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ABSTRACT 

 
 
The identification of certain viral infections as the etiological agents responsible for 
inducing cancer has provided opportunities for prevention, detection, and treatments of 
these cancers. A rare genodermitosis known as Epidermodysplasia Verruciformis (EV) 
results in elevated levels of human papillomavirus (HPV) infection that frequently lead to 
squamous cell carcinoma (SCC) on sun-exposed areas of the skin. EV has long been 
thought to be a model for viral-induced cancer, but it was not until the year 2000 that 
mutations in two related genes were identified as being responsible for this disorder. 
Unfortunately, there is very little understanding of the function of their protein products: 
Transmembrane Channel-Like (TMC) proteins -6 and -8. We used Western blotting and 
immunohistochemical techniques to demonstrate that TMC8 is highly expressed in the 
skin and in particular the basal cells, which are key to HPV infection. We also 
demonstrate that TMC8 interacts with two proteins through the carboxyl terminus of 
TMC8: Non-Metastatic cell protein 1 (NME1) and Peroxiredoxin 2 (PRDX2). This study 
showed that TMC8 expression is affected by ROS generated by exposure to 
mitochondrial disruptors. We also tested the effect of TMC8 over expression on cell 
viability and found that it had a significant negative affect. Based on this data and the 
presentation of EV, the life cycle of HPV, and previous data, TMC8 appears to be a  
ROS-sensitive mediator of apoptosis. This study has produced valuable new data and also 
important new questions regarding TMC proteins. By continuing to expand this area of 
inquiry, hopefully knowledge can be gained to help relieve the suffering of those with 
EV, those with sporadic TMC mutations, and for immune compromised individuals that 
develop SCC that are associated with beta papillomaviruses. 
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CHAPTER 1. 

GENERAL INTRODUCTION. 

It is now widely accepted that certain viral infections can result in cancerous sequelae. 

While much research in the last decade has explored the mechanisms of viral 

oncogenesis, especially in regards to cervical cancer, additional research is still required 

in order to develop effective treatments for these conditions.  Recent epidemiologic 

evidence has implicated human papillomavirus (HPV) involvement in cancers of the skin, 

larynx, and even the lung in addition to cervical cancer. The condition known as 

Epidermodysplasia Verruciformis (EV), which results from the truncation mutations of 

either of two genes encoding transmembrane channel like protein (TMC) 6 or 8, has long 

been identified as a model of HPV oncogenesis. Unfortunately little is known about the 

function of these proteins. 

1.1.  Epidermodysplasia Verruciformis 

EV is a rare autosomal recessive genodermatosis that results in an unusual susceptibility 

to high grade infection by Beta type HPV. Individuals suffering from this condition 

frequently develop squamous cell carcinoma (SCC), the more deadly of the non-

melanocytic skin cancers (Orth, 2006) (Figure 1.1.). The course of EV typically starts in 

early childhood with wart like or macular lesions that are persistent and disseminated on 

the back of the hands and the forehead. These lesions then spread to the limbs and the 

trunk and are refractory to established wart treatments. Non-melanoma skin cancers 

develop initially for EV patients in the second to fourth decade of life in sun exposed 
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areas of the skin. The most common HPV to infect those suffering from EV is HPV 5 

and, not surprisingly, HPV 5 is also the type most frequently found in malignant lesions. 

Premalignant lesions and carcinomas in EV patients demonstrate high copy numbers of 

episomal genomes as well as high levels of expression of the E6 and E7 viral proteins. 

EV has long been identified as an inherited genetic disorder, but it was not until the year 

2000 that two mutated genes were identified as responsible, TMC6 and TMC8 (EVER1 & 

EVER2) (Ramoz N, 2002; Ramoz et al., 2000). Interestingly, patients suffering from EV 

have not shown increased rates of microbial infection from bacteria, fungi, or viruses 

besides HPV, and they are not unusually prone to infection by Alpha HPV (mucosal or 

genital HPV). 

 

 

Figure 1.1.  Clinical manifestation of mutations to TMC proteins 6 or 8.  
This patient has the classic presentation of EV with disseminated HPV infection with lesions 
transforming into squamous cell carcinoma in sun-exposed areas, in this case primarily the face (From 
Gul, 2007 Int J Dermatol). 
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1.2. Viral Induced Cancer 

The dawn of virology came when Dmitri Ivanovski first recognized a previously 

unidentified type of infectious agent in 1892. Using filtration devices developed in the 

late 1800’s he was able to isolate, from cell free filtrates, an agent that caused mottling in 

tobacco plants (Martin, 2009). Then in 1907 Giuseppe Ciuffo, an Italian physician, used 

the filtration technique to identify that the etiology of human warts was viral (Ciuffo, 

1907). Peyton Rous made the first significant advance in identifying a virus as 

responsible for cancer in 1911, though he wasn’t fully recognized for his insight until 55 

years later when he was awarded the noble prize. Using the filtration technique he was 

able to transmit spindle cell carcinoma from chicken-chicken using cell-free tumor 

filtrates, thereby identifying the Rous sarcoma virus (RSV) (Rous, 1910).  

 

Today there are six viruses that have been solidly identified as contributing to human 

cancers (Table 1.1). The cancers caused by these viruses are believed to contribute to 10-

15% (> 1.3million) of annual worldwide cancer incidence (Parkin, 2006). It has been 

difficult to link human viruses with the resulting cancer because unlike acute-

transforming animal viruses, human cancers associated with viruses typically have long 

periods of latency. They also require a variety of additional factors including host 

nutrition status, environmental factors, host genetic factors, chronic inflammation, 

immune suppression, and/or additional infections to produce malignant transformations 

(Martin, 2009). The result of the complex interaction between the viral infection and 

these contributing factors results in relatively low rates of malignancy compared to rates 

of infection. For example it has been shown that greater that 90% of adults worldwide are 
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seropositive for Epstein Barr virus (EBV), yet only just above one hundred thousand 

individuals per year are estimated to develop EBV-associated cancers (Epstein, 2001; 

Martin, 2009). So while HPV is identified in virtually all cervical carcinomas, HPV 

infection is typically asymptomatic or clears in 1 or 2 years for 90% of infected 

individuals (zur Hausen, 2009). EV represents a prime example of an host genetic factor 

acting in concert with a viral agent to produce cancer. 

