.  By the time we 

were ready to examine RTK levels in the transfected brain cancer cell line T98G, it was 162 days 

from the time that the clones had been established.   So we repeated Western blot analysis for 

HA-Ank105 levels to check if it was still the same, and discovered that all four clones had lost  

 



Fig. 4.7 Receptor tyrosine kinase levels in HA-Ank105-transfected brain

cancer clones. Brain cancer cells from the T98G cell line were transfected

with a plasmid expressing HA-Ank105. The 3 clones from Fig. 4.4 (clones 1, 6

and 7) are the same as clones 1, 2 and 3 above. Clone #4 was new. (A) Whole

cell lysates from the parental (untransfected) cells, the four HA-Ank105

clones, and COS1 cells transfected with HA-Ank105, each containing 25 µg

of protein, were resolved with SDS PAGE and probed for HA-Ank105 and

EGFR expression. Whole cell lysate from COS1 cells was used as a positive

control for HA, and GAPDH was used as a loading control. B. The same

whole cell lysates (except COS1) were probed for PDGFR expression. T98G_P

= untransfected T98G cells.
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HA-Ank105 expression (Fig.  4.8).   The figure also shows the two surviving MDA-MB-231 

clones, which still retained their HA-Ank105 expression.    

  As a result of the above loss of HA-Ank105 expression by transfected clones, as well as the 

death of several of them during maintenance in tissue culture, we changed our experimental 

approach.   First, we decided to conduct experiments on only one cell line at a time, and started 

with the T98G brain cancer cell line.   Second, once the T98G cells were stably transfected, we 

prepared four sets of whole cell lysates during early cell passages in order to secure material for 

replicate Western blot analyses before the cells lost HA-Ank105 expression.   Lastly, we carried 

out the cell-based experiments first, in order to preempt any loss of HA-Ank105 expression.    

4.2.2.1 Receptor Tyrosine Kinase Levels in Transfected Brain Cancer Cells 
   

  Four of five (80%) HA-Ank105 transfected T98G brain cancer clones (Fig.  4.9A), had 

reduced PDGFR levels (Fig.  4.9B,F).   However, 3 of 4 (75%) blank vector-transfected clones 

also showed reduced PDGFR levels (Fig.  4.9B,F).   We hypothesized that there might be a dose-

response relationship between HA-Ank105 and receptor tyrosine kinase levels.   To investigate 

this, we plotted the blot intensities of PDGFR and EGFR against those of HA-Ank105, for each 

of the four sets of whole cell lysate from the T98G cell line.   No obvious correlation was 

observed between EGFR and HA-Ank105 (data not shown).  A comparison of the different sets 

of BV clones to each other , using the student t test, showed no significant differences between 

the clones, allowing the data to be pooled.  A similar comparison between the four sets of HA-

Ank105 transfected clones also found no significant differences, allowing that data to be pooled 

as well.  The pooled PDGFR blot intensities were plotted against the pooled HA blot intensities 

(Fig. 4.9G).  There was a trend towards decreasing PDGFR levels as HA-Ank105 levels 

increased, with a correlation coefficient (r) of -0.22 (Fig. 4.9G).  The correlation did not reach 

statistical significance. 

4.2.2.2 HA-Ank105 Overexpression in Cell Proliferation Rate in T98G Cells  
   

  Reduced tyrosine kinase levels in cancer cells would be expected to result in a slower 

growth rate for cells whose growth is driven by receptor tyrosine kinase.   To investigate this, we 

carried out experiments on HA-Ank105 transfected T98G clones.  The same experiments were  
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Fig. 4.9 Receptor tyrosine kinase levels in T98G cells post transfection with HA-Ank105. Four sets of

whole cell lysate were prepared from stably-transfected T98G cells at different passage numbers. Whole

cell lysates, each containing 25 μg of protein, were resolved by SDS PAGE and the blots probed with

primary antibody for HA, PDGFR and EGFR. The proteins were detected on the Odyssey system (A, B,

C), with actin as a loading control (D). Blot intensities were measured and normalized to actin. The

blot intensities for HA and PDGFR are shown for one of the series (E, F). The mean intensities of the

blank vector (BV) clone populations were compared to each other using the t test to rule out any

significant differences, and the data was pooled. The same procedure was carried out for the HA-

Ank105 (Ank) clone populations. The blot intensities of PDGFR were plotted against HA intensities,

and the correlation coefficient (r) measured (G). T98G-P = parental cells (untransfected); Pass = cell

passage number.

E F

r = -0.22



 67 

also carried out on T98G parental (untransfected) and blank vector-transfected cells as controls.   

For each clone, 500 000 cells were plated on several 10 cm tissue culture plates.  Tissue culture 

medium was supplemented with 10% fetal bovine serum and penicillin G and streptomycin for 

the T98G parental (untransfected) cells, while that for the transfected clones had G418 in 

addition.  The culture medium was changed every 3 days.  One of these plates was then 

trypsinized and the cells counted using a Coulter counter, on days 2, 4, 6, and 8.  Three 

independent experiments on different sets of cells were carried out for each clone and controls.   

Mean cell counts were then calculated for days 0, 2, 4, 6 and 8, and plotted on a graph (Fig.  

4.10).   There was a reduction in the cell proliferation rates of HA-Ank105 clones compared to 

the parental and blank vector-transfected cells (Fig.  4.10A).  We then examined the day 6 cell 

counts of all the cells tested.  Day 6 was selected over day 8, as by day 8 the growth rate was 

beginning to fall for some cell lines (Fig.4.10A).  We compared, separately, parental vs.  blank 

vector, parental vs.HA-Ank105, and BV vs.  HA-Ank105 cell populations using the student t-

test.  There were no significant differences between parental and BV cells (p = 0.49), but the HA-

Ank105 cells had day 6 counts that were significantly lower than those of parental (p = 0.02) or 

BV-transfected cells (p =0.006).  These results were represented graphically as a plot of the mean 

day 6 cell counts, the standard deviations being shown as error bars (Fig.  4.10B). 