 

Virus Family Cancer Type Cases 
per year 

Mechanism Oncogenes 

Hepatitis B virus 
(HBV) 

Hepadnaviridae Hepatocellular carcinoma 340000 Chronic 
inflammation 

X protein 

Hepatitis C virus 
(HCV)  

Flaviviridae Hepatocellular carcinoma 195000 Chronic 
inflammation 

None 
identified 

Epstein Barr virus 
(EBV or HHV4) 

Herpesviridae Burkets 113400 Oncogenic LMP-1 

Human 
Papillomavirus 
(HPV) 

Papillomaviridae Cervical cancer, anal cancer, 
penis cancer, head and neck 
cancer, skin cancer 

561180 Oncogenic E6, E7 

Human T 
lymphotrophic 
virus type 1 
(HTLV-1) 

Retroviridae Adult T-cell leukemia 3300 Oncogenic Tax 

Kaposi’s sarcoma 
herpes virus 
(KSHV or 
HHV8) 

Herpesviridae Kaposi’s sarcoma, pleural 
effusion lymphoma, 
Multicentric Castleman’s 
disease 

102300 Oncogenic vGPCR, vIL-6, 
vCyclin, vFlip 

 
Table 1.1. Oncogenic viruses.   
This table details a list of viruses that have firmly established roles in developing cancer. Modified 
from  Martin, D. and Gutkind, J. 2009. 

 

1.3. Transmembrane Channel-Like Proteins 

The TMC nomenclature of “Channel-Like” arises from the partial homology to multiple 

transmembrane domain ion channels, but there is currently no evidence to indicate that 

these proteins have an ion transport function. In 2003, Heller’s group at Harvard 

identified the novel TMC protein family using a combination of database searches and 

RT-PCR experiments. Eight different proteins were initially identified in the human and 
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the mouse. TMC proteins typically have eight transmembrane domains (SOSUI), and 

their amino- and carboxyl-termini are cytoplasmic.  

 

 

 

 

 

 

 

 

 

Figure 1.2. Generalized model of TMC proteins. 
The primary protein sequence of TMC proteins was used by Kereztes (from BMC Genomics 2003) to 
develop this schematic of a generalized TMC protein. Note the conserved TMC domain with little defined 
function. 
 
 
While experimentally derived data on TMC 6 and 8 is sparse, they have been shown to 

co-localize with calnexin in the endoplasmic reticulum (Figure 1.3.) (Ramoz N, 2002). 

The mutations that been identified as causing heritable EV result in premature 

termination that would produce truncated protein products (Ramoz N, 2002). Another 

TMC protein with a role in disease is TMC1 which is expressed in the cochlea. Mutations 

in this gene cause deafness in both the human and the mouse. The eight TMC family 

members are divided into three subfamilies: A (1,2 and 3), B (5 and 6), and C (4, 7, and 

8). In invertebrates, orthologs are only similar enough to be classed into subfamily 

orthologs such as C. elegans: Tmc subfamily A homologue 1 (TmcAh1) and TmcAh2; A. 
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gambiae: TmcAh, TmcBh, TmcCh; and D. melanogaster: TmcAh. There is currently 

very limited data on the role of TMC6 and TMC8 in normal or diseased tissue. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.3. TMC6 (EVER1) and TMC8 (EVER2) co-localize with the ER.  
HaCat cells were transfected with TMC6 and TMC8 expression vectors with a VSV epitope. Cells 
were fixed and stained with Cy3 for the VSV and FITC for the anti-calnexin. The yellow color in the 
overlay is indicative of co-localization at the ER (from Ramoz, 2002  Nature Genetics) 

1.4 The Skin: Central to EV Pathology 

The skin is the primary organ known to be affected by a homozygous mutation to TMC6 

or TMC8, it is central to understanding the role of HPV in the EV pathology. The 

epidermis is thin, less than a mm, but it is important to the survival of the organism that it 

protects (Blanpain, 2009). The skin maintains constant contact with an entire biom of 
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microorganisms and it must be able to actively defend itself from infection while 

preventing excessive inflammation that could occur due to the constant presence of 

commensal organisms (Nestle, 2009). One of the key ways it accomplishes this is 

through process of continuous turnover and renewal. The basal cells in the stratified 

epithelium, which are adjacent to the basement membrane, are the stem cells (SC) 

responsible for the ongoing renewal of the epidermis. Through the process of replicating 

symmetrically (cell division yields two SC or two committed cells) or asymmetrically 

(cell division yields one SC and one committed cell) the basal cells replenish their 

population while providing daughter cells that will differentiate into the cells that make 

up the rest of the stratified epithelia (Blanpain, 2009). This replication scheme provides 

the organism with a self-replenishing, self-healing, and water-tight barrier that provides 

excellent protection from the outside environment. These keratinocyte cells also play 

important roles in the immune system. They express pattern recognition receptors, such 

as the toll like receptors, that are capable of identifying pathogen associated molecular 

patterns. The activation of these receptors leads to production of type I interferons. 

Additionally, keratinocytes produce antimicrobial peptides (AMPs) that prevent infection 

by direct pathogen destruction, immune cell recruitment, and cytokine production 

(Nestle, 2009). For healthy individuals the skin acts as a barrier to and defender against 

viral infection. Unfortunately for those who suffer from EV, their skin fails to fulfill these 

important functions. 
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1.5. Viral Life Cycle 

For a virus to infect it must accomplish two basic things: it must survive and reproduce. 

This basic idea allows us to define two types of viral infections. An infection can be 

considered either productive or abortive depending on whether additional cells are 

infected and new viral particles are released. The concept of viral tropism provides a 

framework for understanding the conditions that result in productive or abortive 

infections. A virus typically has three levels of tropism (Figure 1.4.): host level, tissue 

level, and the cellular level (Bowie, 2008). A virus infection is typically initiated by the 

attachment of the virus particle to specific receptors on a cell’s surface. As such, virus 

tropism is determined by its ability to bind to receptors that can be host, tissue, and cell 

type specific. However, similar to the various additional factors that effect whether an 

oncogenic virus will produce cancer, there are a variety of additional host and 

environmental factors that contribute to a viruses ability to mount a productive infection 

even in cells that it can bind to and enter. For example, while the pox virus, molluscum 

contagiosum, can bind to and enter many human cells, they are only able to mount 

productive infections in basal keratinocytes (McFadden, 2005). Papillomaviruses can 

similarly attach and enter cells promiscuously, but their life cycle requires significant 

host, tissue, and cellular specificity that will be described later in this chapter.  
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Figure 1.4. Viral Tropism.  
The three levels of viral tropism are key to the understanding of the viral life cycle (from McFaden, 2005 
Nature Reviews Microbiology).  
 