 

4.2.2.3 HA-Ank105 Overexpression and Apoptosis in T98G Cells  

  The proliferation of normal cells is controlled in such a way that damaged cells that cannot 

be repaired are removed from the organism by a process of programmed cell death called 

apoptosis (MacFarlane, 2009).   Malignant cells often exhibit a reduced susceptibility to undergo 

apoptosis (MacFarlane, 2009).   If HA-Ank105 overexpression reduced the malignant properties 

of cancer cells, it was possible that one mechanism could be through the reduction of cells’ 

susceptibility to apoptosis.   We carried out experiments on the T98G brain cancer cell line to 

investigate this possibility.   Phosphatidylserine is a lipid that is normally present only on the 

inner surface of the cell membrane, but becomes externalized during apoptosis (Otsuki et al., 

2003).   Detection of phosphatidylserine is used in tests for the detection of early apoptosis 

(Martin et al., 1995; Vermes et al., 1995; Otsuki et al., 2003).  Annexiv V is a protein that binds 

negatively-charged phospholipids, as happens when phosphatidylserine is externalized.  When  
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Fig. 4.10 Cell proliferation in T98G (brain cancer) cells following transfection with a plasmid

expressing HA-Ank105. For the parental cell line, blank vector (BV) and HA-Ank105 clone,

several 10 cm plates were each plated with 500 000 cells. The parental cells were grown in

standard culture medium, while the transfected clones were grown in selection medium. The

medium was changed every 3 days. On days 2, 4, 6 and 8, a single plate was trypsinized from

each clone and parental cell line, and the cells counted using a Coulter counter. Three

independent experiments were performed. The mean cell counts and standard deviations for

each population of cells (parental, BV, HA-Ank105) were then calculated using Excel 2007. (A)

Plot of mean cell counts for days 0, 2, 4, 6 and 8. (B) Bar chart showing day 6 mean cell counts,

with standard deviations shown as error bars. Day 6 was chosen as we noted that by day 8 the

cell proliferation rates were falling off. The mean day 6 counts for the parental, BV and HA-

Ank105 cell populations were compared using the student t-test. * p < 0.05 (parental vs.HA-

Ank105); ** p < 0.01 (BV vs. HA-Ank105).
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complexed with fluorescein isothiocyanate, it can be detected by green fluorescence (Otsuki et 

al., 2003).   We used the Vybrant Apoptosis Assay Kit #2 from Molecular Probes (Invitrogen).   

This kit uses Alexa Fluor 488 annexin (emits green fluorescence) as well as propidium iodide, a 

nucleic acid dye that emits red fluorescence.   Cells in late apoptosis or cells that die through 

mechanisms other than apoptosis, have a broken cell membrane that  

results in the exposure of nucleic acids.   Using this test, live cells show no fluorescence, cells in 

early apoptosis show green fluorescence only, while necrotic cells or those in late apoptosis will 

demonstrate both green and red fluorescence (Vermes et al., 1995).     

  We carried out these experiments on the T98G cell line.   The cells investigated consisted 

of T98G parental (untransfected) cells, 3 blank vector transfected clones, and 4 HA-Ank105 

transfected clones.   One million cells from each of these cells were treated with hydrogen 

peroxide (1 mM) to induce apoptosis.   They were then labeled with the apoptosis kit solutions as 

per protocol, and fluorescence was detected using flow cytometry.   No significant apoptosis was 

detected in either the treated or the control cells.   The experiment was repeated using 

temozolomide, a chemotherapeutic agent used in the treatment of glioblastoma multiforme (brain 

cancer) to induce apoptosis (Franceschi et al., 2009).   We used temozolomide as described by 

Sur and colleagues (Sur et al., 2005).   Again, we were unable to demonstrate a significant 

amount of apoptosis.   A third experiment used serum starvation of the cells to induce apoptosis.   

We did demonstrate this in some of the cells, but there were no differences between the HA-

Ank105 transfected cells and the controls (data not shown). 

 

4.2.2.4 HA-Ank105 Overexpression and Anchorage-independent Growth  
   

Transformed cells, in contrast to normal cells, can grow in a semi-solid medium without 

anchorage to a surface, forming clumps of cells (colonies) that can be visualized under the 

microscope (Shin et al., 1975).   In the multicellular organism, anchorage to the extracellular 

matrix exerts significant control on the cell cycle, and escape from this control is a sign of cell 

transformation (Thullberg and Stromblad, 2008).   We used T98G cells with HA-Ank105 to 

investigate the effect of Ank105 overexpression on this property.   Four HA-Ank105 clones, four 

blank vector-transfected clones and the parental T98G cell line were examined.   For each clone, 

50 000 cells were “seeded” into soft agar.   On the twelfth day the number of colonies in each 
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plate was counted.   Three independent experiments, each done in triplicate, were conducted, 

giving a total of 9 colony counts for each clone / cell line.   Photographs of the soft agar plates 

were taken (Fig.  4.11A).   The colony counts were compared using the student t-test (Fig. 

4.11B).  There was significantly reduced colony formation in the HA-Ank105 clones compared 

to the untransfected parental cells (p = 0.001).  The blank vector clones, however, also showed 

lower colony formation than the parental cells (p = 0.03).  There were no significant differences 

in colony formation between the BV and HA-Ank105 cells (p = 0.11).  These results are shown 

graphically in Fig.  4.11B. Colony formation is an indication of continued growth in an 

anchorage-independent manner.  It is possible that the transfected vector overwhelms the protein 

synthesis machinery of the cells, thus slowing down their growth. 