  

There are a handful of overlapping traits that a virus must posses to be successful (i.e 

survive and reproduce).  These traits include the ability to gain access to the host, employ 

counter measures to overcome the host immune system, prevent the infected cell from 

undergoing apoptosis, and lastly it must replicate and release new viral particles.   The 

generalized life cycle of a virus can be considered to begin when it comes into contact 

with a potential host. For vertebrate hosts, the virus must first overcome external 

protective barriers like the skin, tears, saliva, and stomach acid. The virus then must make 

its way to its required tissue and cellular trophic levels. For example, HIV typically gains 

access to the blood stream through dermal abrasions and then must find an immune host 

cell expressing the CD4 glycoprotein. Next, it is critical that the virus be able to bind to 

the host cell and transmit its genetic material into the cell so that it can make use of the 

cells ability to replicate DNA and/or RNA as well as to produce proteins. Throughout this 
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process it has to limit its exposure to the immune system to minimize a humoral immune 

response. Herpes viruses accomplish this by directly transferring virus from cell-cell 

through plasma membrane fusion or across neural synapses in synaptic vesicles 

(Sattentau, 2008). Once inside, the virus will attempt to limit or mitigate the presentation 

of its proteins or genetic material by the host cells antigen presenting machinery. This 

prevents detection by cytotoxic cells such as the innate natural killer (NK) cells or the 

adaptive cytotoxic T-cells (CTL), which are key to a host clearing a viral infection. These 

cells, as well as the infected cell, have the potential to initiate apoptosis in the infected 

cell prior to virus replication and release. Ultimately, if the virus is capable of co-opting 

the cells genetic and protein producing machinery and preventing apoptosis prior to viral 

particle release it will have succeeded for another generation. 

 

1.6. Papillomaviruses 

Recently, in 2005, the International Committee on the Taxonomy of Viruses (ICTV) 

released its 8th report on viral taxonomy, which included a new classification scheme for 

papillomaviruses (de Villiers et al., 2004). Within the family Papillomavirdae, they 

identified 16 genera of papillomavirus. The genera are labeled by Greek letters while 

species are numbered. The current classification is based on percent of similarity of the 

genetic sequence of the L1 gene. Genera share less than 60% nucleotide sequence 

identity, while species share between 60% and 70%, types between 71% and 89%, 

subtypes 90% to 98 %, and anything more similar is considered a variant. All currently 

identified genera have high levels of host specificity (host tropism) as well as tissue 

(tissue tropism) and cellular specificity (cellular tropism). Papillomaviruses infect 
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organisms as diverse as avian species (parrot papillomavirus), rodents (cottontail rabbit 

papillomavirus), large animals (bovine and horse papillomaviruses), and of course 

humans. Unfortunately for biomedical researchers, there has not been a papillomavirus 

identified that infects the common murine research model organisms or invertebrates (de 

Villiers et al., 2004).  

 

1.7. Human Papillomaviruses 

The HPV, which are central to the EV pathology, have been identified as being causative 

in cervical cancer and have been implicated as oncogenic in a variety of other cancers 

(Masini et al., 2003). While HPV is responsible for over proliferation in warts, the 

infection often leads to micro lesions that are not visible to the naked eye (Hausen, 2004). 

The general population is frequently seropositive for the HPV types that cause EV, but 

they show no other signs or symptoms of disease. HPV are non-enveloped, icosahedral 

viruses that have a circular double-stranded DNA genome (Bernard, 2005). While HPV 

have also been organized into higher order groupings of Genus and species (Hausen, 

2004), the designation of “HPV Type” is still commonly used. These viruses display a 

general tissue tropism for epithelia, but they have specific cellular tropism for different 

types of epithelia. For example HPV-1 primarily infects the soles of the feet, HPV-2, -4 

and -7 infect the hands, and HPV-16 and -18 infect the genital tract.. There are five 

genera that infect humans: Alpha, Beta, Gamma, Mu, and Nu. The Alpha HPV are the 

mucosal specific HPV responsible for ano-genital warts. The Beta HPV were initially 

grouped together based on the fact they seemed to preferentially infect those who suffer 

from EV. They were subsequently shown through genetic analysis to be related as a 
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genera. The Beta HPV, like the rest of the genera, species, and types cause cutaneous 

warts such as the Mu  µ1 type 1 that causes  plantar warts (Hausen, 2004). 

1.8. HPV Cell Attachment and Entry  

A first step required for the lifecycle of HPV, as well as all other viruses based on their 

nature as obligatory intracellular parasites, is the attachment to and subsequent entry into 

a host cell. Due to the fact it is very difficult to culture HPV, therefore many of the 

experiments that have helped to elucidate viral attachment mechanisms have used DNA 

free virus like particles (VLP) composed of the L1 and L2 capsid proteins. While in vitro 

studies indicate HPV initially attaches to cell surface receptors, in vivo studies have 

shown this process begins with viral entry into the epidermis and attachment to the 

basement membrane following dermal abrasion (Roberts JN, 2007; Schelhaas M, 2008).  

In either case it appears that the interaction of L1 with glycosaminoglycans (GAGs) in 

particular heperan sulfate is key. Heperan sulfate proteoglycans (HSPG) are found in 

both the extracellular matrix (ECM) and on the surface of most cells. Perhaps due to the 

presence of HSPG on a large number of cell types, HPV has the ability to make 

promiscuous cell associations, but HPV is only able to mount productive infections in 

stratified epithelia. There has also been evidence that an additional receptor or secondary 

receptor assists with the internalization following the interaction with HSPG (Day, 2008; 

Selinka, 2007). It appears this interaction results in a conformational change that allows 

for the proteolytic cleavage of the L2 protein which has proven to be required for 

productive infection (Day, 2008). All papillomaviruses contain a conserved cleavage site 

that in proteolyzed by furin on the cell surface. It has been proposed that this site is 

masked at the surface of mature viral particles to avoid detection of this conserved 
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epitope by the adaptive immune system. The experimental evidence detailing the 

molecules and mechanisms involved in cell entry are contradictory and open to debate. 

Various experiments have shown the process to be dependant or independent of either 

clathrin or caveolae and possibly independent of dynamin and lipid rafts (Smith, 2007; 

Spoden, 2008). The internalization process results in endocytosis of the virus. The 

process is slow and asynchronous, lasting for several hours with atypically long periods 

of attachment to the cell surface (Culp, 2004; Selinka, 2002; Spoden, 2008). The end 

result is viral attachment and entry into a basal cell of the stratified epithelia. The virus 

then begins the process of co-opting the host cells biosynthetic systems to further 

propagate the virus. 

 

1.9. HPV Life Cycle  

The HPV life cycle appears to have evolved to integrate with the differentiation of their 

host cells (Figure 1.5.). HPV infects the basal cells of stratified epithelia and forms 

episomal copies of their viral genome (Stubenrauch, 1999). These infected basal cells, the 

stem cells of stratified epithelia, replicate the viral genomes in parallel with their own 

genomes (Stubenrauch, 1999). This allows the HPV to maintain a reservoir of infected 

stem cells, while using the daughter cells to synthesize more viral particles. Viral genes 

are transcribed at low levels in infected basal cells (Laimonis, 1998). As the cells 

differentiate, viral genes are expressed in greater numbers and early viral genes products, 

E6 and E7 in particular, help drive the cells to continue to proliferate instead of 

terminally differentiating (Desaintes, 1996). The HPV early genes E6 and E7 have been 

most thoroughly studied in HPV 16 and 18, known as high risk HPV due to their ability 
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to cause cervical cancer (Brescia RJ, 1986). The E6 protein was shown to bind with and 

degrade p53 (Scheffner, 1990), while E7 binds the Retinoblastoma protein (pRb) causing 

the premature release of the transcription factor E2F (Dyson, 1992). The p53 and pRb 

proteins both have functions that act to control the cell cycle. With the loss of these 

functions, the infected cell is pushed from G1 into S phase of the cell cycle, and in this 

way the virus is able to drive not only viral proliferation but also cellular proliferation 

unhindered. The resulting hyperproliferation is responsible for the development of warts 

and the possible progression to cancer. When the cells enter the Stratum Corneum, late 

gene expression, viral assembly, and finally viral particle release take place (Laimonis, 

1998).                                                                                   

 

Figure 1.5.   The life 
cycle of the human 
papillomavirus 
 

 The HPV life cycle is 
tightly coordinated with 
differentiation of 
epidermal cells (from 
Merkmedicus.com 
“Definition & 
Characteristics of HPV”) 
 

 

1.10. HPV Survival Strategies 

For a virus to mount a productive infection it must have counter measures to the innate 

and the adaptive immune system that allow it to gain access to the correct tissue and cell 

type. These counter measures must also prevent viral clearance, by the immune system or 

by apoptosis of the infected cell, upon successful viral entry into the host cell. HPV has 
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several strategies to avoid the immune system beginning with its mode of infecting the 

basal cells through abrasions. This allows HPV to establish an infection without exposure 

to the vascular or lymphatic systems and their associated immune surveillance 

capabilities. The highly immunogenic caspid proteins are only expressed in the 

immunologically privileged upper epidermis. HPV is a non-lytic virus with no viremic 

stage which limits its exposure to the immune system in when releasing new viral 

particles.  

 

Another key aspect of survival for HPV is preventing host cell apoptosis. The HPV E6 

protein plays a key role in this process. It has been shown to inhibit extrinsic apoptosis by 

down regulating expression of toll like receptor 9 (TLR9), which presents viral nucleic 

acids to immune cells. The E6 protein also inhibits extrinsic apoptosis by binding to fas-

associated protein with death domain (FADD) and caspase-8 accelerating their 

degradation. In a similar fashion, E6 inhibits intrinsic apoptosis by binding to p53 and 

Bak contributing to the rapid degradation of these pro-apoptotic proteins (Howie, 2009). 

While there are several mechanisms by which HPV has been shown to avoid extrinsic 

and intrinsic apoptosis, recent evidence indicates that it may have a way to inhibit 

granzyme mediated apoptosis as well. The HPV E7 protein has been shown to bind to 

and down regulate expression of NME1 and enhance its degradation (Drubin, 2009). 

NME1 is a key affector protein for granzyme A mediated apoptosis which produces 

single strand nicks in DNA upon activation by granzyme A. Of interest for this project, 

we have produced data that indicates NME1 interacts with TMC8.  
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1.11. Spectrum of HPV-Induced Pathology 

While HPV infections can be classified in a binary fashion as productive or abortive from 

the perspective of the virus, they can also be thought of as a spectrum based on the 

severity of the pathology to the host. Figure 1.6., below, illustrates a scale that describes 

the levels of pathology known to result from HPV infections (modified from the 

Bethesda scale). The scale is useful in particular when comparing the pathology of HPV 

infection in healthy individuals to EV sufferers whose disease presentation is shifted to 

the right on the scale. In an asymptomatic infection, there is no clinical sign of infection 

but an infection can be detected through the presence of amplifiable viral DNA or 

through the sero-conversion of the host. A low-grade infection is one that is clinically  

 

Figure 1.6.  Spectrum of HPV infection pathology 
Spectrum of pathology developed from HPV infection adapted from the Bethesda scale for scoring 
cervical lesions caused by HPV. 
 

apparent but will ultimately be cleared over time (multiple years is not uncommon) by the 

host’s immune system. A high-grade lesion is similarly apparent, but the host is unable to 

clear the infection without treatment and the infection has the potential to lead to cancer. 

Cancer can result from various additional factors such as accumulated genetic mutations 

from over proliferation, mutagen exposure, and/or from the integration of viral DNA into 

the host’s genome. From the perspective of the virus the asymptomatic infection may be 

productive or abortive, the low and high grade lesions are productive, and progression to 

cancer alters the life cycle and morphology of the infected epithelial cells to a degree that 

AsymptomaticAsymptomatic   

Infect ionInfect ion   

Low grade Low grade   

lesionlesion   

High grade High grade   

lesionlesion   

CancerCancer   
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they no longer produce viable virons. The level of pathology that results from Beta 

papillomavirus infection by EV sufferers appears to be shifted to the right along the 

spectrum relative to healthy individuals. While healthy individuals are likely to have Beta 

papillomavirus infections detectable by seroconversion, these infections almost always 

remain asymptomatic. The EV sufferer on the other hand will have large numbers of 

high-grade lesions, many of which will ultimately become cancerous. 

 

1.12. Skin Cancer Associated with EV and Beta HPV 

The cancer that results from EV is typically squamous cell carcinoma (SCC) (Lutzner, 

1984), while in the general population of those afflicted with non-melanoma skin cancers, 

~80% have basal cell carcinomas (BCC) while only ~20% have SCC (Alam and Ratner, 

2001). BCC rarely metastasize, but SCC are known to have significant risk of metastasis 

(Alam and Ratner, 2001). Ultraviolet light exposure is the most common risk factor for 

SCC, and of interest for Hawaii, the SCC incidence doubles with every 10 degrees of 

latitude closer to the equator that a given population lives (Johnson et al., 1992). In the 

general population an association between beta HPV infection and cutaneous SCC has 

been established, but the specific role of these HPV types is not clear (Masini et al., 

2003). Immune suppressed individuals, whether due to disease or  
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Figure 1.7. Degree of pathology vs. the rate of incidence of skin cancers. 
Inverse rate of incidence vs. mortality of skin cancer (Alam, 2001).  
 

immunosuppressive medications for transplants, are also at much higher risks of SCC (up 

to 65 times of controls) (Jensen et al., 1999). Unlike the population in general, patients 

who have received transplants more frequently have squamous cell carcinomas than basal 

cell carcinomas. In addition, immune compromised patients have been shown to have 

HPV DNA in 84% of SCC while immune competent patients only had HPV DNA in 

27% of SCC (Harwood, 2000).  