 

4.3 Adenovirus-mediated Transduction in Cancer Cells 
   

  We experienced major problems experimenting with plasmid-mediated overexpression of 

HA-Ank105 in cells.   Transfected clones tended to die off or lose HA-Ank105 expression before 

experiments could be completed.   Regenerating new clones is a time-consuming process that 

takes about two months before clones are ready for experiments.   In order to get around this, we 

elected to use adenovirus-mediated gene transfer.   This has several advantages: it can be 

produced in concentrated preparations, and is able to infect a variety of cell types, including cells 

that are not actively dividing (Jaras et al., 2007; Nakashima et al., 2008).   We expected the high 

titer to allow us to achieve high levels of HA-Ank105 in the experimental cells.   Because the 

virus does not integrate into the genome of the infected cells, the HA-Ank105 expression would 

be transient (Jaras et al., 2007).  However we expected that the duration of such expression would 

be long enough to complete the experiments for each cell line being studied.   Furthermore, the 

cells could be transduced just before the experiment, obviating the need for the prolonged process 

of producing stably-transfected clones. 

  Our goal was to achieve 100% transduction rate in the experimental cells, in order to 

maximize HA-Ank105 expression.   First we determined the multiplicity of infection required to 

achieve 100% transduction.   We then plated cells onto 6-well plates to achieve 50% confluence 

by the next day.   The cells were then subjected to various multiplicities of infection (MOI) with 

adenovirus, and photographs taken over two to four days (Figs.  4.12 - 4.14).   The progressions 

of GFP levels following transduction at different MOIs for each cell line are shown in Tables 4.1- 
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Fig. 4.11 Colony formation in T98G brain cancer cells after transfection with a

plasmid expressing HA-Ank105. Parental (untransfected), blank vector (BV)

and HA-Ank105-transfected cells were examined. Fifty thousand cells from

each clone (HA-Ank105 and BV) and parental cell line were “seeded” onto a

soft agar plate and maintained in tissue culture for 12 days. On day 12,

photographs of colonies in each plate were taken (A), and the number of

colonies in each plate counted. Three independent experiments, each done in

triplicate, were conducted, giving 9 sets of colony counts for each cell

population. The mean colony counts for each cell population of cells (parental,

BV, HA-Ank105) were calculated and plotted, with the standard deviations

shown as error bars (B). The means were then compared using the student t-

test. * p < 0.05 (parental vs. BV); ** p < 0.001 (parental vs. HA-Ank105).
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Fig. 4.12 Fluorescent micrographs of lung cancer cells following transduction with

HA-Ank105-expressing adenovirus. Cells from the NCI-H727 and NCI-HCC827 cell

lines were cultured in a 6-well plate and infected with different multiplicities of

infection (MOI) of adenovirus. Photographs were taken on days 1-3 post-infection to

determine the MOI required to achieve a 100% infection rate. The percentage of

infection was estimated from the amount of fluorescence, as the virus expressed green

fluorescent protein. The MOI selected for subsequent experiments was that which

achieved 100% infection in the shortest time. We used MOIs of 1000 for the NCI-

H727 cell line, and an MOI of 500 for the NCI-HCC827 cell line.
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Fig. 4.13 Fluorescent micrographs of breast cancer cells following transduction with

HA-Ank105-expressing adenovirus. Cells from the MDA-MB-231and AU565 cell

lines were cultured in a 6-well plate and infected with different multiplicities of

infection (MOI) of adenovirus. Photographs were taken on days 1-4 post-infection to

determine the MOI required to achieve a 100% infection rate. The percentage of

infection was estimated from the amount of fluorescence, as the virus expressed green

fluorescent protein. The MOI selected for subsequent experiments was that which

achieved 100% infection in the shortest time. We used MOIs of 1000 for the NCI-

MDA-MB-231and AU565 cell lines.
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Fig. 4.14 Fluorescent micrographs of brain cancer cells following transduction with HA-

Ank105-expressing adenovirus. Cells from the T98G and DBTRG-05MG cell lines were

cultured in a 6-well plate and infected with different multiplicities of infection (MOI) of

adenovirus. Photographs were taken on days 1-3 post-infection to determine the MOI

required to achieve a 100% infection rate. The percentage of infection was estimated from the

amount of fluorescence, as the virus expressed green fluorescent protein. The MOI selected

for subsequent experiments was that which achieved 100% infection in the shortest time. We

used MOIs of 1000 for the NCI-T98G and DBTRG-05MG cell lines.
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Table 4.1    MOIs post Adenovirus Transduction: AU565 Cell Line  

Percentage of Cells Expressing GFP  Post Infection 
MOI 

Day 1 Day 2 Day 3 Day 4 

0  0 0 0 0 

100 10 50 80 80 

200 15 80 80 90 

500 50 90 90 95 

1000 10 99 99 99 

 

 

Table 4.2    MOIs post Adenovirus Transduction: MDA-MB-231 Cell Line  

Percentage of Cells Expressing GFP  Post Infection 
MOI 

Day 1 Day 2 Day 3 Day 4 

0  0 0 0 0 

100 1 5 10 10 

200 1 10 25 50 

500 5 25 50 80 

1000 5 70 90 90 

 

 

Table 4.3    MOIs post Adenovirus Transduction: DBTRG-05MG Cell Line  

Percentage of Cells Expressing GFP  Post Infection 
MOI 

Day 1 Day 2 Day 3 

0  0 0 0 

100 5 10 40 

200 5 40 40 

500 10 99 99 

1000 10 100 99 
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Table 4.4    MOIs post Adenovirus Transduction: T98G Cell Line  

Percentage of Cells Expressing GFP  Post Infection 
MOI 

Day 1 Day 2 Day 3 

0  0 0 0 

100 5 25 50 

200 5 50 100 

500 50 50 100 

1000 90 100 100 

 

Table 4.5    MOIs post Adenovirus Transduction: NCI-H727 Cell Line  

Percentage of Cells Expressing GFP  Post Infection 
MOI 

Day 1 Day 2 Day 3 

0  0 0 0 

100 5 25 50 

200 10 50 80 

500 25 90 95 

1000 25 100 100 

 

 

Table 4.6    MOIs post Adenovirus Transduction: HCC827 Cell Line  

Percentage of Cells Expressing GFP  Post Infection 
MOI 

Day 1 Day 2 

0  0 0 

100 90 99 

200 90 100 

500 90 100 

1000 90 100 
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4.6.  The MOIs that achieved 100% infection in the shortest time were selected.  These are shown 

for each cell line in Table 4.7.   