 

The formation of HPV warts, the large confluent HPV associated plaques characteristic 

of EV, and non-melanoma skin cancers all result from the over proliferation of epidermal 

cells. In healthy tissue, proliferation is kept in check by tight control of the cell cycle and 

the appropriate activation of  apoptosis (triggered either intrinsically or extrinsically). 

Owing to the characteristic pathology of EV, it could be reasonably hypothesized that 

TMC6 and TMC8 likely play a role in immune system viral surveillance and/or 

apoptosis.  
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1.13. Significance of Studying TMC8 Function 

As evidence has accumulated for a viral etiology for various types of cancers, new 

avenues for prevention and treatment of cancer have been opened. With the identification 

of the mutations responsible for EV we have the opportunity to examine the mechanism 

for one of these diseases. This has potential to help those suffering from EV, for whom 

there is currently no effective treatment. In addition, a reasonable hypothesis could be 

made that sporadic UV induced mutations to TMC8, similar to those in the germ line of 

EV patients, could result in HPV infection and skin cancer. Developing therapeutic 

interventions for EV may also lead to treatments for immune compromised individuals 

that develop SCC that are associated with beta papillomaviruses. The proposed study will 

provide novel insights into how TMC8 affects apoptosis and proliferation. This study will 

expand our knowledge of the function of TMC8 through identifying which protein 

signaling pathways it interacts with.  By gaining an understanding of the interplay 

between TMC8 and the HPV virus and the progression to cancer, therapeutic 

interventions can be identified. 

 

1.14. Basic Model of EV Pathology 

At this point evidence suggests a very basic model derived from EV pathophysiology. 

This model, graphically represented in Figure 1.8., shows that the mutations to the Tmc 

genes act with the compounding effects of HPV infection and UV exposure to cause the 

transformation of keratinocytes into cancerous cells. 
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Figure 1.8. Basic model of 
EV pathology.  
The combination of 
truncated TMC proteins, 
HPV infection, and UV 
exposure frequently result 
in squamous cell 
carcinoma that is the 
hallmark of EV disease. 
 

 

 

 

Unfortunately, this simple model is not informative in regards to informing the 

physiological roles of the TMC proteins. As such, we have developed an experimental 

program designed to produce a model that will provide insight into the physiological and 

pathophysiological function of TMC proteins down to the molecular level. The over 

arching hypothesis for this project is as follows. Understanding the function of TMC8 

proteins will provide understanding for the mechanisms responsible for EV disease. The 

steps taken to achieve this are delineated in our project aims below. 
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1.15. Project Aims 

The aims that this project worked to fulfill are as follows:  

• Develop and validate novel experimental tools for investigating TMC8 function 

• Define the tissue expression profile of TMC8 using western blotting and 

histological tools 

• Identify potential regulatory and downstream protein partners for TMC8 

• Generate a model 

• Generate testable hypotheses 

• Re-evaluate the model  
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Chapter 2 

MATERIALS AND METHODS 

2.1. Cell Culture Methods 

2.1.1. Maintenance of cell cultures 

HEK293 stably transfected with pcDNA6TR (Invitrogen, CA), HaCat (German Cancer 

Institute), and wild type HEK cells were maintained in DMEM, 10% fetal bovine serum, 

2 mM glutamine, 100 IU/mL penicillin, and 100 µg/mL streptomycin in humidified 5% 

CO2 at 37°C. All other cell lines were maintained in appropriate culture media under the 

same incubation conditions. 

2.1.2. Production of inducible stable cell lines 

The T-REx System produces high levels of inducible protein expression in mammalian 

cells that constitutively express the tetracycline repressor protein. Here, the complete 

CMV promoter is used in conjunction with control elements from the bacterial 

tetracycline resistance operon to effectively repress, and de-repress, transcription. 

Specific activation is achieved by using a repressor mechanism that blocks transcription 

from CMV promoter in the absence of tetracycline. As this system does not use viral 

transactivators, high-level expression from the complete CMV promoter without 

secondary, non-specific activation of host genes, is achieved. The HEK293T-REX cell 

line is a permanent line of primary human embryonal kidney transformed by human 

adenovirus type 5 (Ad 5) DNA. The HEK293T-REx Cell Line stably expresses the 

tetracycline repressor protein (Invitrogen, CA). TRex-based cell lines exhibit low basal 
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expression of the protein of interest in the repressed state and high expression upon 

treatment with tetracycline. For production of TRex HEK293 cells with inducible 

expression of TMC gene products, parental cells were electroporated with 15 µg of 

plasmid DNA in a 500 µl volume of DMEM/10% FBS/2mm glutamine. Electroporations 

were performed at 280 V/950  µF in a 4mm path length cuvette (BioRad, CA). Clonal 

cell lines were selected by limiting dilution in 500 mg/ml hygromycin (Invitrogen, CA), 

and screened by immunoprecipitation and Western blot.  Transfected gene expression 

was induced using 1 µg/ml tetracycline for 16h at 37°C. 

 

2.1.3. Cell Viability Assay 

Inducible over expressing cells were induced for the indicated time periods prior to 

exposure to UVC (254 nm) or mitochondrial ROS generators and incubated as indicated. 

The cells were then detached using TrypLE (GIBCO, CA), spun down and re-suspended 

in PBS. They were then analyzed for viability via trypan blue exclusion using the Vi-cell  

(BD) analyzer. 
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2.2.  Protein Biochemistry Methods 

2.2.1. Antibodies 

Epitope Animal Source Company Source Catalogue # 
APE Mouse Monoclonal GeneTex Inc. GTX20194 
ANP32 Mouse Monoclonal GeneTex Inc. GTX20194 
β-actin Rabbit Polyclonal Abcam Ab5694 
FLAG tag Mouse Monoclonal   Sigma F-7425 
HRP-conjugated 
FLAG tag 

Rabbit Rockland 600-403-383 

HRP-conjugated 
Anti-goat IgG,  

Rabbit Polyclonal Rockland 605-4313 

    
HRP-conjugated 
Anti-mouse IgG,  

Goat Polyclonal  Rockland  610-103-721 

HRP-conjugated 
Anti-rabbit IgG,  

Donkey Polyclonal  Rockland 611-703-127 

HRP-conjugated 
V5 tag 

Mouse Monoclonal Serotec MCA1360P 

NME1 Mouse Monoclonal GeneTex Inc. GTX91673 
PRDX2 Mouse Monoclonal Abcam   Ab16749 
TMC8 Rabbit Polyclonal Bethyl Lab Inc. NA 
TREX Mouse Monoclonal GeneTex Inc. GTX9434 
V5 tag Mouse Monoclonal   Serotec MCA1360 

 
Table 2.1. List of antibodies and suppliers. 

2.2.2. Expression and Extraction of His-Tagged Proteins 

Competent BL21-A1 One Shot cells (Invitrogen, CA) were thawed on wet ice for no 

longer than 10 minutes.  Two microlitres of positive miniprep products were added and 

mixed gently with pipette tip.  The mix was left to incubate for 30 minutes on wet ice.  

The mixture was then heat-shocked at 42° C for 45 seconds, 250 µl of pre-warmed (37 

ºC) SOC media was added, and the culture incubated for 1 hour at 37°C, while shaking at 

225 rpm.  Luria-Bertani agar plates containing 50 µg/ml Ampicillin were used to plate 

20-50 ml of the cultures.  These plates were then incubated for 16 to 18 hours at 37°C.  

Colonies from these plates were then picked and incubated in 20 ml of LB broth 
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containing 50 µg/ml Ampicillin for 12-16 hours at 37°C, while shaking at 225 rpm.  

Cultures were then transferred into 400 ml LB with ampicillin (50 mg/ml) in a ratio of 

1:80 followed by incubation at 37°C, while shaking at 225 rpm until OD600 reaches 0.6.  

After removal of 1ml culture as control, IPTG was added to a final concentration of 0.4 

mm to induce expression.  After an incubation and growth to OD600 of 0.8, cells were 

harvested by centrifuge at 6000x g for 30 minutes in an Avanti JLA-10.5 centrifuge 

(Beckman, CA).  The BL-21 pellets were re-suspended in 40 ml 1X binding buffer from 

the Novagen His-Bind Kit (EMD Chemicals Inc., CA).  The mammalian protease 

inhibitor cocktail, 1 mg/ml (Sigma-Aldrich, MO) was to prevent protein degradation.  

The homogenous lysate was sonicated using VCX600 sonicator (Sonics & Materials Inc., 

CT) at 50% power for 30 seconds at 4°C. The sonication was repeated eight times, with 1 

minute on ice between intervals.  The lysate was then frozen at -80°C. 

 

2.2.3. Purification of His-Tagged Proteins by Affinity Chromatography and 

Dialysis 

Protein purification was performed using the His-Bind Resin Chromatography protocol 

included in the Novagen His-bind protein purification kit (EMD Chemicals Inc., CA).  

The lysate was thawed in cool running water, iced, then centrifuged at 14,000x g in an 

Avanti J-25 centrifuge (Beckman, CA) centrifuge for 20 minutes.  The supernatant was 

filtered through a 0.2 µm syringe filter in order to further reduce viscosity.  Two 

milliliters of 50% His-Bind resin slurry was added to a sealed column and allowed to 

settle by gravity flow.  After all beads settled down, the seal was removed to allow 

elution of the resin suspension solution.  This was followed by application of 3 ml sterile 
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water, 5 ml charge buffer and 3 ml binding buffer to charge Ni2+ on the beads.  The 

column was loaded with the filtered protein lysate and then washed with 10 ml binding 

buffer and 6 ml wash buffer.  Finally, 6 ml of elution buffer was applied to the column 

and collected as six 1 ml aliquots.  All buffers and supernatant passed through the column 

by gravity flow. To eliminate the Tris and reduce the salt (500 mM) from the eluted 

sample, His-tagged proteins were dialyzed twice against 1 L each of 0.1 M MOPS pH 7.5 

(with 80 mM NaCl for the AFC-N terminal samples) using slide-a-lyzer dialysis cassettes 

with a molecular weight cut off of 3500 dalton (Pierce, Illinois).  

2.2.4. Protein Affinity Purification 

Affinity matrices comprising the isolated amino- and carboxyl-termini of human TMC8, 

modified with a poly-histidine tag were prepared by immobilizing them onto a NiCl2 

resin. Cytosolic extracts of human embryonic kidney epithelial cells were used as the 

mobile phase that was applied to the affinity matrices. Free Ni2+ was used to elute the 

proteins that bound to these matrices, and the resulting mixture was analyzed at the Keck 

Facility (Yale University) by LC/MS/MS for protein identification. 

2.2.5. Transient transfection.  

HEK293TRex cells (Invitrogen, CA) were seeded and grown until 50% confluent. All 

cDNA was purified using a QIAfilter Plasmid Maxi Kit (Qiagen, CA). The cDNA quality 

was measured using a spectrophotometer and used in transfection only if O.D. 260/280 > 

1.7. HEK293 cells were transiently transfected using reagent LT1 (Mirus, Madison, WI). 

Serum free DMEM (100 µL) and LT1 reagent (10 µL) were added together and vortexed 

for 30 seconds. The mixture was then left at room temperature for 15 minutes. After 15 
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minutes, the cDNA was added to the mixture and mixed gently. After 15 minutes at RT, 

the mixture was added to the cells in a drop-wise manner while swirling the plate. The 

cells were then placed in a humidified 5% CO2 incubator for 48-72 hours.  The cells were 

then harvested and lysed as described below. 

2.2.6. Immunoprecipitation and Western blot. 

Cells were pelleted (2000 g, 2 min) and washed once in PBS. Approximately 107 cells 

were lysed (ice/30 min) in 350 µl of lysis buffer (50 mM Hepes pH 7.4, 75 mM NaCl, 20 

mM NaF, 10 mM iodoacetamide, 1% (w/v) IGEPAL (USB 19626), 1 mM PMSF 

(phenylmethylsulfonyl fluoride), and 1:2000 of protease inhibitor cocktail (SIGMA 

P8340). Lysates were then clarified (12000 g, 5 min). For preparation of total protein, 

cells were sonicated for ten seconds in 350 µL of lysis buffer. For immunoprecipitation, 

supernatants were tumbled (4°C / 2 h) with the indicated antibody followed by additional 

tumbling (4°C / 1 h) with EZ view protein A beads (SIGMA AP6426). After three 

washes in lysis buffer, samples were boiled in reducing sample buffer (20% (v/v) 

glycerol, 62.5 mM Tris-HCL pH6.8, 0.05% (w/v) bromophenol blue, 2 mM 2-mercapto-

ethanol), resolved by SDS-PAGE, and electro-transferred to Polyvinylidene Fluoride 

(PVDF) membrane (1.4 A for 180 min in 25 mM Tris-HCl pH 8.3, 192 mM glycine). 