  Because of time limitations, we decided to limit our experiments to studying the effect of 

HA-Ank105 overexpression on the ability of cancer cells to grow and form colonies in the 

absence of an anchoring surface.   This involved growing cells in soft agar medium as already 

described, and counting the number of colonies after 12 days of growth.    

 

 

Table 4.7    MOIs used for Adenovirus Transduction 

Cell Line MOI 

AU565 1000 

MDA-MB-231 1000 

DBTRG-05MG 1000 

T98G 1000 

NCI-H727 1000 

NCI-H827 500 

 

 

 

Once MOIs were determined, the next step was to determine the onset and duration of HA-

Ank105 expression.   It was important to have HA-Ank105 expression over at least twelve days, 

the length of time it took to complete our soft agar experiments.   Five sets of plates of transduced 

cells were prepared for each cell line, and on days 2, 3, 4, 10 and 15 post transduction, one set 

was used to prepare a whole cell lysate for later immunoblot analysis for Ank105 and RTK 

levels.   Fluorescent microscopy photographs were taken on the corresponding days to visually 

monitor the coexpressed GFP.   For each cell line, a set of cells was prepared in which adenovirus 

transduction was carried out with a blank vector that expressed green fluorescent protein but not 

HA-Ank105.   This would control for the effect of the transduction process on the behavior of the 

cells.   We confirmed that HA-Ank105 was present as early as day 2 post infection, and persisted 

until at least day 15, which was enough time for the anchorage-independent growth (soft agar) 

experiment to be completed (Fig.  4.15). 
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MDA-MB- 231

Hs 578Bst

DBTRG-05MG

T98G

NCI-H727

HCC 827
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Fig. 4.15 Western blots showing the onset and duration of HA-Ank105

expression in cancer cells following adenovirus-mediated transduction.

Cells were infected with adenovirus as per protocol. Whole cell lysates

were then prepared from cells at 2, 3, 4, 10 and 15 days post infection.

Twenty five µg of protein from each whole cell lysate were analyzed by

Western blot to determine the onset and duration of HA-Ank105

expression. After probing with primary anti-HA antibody, infrared-tagged

secondary antibody was used for the detection of protein using the

Odyssey system. For the normal breast cells Hs 578Bst on day 10, and the

normal lung cell lines CCD-16Lu and CCD19-Lu on day15, the cells were

dead, so no whole cell lysates were available for analysis. The experiment

was carried out once. Parental = non-transduced cells.
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4.3.1 HA-Ank105 Transduction and RTK Levels in Cancer Cells 

  We examined the relationship between HA-Ank105 levels, and those of either EGFR or 

PDGFR.   This was achieved by Western blot analysis of the whole cell lysates prepared from 

days 2, 3, 4, 10 and 15 as described in the above paragraph.   The results for the lung cancer cells 

are shown in Fig.  4.16.  The normal lung cells (CCD16Lu and CCD19Lu) and one lung cancer 

cell line (NCI H727) showed a reduction in EGFR levels as HA-Ank105 levels increased (Fig.  

4.16 C, D, E, F).  No significant change in EGFR levels with increasing levels of HA-Ank105 

was noted in the breast cancer cell lines (Fig.  4.17).  For the normal breast cells Hs 578Bst, one 

set of cells was dead on day 10, and so analysis for that day was omitted, and the remaining cells 

cultured up to day 15 (Fig.  4.17A).  No correlation was observed either between EGFR and/or 

PDGFR and HA-Ank105, in the brain cancer cell lines (Fig.  4.18).    

 

4.3.2 HA-Ank105 Transduction and Anchorage-independent Growth in Cancer Cells 

  For each cell line, the experiments were done in triplicate, the cells being plated all coming 

from the same passage.  Colony counts were then compared between parental, blank vector and 

HA-Ank105 cells using the student t-test.  The lung cancer cell line HCC827 showed a 

significant reduction in colony formation in the HA-Ank105-expressing cells compared to both 

the parental (p = 0.005) and blank vector transfected (p = 0.02), with no differences between the 

parental and blank vector-transduced cells (p = 0.06) (Fig.  4.19).   The normal lung and the lung 

cancer cell line NCI H727 did not show any significant change in colony formation following 

transduction with either the blank vector or HA-Ank105 (Fig.  4.19).   The breast cancer cell line 

AU565 showed significant reduction in colony formation following transduction with HA-

Ank105, however this reduction was also observed in the blank vector-transduced cells (Fig.  

4.20).   No significant changes were observed in either the normal breast cells or the MDA-MB-

231 breast cancer cell line (Fig.  4.20).   A significant reduction in colony formation was 

observed following transduction of the T98G brain cancer cell line with HA-Ank105, a change 

also seen in blank vector controls (Fig.  4.21).   No significant change in colony formation was 

seen in the brain cancer cell line DBTRG following transduction with either blank vector or HA-

Ank105 (Fig.  4.21). 
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Fig. 4.16 Western blots showing EGFR expression in lung cancer cells following transduction by an adenovirus

expressing HA-Ank105 (A, B). Cells were infected at a pre-determined multiplicity of infection. Whole cell lysates

were then prepared from cells on days 2, 3, 4, 10 and 15 post infection. From each whole cell lysate, 25 µg of protein

were resolved with SDS PAGE and probed with primary antibody (HA, EGFR). For the cell lines CCD-16Lu and

CCD19-Lu, no day 15 lysates were available for HA blots (dead cells). The blots were then probed with infrared-

tagged secondary antibody, and the intensity of the bands measured was used to reflect the level of protein expression.