Membranes were blocked using 5% (w/v) non-fat milk or BSA (1 h/ RT). Primary 

antibodies were incubated with membrane for 16h at 4°C. Developing antibodies were 

diluted to 1:15,000 and incubated with membranes for 1 hour. Washes between 

incubations were performed in TTBS for 5 minutes and repeated four times.  Finally, 

membranes were exposed to ECL plus solution  (GE Healthcare, NJ) for 4 minutes and 
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wrapped in plastic wrap.  Signals were visualized using Kodak X-OMAT LS scientific 

imaging film on a Kodak X-OMAT 2000A processor.  

 

2.2.7.  Stripping and Re-probing of Western Blots    

Blots were stripped by shaking at 50°C for 20 minutes in 100 mm 2-Mercaptoethanol, 

2% SDS, 63.5 mM Tris-HCL pH 6.7.  Membranes were then washed twice for 10 

minutes each in TTBS at room temperature then blocked and probed as described above.  

 

2.2.8. Cancer Protein Array 

A protein array membrane with 96 paired samples from cancerous tissue and normal tissue 

from the same patient was purchased from the BioChain Institute, CA. The membrane was re-

hydrated for 10 minutes in TTBS and then blocked in 5% non-fat milk in TTBS for one hour. 

After three 5 minute washes in TTBS the membrane was incubated on a rocker at 4°C with 

anti-TMC8 antibody over night. After three additional TTBS washes the membrane was 

incubated with anti-rabbit conjugated HRP antibody for one hour at room temperature. After a 

4 minute incubation with ECL, the membrane was visualized using Kodak X-OMAT LS 

scientific imaging film on a Kodak X-OMAT 2000A processor.  

2.2.9 Tissue section Staining 

 Frozen human skin sections (Biochain, CA) were soaked 10 min in 1X PBS with 0.1%(v/v) 

BSA, then incubated 15 minutes with 10%(v/v) normal goat serum. Sections were incubated 1 

hr at 37°C in primary antibodies, rinsed in PBS w/BSA, then incubated 30 min at 37°C in a 

1:2000 dilution of anti-rabbit, anti-mouse or anti-rat ALEXA488 or 568 conjugated secondary 
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antibodies (Invitrogen, CA). (Biomedia, CA). Laminin (purple) and TMC8 (green). 4 µg/ml 

rabbit anti-TMC8 and a 1:5 dilution of stock rat anti-Mouse Laminin (USBiological, MA). 

 

2.2.10. Protein determination assay 

Where indicated, protein samples were matched for total protein levels on the basis of a 

colorimetric protein determination assay. The bicinchonic acid (BCA) kit with copper (II) 

sulfate (SIGMA B9643) was used. After cell lysis, triplicate samples diluted to contain 

100-1000 µg of protein were taken from each lysate. Volumes of 25 µL of these samples 

were transferred to a 96 well micro-titer plate and incubated with 200 µL per well of 

BCA reagent, according to the Manufacturer’s instructions. The plate was incubated at 

RT for 1hour to 24 hours. After development, absorbance was read at 562 nm in a 

Molecular Devices Spectra MAX340 plate reader. After blank subtraction and averaging 

between triplicates, a series of normalization ratios were calculated and used to determine 

loading volumes for each sample when it was run on an SDS-PAGE gel. Protein 

standards derived from dilutions of bovine serum albumin (BSA) in increments of 200 µg 

between 200-1000 ug ensured that the assay’s standard curve was in its linear range. 

Where absolute protein levels were calculated, this was done in relation to the standard 

curve.  

2.3. Microscopy 

2.3.1. Immunofluorescence 

Cells were fixed and permeabilized on glass cover-slips (ice cold methanol at -20°C for 

20 minutes). After blocking (0.5% Fish Skin Gelatin), cover-slips were sequentially 
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incubated with primary, and secondary, antibodies and the indicated stains. Imaging was 

performed with an Olympus IX70 fluorescence inverted microscope with quadruple 

dichroic filter block and excitation filter set 88000 (Chroma, Rockingham, VT), 

connected to an F-view monochrome CCD camera.  

2.4. Molecular Biology 

2.4.1. Nucleic acid purification 

Standard protocols were used for nucleic acid purification, kits were obtained from 

Qiagen (CA) and the Manufacturer’s instructions were followed. The QIAfilter Plasmid 

Maxi Kit was used for purification of up to 500 µg ultra pure plasmid DNA, from 200ml 

bacterial cultures. The QIAprep 8 plus TurboFilter Kit was used for purification of up to 

20 µg plasmid DNA, from 5 ml bacterial cultures. The QIAquick PCR Purification Kit 

was used for purification of PCR products, 100 bp to 10 kb. The QIAquick Gel 

Extraction Kit was used for gel extraction or cleanup of DNA (70 bp to 10 kb). 

2.4.2. Transformation and bacterial culture 

Transformation with plasmid DNA, newly ligated constructs or mutated plasmid 

constructs, occurred as follows. Competent bacteria DH5α, TOP10 Xl gold, or One shot 

INV110 (Invitrogen), were thawed on wet ice for no longer than 10 min, DNA was added 

and mixed gently with pipette tip. The mix was left to incubate for 30 min on wet ice. 

Then the mixture was heat-shocked at 42° C for 45 s, 500 µl of pre-warmed (37º C) SOC 

media was then added, and the culture incubated for 1h at 37° C, while shaking at 225 

rpm. Of this culture 100 µL, and 400 µL, were plated onto two separate LB agar (Luria-

Bertani. Miller, Fisher) plates containing the appropriate selection antibiotic for the 
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corresponding plasmid. (Ampicillin 50  µg/mL, Kanamycin 30  µg/mL, Chloramphenicol 

10  µg/mL). These plates were then incubated for 16 to 18 hours at 37° C. Colonies from 

these were then picked and grown in 5 ml of LB broth, or 200 ml of LB broth containing 

the appropriate selection antibiotic for the corresponding plasmid at the concentrations 

mentioned above. 