The band intensities were normalized to actin, used as a loading control. Graphs were then plotted to measure the

change in EGFR expression vs. HA expression (C, D, E, F). The experiment was carried out once. Some of the bands

in panel B have saturated pixels and the results are only approximate. P = parental cells; BV = blank vector.
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Fig. 4.17 Western blots showing EGFR expression in breast cancer cells following transduction by an adenovirus

expressing HA-Ank105 (A, B, C). Cells were infected at a pre-determined multiplicity of infection . Whole cell

lysates were then prepared from cells on days 2, 3, 4, 10 and 15 post infection. From each whole cell lysate, 25 µg of

protein were resolved with SDS PAGE and probed with primary antibody (HA, EGFR). For the cell line Hs 578Bst,

no day 10 lysate was available for HA blots (dead cells). The blots were then probed with infrared-tagged secondary

antibody, and the intensity of the bands measured was used to reflect the level of protein expression. The band

intensities were normalized to actin, used as a loading control. Graphs were then plotted to measure the change in

EGFR expression vs. HA expression (D, E, F). The experiment was carried out once. P = parental cells; BV = blank

vector.
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Fig. 4.18 A. Western blots showing RTK expression in brain cancer cells following transduction by an

adenovirus expressing HA-Ank105. Cells were infected at a pre-determined multiplicity of infection.

Whole cell lysates were then prepared from cells on days 2, 3, 4, 10 and 15 post infection. From each

whole cell lysate, 25 µg of protein were resolved with SDS PAGE and probed with primary antibody

(HA, EGFR and PDGFR). The blots were then probed with infrared-tagged secondary antibody, and the

intensity of the bands measured was used to reflect the level of protein expression. The band intensities

were normalized to actin, used as a loading control. Graphs were then plotted to measure the change in

EGFR and/or PDGFR expression vs. HA expression (B, C,D). The experiment was done once. P =

parental cells; BV = blank vector.
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Fig. 4.19 Day 12 colony counts on lung cancer cells after adenovirus-mediated transduction with HA-

Ank105. Fifty thousand cells were plated in soft agar and grown for 12 days. The colonies in each

plate were then counted on day 12. The experiment was carried out on two immortalized normal lung

cell lines (CCD16Lu and CCD19Lu) and two lung cancer cell lines (NCI H727 and NCI HCC827).

For each cell line, parental (non-transduced) and blank vector-transduced (BV) cells were used as

controls. Three plates were set up at the same time for each cell line, so that three sets of results were

available. The mean colony counts were calculated and plotted, and the standard deviations shown as

error bars on the bar charts. A comparison of the mean colony counts for the NCI-HCC827 cell line

was carried out using the student t-test. * p < 0.05 (BV vs. HA-Ank105); ** p < 0.01 (Parental vs.

HA-Ank105).
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Fig. 4.20 Day 12 colony counts on breast cancer cells after adenovirus-mediated transduction with

HA-Ank105. Fifty thousand cells were plated in soft agar and grown for 12 days. The colonies in each

plate were then counted on day 12. The experiment was carried out on an immortalized normal breast

cell line (Hs578Bst) and two breast cancer cell lines (MDA-MB-231 and AU565). For each cell line,

parental (non-transduced) and blank vector-transduced cells (BV) were used as controls. Three sets of

plates were plated at the same time for each cell line, so that three sets of results were available. The

mean colony counts were calculated and plotted, and the standard deviations shown as error bars on the

charts. Ank = HA-Ank105.
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Fig. 4.21 Day 12 colony counts on brain cancer cells after adenovirus-mediated transduction with

HA-Ank105. Fifty thousand cells were plated in soft agar and grown for 12 days. The colonies in

each plate were then counted on day 12. The experiment was carried out on two brain cancer cell

lines (T98G and DBTRG). For each cell line, parental (non-transduced) and blank vector-

transduced cells (BV) were used as controls. Three sets of plates were plated at the same time for

each cell line, so that three sets of results were available. The mean colony counts were calculated

and plotted, and the standard deviations shown as error bars on the bar charts. Ank = HA-Ank105.
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5.0 DISCUSSION  

5.1 Receptor Tyrosine Kinase and Ankyrin105 Levels in Cancer Cells    
   

  We hypothesized that reduced expression of Ank105 in cancer cells may partially account 

for the high levels of RTK levels observed in some cancer cells.  We examined this by testing 

several cancer cell lines known to have high RTK expression, along with their normal 

counterparts.  In some cases, there was an association between high RTK levels and low or no 

Ank105 levels, as seen in the lung cancer cell lines HCC827, NCI-H727 and MSTO-211H (Fig.  

4.1), the breast cancer cell lines MDA-MB-231 and AU565 (Fig.  4.2), and the brain cancer cell 

lines T98G and DBTRG-05MG (Fig.  4.3).  However, some cancer cell lines with high Ank105 

levels also had moderate to high levels of RTK at as was seen in the lung cancer cell lines NCI-

H1395, NCI-H1648, NCI-H2009, NCI-H1993 and NCI-H2087 (Fig.  4.1).  Some normal cell 

lines too, showed increased RTK levels; in the lung cell lines CCD-16Lu and CCD-19Lu, the 

RTK (PDGFR) levels were higher than those of cancer cells (Fig.  4.1), and in others, as in the 

normal breast cell line Hs 617.Mg, comparable to those of cancer cells (Fig.  4.2).  In both cases, 

there was no detectable ankyrin.  These results suggest, firstly, that RTKs have a role to play in 

normal cells, and that high expression is not necessarily a cancer phenotype.  Secondly, while we 

did observe low levels of Ank105 in cells with high RTK expression, this was not consistent in 

all the cell lines, suggesting that other mechanisms of RTK regulation may be more important in 

certain situations. 

 

5.2 Overexpression of Ank105 in Cancer Cells via Plasmid-mediated Transfection  

5.2.1 Effect of HA-Ank105 Overexpression on RTKs in Cancer Cells 

  We carried out transfections on two cancer cell lines, T98G and MDA-MB-231, using a 

plasmid that expressed our protein of interest, HA-Ank105.  To control for the effect of the 

transfection process itself, we transfected these same cells with a blank vector.  Evaluation of the 

effect of HA-Ank105 overexpression on these cancer cells revealed a decrease in RTK levels.  

We also observed, however, a decrease in RTK levels in cells transfected with blank vector.  This 

suggests an effect of the transfection process on cell behavior, independent of HA-Ank105.  It 

was therefore difficult to determine what role, if any, HA-Ank105 played in the observed results.  

A similar observation was made on the level of basal activation of signaling pathways.  There 
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was reduced MAPK activation in both blank vector and HA-Ank105 transfected cells.  The 

mechanism of this effect could be takeover of the cellular protein synthesis machinery by the 

transfected transduced genes present on the vector (Fig. 3.3).  There is a finite pool of ribosomes 

in each cell, and protein synthesis requires their engagement by mRNA to make a polypeptide 

chain (Sarnow et al., 2005).  It is possible that through competition for ribosomes, the ectopic 

genes win out over the endogenous genes.  Such a process is observed in viral infections, e.g.  

hepatitis C (Siridechadilok et al., 2005).  Not all the RTKs were similarly affected by 

transfection.  The T98G cells expressed both EGFR and PDGFR (Fig.  4.3).  However, following 

transfection with HA-Ank105, a reduction in RTK levels was seen only with PDGFR but not 

EGFR (Fig.  4.9).  This suggests that EGFR regulation in this particular cancer occurs through 

mechanisms that do not involve Ank105.  Even for PDGFR, not all T98G clones showed reduced 

levels following HA-Ank105 overexpression (Fig.  4.9).   

We hypothesized an inverse dose-response relationship between the levels of HA-Ank105 

and PDGFR.  The graph in Fig.  4.9G suggests a negative correlation between the two.  These 

results are limited however by the small number of clones tested.  Cells transfected with HA-

Ank105 did not last very long in tissue culture, a fact that limited the number of clones available 

for testing, as well as limited our ability to do replicate experiments.   

5.2.2 HA-Ank105 Overexpression and Growth Properties of Cancer Cells   

  A major observation we made was that cells overexpressing HA-Ank105 tended to die 

during tissue culture.  It is possible that HA-Ank105 overexpression had an effect on cell 

survival.  If in fact HA-Ank105 does result in increased sorting for lysosomal degradation during 

receptor-mediated endocytosis of activated RTKs in cancer cells, this would be a plausible 

explanation.  Cells overexpressing HA-Ank105 would have increased downregulation of their 

RTKs, which we did observe (Fig.  4.9), resulting in reduced cell proliferation, which we also 

observed (Fig.  4.10).  Other work currently in progress in our laboratory has found that Ank105 

binds ubiquitin (Unpublished).  Receptor ubiquitination is known to be essential for caveolin-

dependent endocytosis (Mukherjee et al., 2006).  It is also required for the targeting of receptors 

to multivesicular bodies for subsequent degradation in lysosomes, a process controlled by 

ESCRT proteins (Hurley and Emr, 2006; Mukherjee et al., 2006; Pryor and Luzio, 2009; Tran et 

al., 2009).  It is possible, therefore, that HA-Ank105, through its ubiquitin-binding action, is part 
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of or acts in concert with, the ESCRT machinery.  Another finding was that T98G clones 

surviving for prolonged periods actually lost HA-Ank105 expression, suggesting a selective 

process that favored cells not expressing HA-Ank105.  Interestingly, though, these same cells 

survived in a medium containing geneticin® (G418), a selection agent to which transfected cells 

were resistant.  The gene for this was on the same plasmid as the HA-Ank105 gene, so it is 

possible that during integration of the transfected genes, separation of HA-Ank105 and G418 

genes occurs in some cells.  However, blank vector clones also did not survive very well, 

suggesting a more general effect from transfection, independent of HA-Ank105.   

 

5.2.2.1 HA-Ank105 Overexpression and Cell Proliferation Rate in T98G Cells   
   

   We demonstrated a reduction in cell proliferation in T98G brain cancer cells 

overexpressing HA-Ank105 (Fig.  4.10).  No obvious differences were noted between the blank 

vector transfected cells as compared to the parental cells.  This data supports the notion that HA-

Ank105 has a negative effect on the growth of cancer cells.  Again, given the data on Ank105 

associating with ubiquitin and lysosomes, we propose the mechanism to be through sorting or 

targeting of receptors into multivesicular bodies for lysosomal degradation. 

5.2.2.2 HA-Ank105 Overexpression and Apoptosis in T98G Cells 
    

   We were unable to demonstrate evidence of apoptosis using the Annexin V assay.  The 

methods we used to induce apoptosis were all previously described: hydrogen peroxide (Furuchi 

et al., 2009), serum starvation (Dimitriou, 2009), and temozolomide, a chemotherapy agent (Sur 

et al., 2005).  There were several limitations to the methodology that we used.  We adopted 

apoptosis-inducing methods from experiments previously done by others in our laboratory and 

elsewhere.  The apoptotic response is variable between different cell types, and even within the 

same cell type, the timing of the apoptotic events can differ (Sundquist et al., 2006).  An 

empirical determination of the exact timing of apoptosis in our specific cell line and transfected 

clones should have been conducted to identify the best time to detect it (Sundquist et al., 2006).  

This process is illustrated in experiments that showed that phosphatidylserine externalization 

occurred early in the apoptotic pathway, regardless of the inducing stimulus (Martin et al., 1995).  
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In this paper, tests for annexin V binding were conducted over a time course of 12 hr to measure 

the emergence of phosphatidylserine, and the time of maximal detection (Martin et al., 1995).   

   In another paper, in which cancer cells were treated with a single dose of chemotherapy 

(cyclophosphamide), the detection of apoptosis with annexin V did not peak until 20 hr after the 

dose of chemotherapy was given (Takei et al., 2004).  We did detect apoptotic cells following 

serum starvation, even though we did not demonstrate any differences between HA-Ank105 

expressing cells and the parental controls.  These results suggest technical problems with the 

other two apoptosis-inducing methods that we used, i.e.  hydrogen peroxide and temozolomide.  

Temozolomide was in tablet form and had to be suspended in culture medium.  It might have 

been better to use a drug designed for intravenous use, as it would come in liquid form and be 

more likely to dissolve reliably.  Further, it is possible that a time course to determine the 

response of the cells to the drug was required.  The multiple steps involved in apoptosis do not all 

occur all the time in every cell undergoing apoptosis, and we might have obtained better results if 

we had used several methods of detecting apoptosis (Otsuki et al., 2003). 

5.2.2.3 HA-Ank105 and Anchorage-independent Growth in T98G Cells 
    

Three independent experiments on T98G cells transfected with HA-Ank105 showed a 

significant decrease in colony formation compared to the parental cells (Fig. 4.11B).  The same 

was observed for the BV transfected cells (Fig. 4.11B), further evidence of an effect of the 

transfection process on cell behavior.   

 

 

5.3 Overexpression of HA-Ank105 via Adenovirus-mediated Transduction    
   

The difficulties of maintaining stably transfected cells were discussed in section 4.3.  

Adenovirus transduction offered the advantage of overexpressing HA-Ank105 only at the time 

that the experiment was ready to be done, eliminating the need to establish clones and expand 

them to obtain a sufficient number of cells for analyses.  We were able to achieve high levels of 

transduction, although the MOI of 1000 used in most cells was high (Figs.  4.12 – 4.14).  It is 

possible that the same level of transduction could be achieved by using repeated transductions at 

lower MOIs.  This would reduce the amount of virus used per experiment and thus reduce the 
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cost.  Secondly, it is possible that repeated infections might achieve higher levels of HA-Ank105.  

Nonetheless, we demonstrated the feasibility of the experiment.  We demonstrated early (day 2) 

and prolonged (15 days) presence of HA-Ank105 in transduced cells (Fig.  4.15), a length of time 

that allowed completion of the colony formation experiments, which required 12 days.  This RTK 

levels experiment however was done only once and so needs to be confirmed with replicates. 

 

5.3.1 HA-Ank105 and RTK Levels in Cancer Cells 

  We sought to investigate if there was a quantitative correlation between the levels of HA-

Ank105 and those of RTKs.  The levels of HA-Ank105 on days 2, 3, 4, 10 and 15 post infection 

were plotted against those of RTK.  Most cells showed an increase in HA-Ank105 levels with 

time, while others showed either fluctuating levels or a decrease (Figs.  4.16 – 4.18).  We 

observed an inverse correlation between HA-Ank105 and EGFR for the two normal lung cell 

lines CCD-16Lu and CCD-19Lu, the lung cancer cell line NCI-H727 (Fig.  4.16), and the brain 

cancer cell line DBTRG-05MG (Fig.  4.18).  While the HA-Ank105 plasmid-transfected cell 

lines MDA-MB-231 and T98G showed a decrease in RTK levels (Figs.  4.7 and 4.9), we did not 

observe this when the same cell lines were transduced with adenovirus expressing HA-Ank105.  

Furthermore, while some cell lines showed a decrease in RTK levels with BV transduction (Figs.  

4.16C, E, F; 4.17F; 4.18B, C), others did not.  Part of the explanation might be that the 

experiment was done shortly after adenovirus transduction, as detailed further in section 5.4.  

Also, many of these decreases were small, and since only a single experiment was carried out, 

they may reflect experimental variations.  Further replicate experiments are needed to evaluate 

their reproducibility. 

 

 

5.3.2 HA-Ank105 and Anchorage-independent Growth in Cancer Cells 

  We demonstrated reductions in colony formation in some cancer cell lines—AU565 

(breast) and T98G (brain)—transduced with HA-Ank105 (Figs.  4.20 and 4.21 respectively).  The 

blank vector-transduced clones from these same cell lines also showed similar reductions in 

colony formation (Figs.  4.20 and 4.21).  The results for the T98G cell line (Fig.  4.21) were 
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consistent with those obtained following plasmid-mediated transfection (Fig.  4.11B), where 

reductions in colony formation were seen in both HA-Ank105 and BV clones.  For the lung 

cancer cell line HCC827, however, we observed a significant reduction in colony formation 

following adenovirus-mediated HA-Ank105 transduction, a finding that was not seen with blank 

vector-transduction (Fig.  4.19).  This cell line carries a mutation in the tyrosine kinase domain of 

EGFR with resultant overexpression of EGFR (Fig. 4.1).  If the growth of these cells is heavily 

dependent on EGFR, and HA-Ank105 promotes downregulation of EGFR, one might expect the 

cell line to be particularly sensitive to the effects of HA-Ank105.  A major limitation of these 

results is that this experiment was done only once, and so it needs to be repeated to confirm the 

results.   

 

 

5.4 Future Work 
   

The difficulties encountered during this project led to significant delays, so that it was not 

possible to repeat each of the experiments.  Furthermore, some of the experiments originally 

planned—Northern blots, growth factor stimulation, tumor formation in mice—could not be 

completed.  The objectives of the project remain valid, however, and are still worth pursuing.  

The way forward from here is to revisit the experiments, and conduct them in a way that will 

yield more robust results. First, plasmid-mediated transfection would be abandoned in favor of 

adenovirus transduction.  The use of stably transfected cells proved to be impractical; clones died 

before experiments could be completed, and generating new ones required too long a time.  

Adenovirus transduction, on the other hand, would achieve high levels of HA-Ank105 in a short 

time, as well as have the flexibility of being done only when the experiments were ready to be 

conducted.   

Second, there was concern about the timing of the experiments post adenoviral infection.  

Cell behavior soon after introduction of new genetic material may not be representative of 

behavior during the rest of the time after that event.  Additionally, the infection process itself 

probably needs to be taken into account.  Adenoviral entry into cells involves binding to the 

surface receptors followed by receptor-mediated endocytosis  (Dharmapuri et al., 2009).  Once in 

the cell, it escapes from the endosomes, and the capsid is split open by proteases, releasing the 

DNA core, which then translocates to the nucleus (Douglas, 2007; Dharmapuri et al., 2009).  The 
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events of viral entry into the cell, and the attendant metabolic demands, must disrupt the cell’s 

equilibrium.  It is possible that during this early phase of viral entry into the cell, the host cells’ 

protein synthesis machinery is taken over for viral functions, and some time is likely required for 

the cells to re-establish a new state of equilibrium.  It might be necessary to delay plating the cells 

for the soft agar experiments for a period of time over and above the one day used for these 

experiments.  To determine the feasibility of this, an extended experiment measuring HA-

Ank105 levels beyond 15 days would need to be done to determine its exact duration.  An 

appropriate 12-day window within this period could then be selected for conducting the 

anchorage-independent growth experiments.   

We used trypsin to detach our cells from the culture plates prior to plating them in soft 

agar.  Clustering of cells sometimes made it difficult to distinguish colonies from clumps.  There 

is a new commercially available cell detachment solution, Accutase (Innovative Cell 

Technologies, Inc.), that more efficiently disperses cells with minimal effect on their viability 

(Bajpai et al., 2008).  It would be worthwhile to use this solution instead of trypsin.   

The method of manually counting colonies is very subjective, and takes a large amount of 

time.  Automated counters are now available that would not only standardize the procedure but 

cut the significant amount of time it takes to manually count colonies.  Any errors inherent in the 

automated methods would be apply more consistently to all colony counts performed. 

The RTK levels of the NIH 3T3 cells studied by Ignatiuk et al.  were studied following 

stimulation with PDGF (Ignatiuk et al., 2006).  Our RTK measurements measured basal levels.  

In order to more appropriately extend the conclusions of Ignatiuk et al.  to our project, it would 

be ideal to conduct our RTK measurement experiments on cancer cells following EGF and PDGF 

stimulation.   

The effect of HA-Ank105 on the susceptibility of cancer cells to apoptosis needs to be 

revisited.  A review of the literature as discussed in section 5.2.2.2 shows that no single 

apoptosis-inducing agent or apoptosis-detection test can be applied uniformly to all cells, and 

optimization experiments are required for each cell line to determine the best agents and timing 

of tests (Martin et al., 1995; Otsuki et al., 2003; Takei et al., 2004). 
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5.5 Conclusions   

 

This project identified a relationship between HA-Ank105 levels in cancer cells and their 

levels of RTK.  In some cancers, such as the brain cancer glioblastoma multiforme, there 

appeared to be high RTK levels that correlated with a loss of Ank105 expression, suggested by 

the presence of Ank105 in normal brain cells and its absence in the brain cancer cell lines (Fig.  

4.3).   

For most cell lines, blank vector and HA-Ank105 overexpression (plasmid transfection or 

adenoviral transduction) resulted in reduced levels of RTK.  While HA-Ank105 might have 

contributed to these reductions, some of the effects may have been due to the transfection 

/transduction processes themselves.  There was some evidence, however, to suggest a specific 

effect of HA-Ank105 overexpression on RTK levels in some cancer cells.   In the brain cancer 

cells T98G, there was a negative correlation between HA-Ank105 levels and RTK levels.  

However, in this cancer that expressed both PDGFR and EGFR, the effects were limited to 

PDGFR (Fig.  4.9).  There was also a suggestion of a similar dose-response relationship between 

the levels of HA-Ank105 and EGFR in the lung cancer cell line NCI-H727 (Fig.  4.16). 

Overexpression of HA-Ank105 did appear to influence the tumorigenic properties of some 

cancer cell lines.  There was a significant reduction in the cell proliferation rate of T98G brain 

cancer cells following transfection with HA-Ank105, compared to both the untransfected and 

blank vector-transfected cells (Fig.  4.10).  Furthermore, we observed a significant reduction in 

anchorage-independent growth in the lung cancer cell line HCC827 following transduction with 

HA-Ank105.  Thus, the ability of HA-Ank105 to influence cancer cell properties may be highly 

dependent upon cell context. 

There were some major limitations to our study.  Clones that were stably transfected with 

HA-Ank105 tended to die, making the replication of some of the experiments difficult, as 

establishment of new clones was very time-consuming.  Furthermore, those clones that survived 

for long periods of time tended to lose their HA-Ank105 expression.  While this was a limitation 

to the study, it was at the same time indirect evidence for a negative effect of HA-Ank105 on 

cancer cell survival.  We found that using adenoviral transduction for transient HA-Ank105 

overexpression was more efficient than plasmid-mediated stable transfection, for conducting 

protracted experiments on cancer cells.  The finding of reduced RTK levels, cell proliferation 
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rates and anchorage-independent growth in blank vector-transfected cancer cells, made it difficult 

to distinguish the effects resulting from the processes of transfection and/or transduction, from 

those of HA-Ank105.   

Ankyrins have been extensively described in the literature (Lambert and Bennett, 1993; 

Mohler, 2006).  Most of the information however concerns the larger isoforms.  The smaller 

isoforms of Ank3 were identified approximately 15 years ago (Peters et al., 1995), and have been 

shown to  localize at the endosomes and lysosomes (Hoock et al., 1997).  Ignatiuk et al.  

confirmed this localization, and their work was the first to identify a functional role for the 

smaller isoforms in receptor-mediated endocytic downregulation of RTKs (Ignatiuk et al., 2006).  

No other work in the literature identifies a role for Ank105 or Ank120.  Our project builds on this 

work, and, bearing in mind the limitations mentioned above, is consistent with a role for Ank105 

in the targeting of RTKs to lysosomes for degradation.   
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