2.4.3. Gel electrophoresis of DNA and band Excision 

Standard agarose gel electrophoresis was performed using 1% agarose in TAE buffer 

(comprising 40 mM Tris, 20 mM Acetic acid, and 2 mM EDTA pH 8.3). Samples were 

loaded in a 10x sample buffer comprising Bromophenol blue (0.05% w/v), sucrose (40% 

w/v), EDTA (0.1 M, pH 8.0), and SDS (0.5% w/v), and electrophoresed at 9-15 V/cm for 

the time needed to achieve adequate resolution. Electrophoretic standards comprised a 

DNA or RNA ladder spanning 100 bp –10 kb range. DNA gels were visualized  on a 

ChemiDoc system (BioRad, CA), using Ethidium Bromide (0.5  µg/ml final). For gel 

purification, bands were excised using a clean scalpel blade and a DNA extraction was 

performed using the QIAquick Gel Extraction Kit (Qiagen, CA). 

2.4.4. PCR, quantitative PCR, and megaprimer PCR 

PCR reactions were performed using the “AccuPrime™ Pfx SuperMix” (Invitrogen, 

Carlsbad, CA.), comprising 22 U/ml Thermococcus species KOD thermostable 

polymerase complexed with anti-KOD antibodies, 66 nM TrisSO4 (pH 8.4), 30.8 nM 

(NH4)2SO4, 11 mM KCl, 1.1 mM  MgSO4, 330 µM dNTPs. Reaction schemes were 

optimized for specific primer pairs but the general scheme used was as follows. 



 45 

 
 
Figure 2.1. PCR cycle profile. 

Schematic representation of the thermocycle used for the amplification of DNA via PCR for constructs 
produce for this experimental program. 

 

2.4.5. Ligation 

Ligation reactions occurred in a 50 µL reaction volume, containing 5 µL T4 DNA ligase 

buffer (10x New England Biolabs), 1 µL T4 DNA ligase (400U, NEB), 100 ng of target 

vector, plus a one, and or three times, molar equivalent of the target insert (or water in the 

control reaction). Reaction volume was completed with DNAse/RNAse free water. The 

reactions were left at room temperature for 1 hour, then incubated at 16°C for 16 hours. 

Four microliters of this reaction were then used to transform DH5α competent bacteria 

for clonal isolation and plasmid DNA production and isolation. 

 

 

2.4.6. Primers for Construct production 

The primers below were used to amplify PRDX2 and NME1 with the appropriate 

restriction enzyme sites so they could be ligated into the 4TO expression vector. The 
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primer set also added the V5 epitope tag to facilitate protein identification and 

manipulation. 

 

PRDX2_P1_Kpn1   5′ - ATG ATG GGT ACC ATG  GCC TCC GGT AAC GCG CGC 

ATC GGA AAG CCA GCC CC - 3′ 

PRDX2_P2_V5_NOT1   5′ - CAT GCG GCC GCC TAC GTA GAA TCG AGA CCG 

AGG AGA GGG TTA GGG ATA GGC TTA CCA TTG TGT TTG GAG AAA TAT 

TCC TTG CTG TCA TCC ACG TTG GGC - 3′ 

 

NME1_P1_KPN1   5′ - GCA AGC GGT ACC ATG GTG CTA CTG TCT ACT TTA 

GGG ATC GTC TTT CAA GGC GAG GGG CCT CC - 3′ 

NME1_ P2_V5_NOT1   5′ - GCT TGC GCG GCC GCT TAC GTA GAA TCG  AGA 

CCG AGG AGA GGG TTA GGG ATA GGC TTA CCT TCA TAG ATC CAG TTC 

TGA GCA CAG CTC GTG TAA TCT ACC AGT TCC TCA GGG TGA AAC CAC 

AAG CCG - 3′ 

2.4.7. DNA sequencing 

Sequencing was performed at the Greenwood Molecular Biology Facility, at the 

University of Hawaii, on a fee-for-service basis. Typically, 250-500 ng DNA and 1pmol 

primer, was provided for analysis using ABI Prism BigDye Terminator and Primer Cycle 

Sequencing Chemistries on Applied Biosystems 377XL DNA  Sequencers. Sequencing 

reactions were performed in both forward, and reverse, directions, and analyzed using 

AssemblyLign, MacVector software (Accelrys, CA) or Blast, for identification. 
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2.4.8. Sequencing Primers 

All primers listed below are displayed 5’-3’. 

 

(a) Vector sequencing primers. 

5TO/4TO sequence over MCS - P1  AGAAGACACCGGGACC 

5TO/4TO sequence over MCS - P2  GAAAGGACAGTGGGAGTG 
     PLKO.1      AAA CCC AGG GCT GCC TTG GAA AAG 

 

(b) Sequencing primers for cDNAs encoding proteins studied in this thesis. 

 TMC8 SEQUENCING PRIMERS 

1 TGA ACT TGA CCC TCC AGT G 

2 GAT TGT GGA ACC TCA AA CG 

7 TCA GCA ACG AGT TCA AGG 

12 AGA ACT ACC CTC CCA ACA CG 

13 GCA TTG GCA GAG ACA AGA G 

19 CCT CTT CCT CAC CTT CTA CAT C 

21 TGG CAG GTT CAG GAG AAG TG 

  

 Table 2.2 Sequencing primers 
 

2.4.9. Sources of cDNAs 

During the course of the work presented in this dissertation, numerous cDNAs 

encoding proteins of interest were obtained. The source for the cDNAs described here are 

documented in the table below. 
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cDNA Source. Epitope Tag Final Vector  

NME1 Open Biosystems  #IHS 1380-7652554 V5 4TO 

PRDX2 Open Biosystems #IHS1380-97433627 V5 4TO 

TMC4 Open Biosystems #MHS1010-7508079 FLAG 5TO 

TMC6 Open Biosystems #MHS1010-74410 FLAG 5TO 

TMC7 Open Biosystems #MHS1010-9205112 FLAG 5TO 

TMC8 Open Biosystems #MHS1010-7507800 FLAG 5TO 

 

Table 2.3 Sources of cDNA for protein expression constructs 

 

2.4.10. Vector Maps 

During the course of the work presented in this dissertation various plasmid 

constructs were used, and are shown schematically below. In addition, these proprietary 

vectors were modified to either produce expression constructs for cDNAs of interest, or 

to confer specific characteristics such as epitope tags. Plasmid maps for these new 

constructs are also provided below. 
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(a) pcDNA6TRex. 

 

 

Figure 2.2. The pcDNA6/TR plasmid.  
This plasmid contains the tetracycline repressor protein gene. When stably transfected into cell 
lines, the presence of the Tetracycline repressor protein allows us to chemically induce the 
expression of genes of interest that are contained in the pcDNA4/TO and the pcDNA5/TO. 
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(b) pcDNA4/TO. 

 

Figure 2.3. The pcDNA4/TO plasmid.  
This plasmid contains the control elements from the bacterial tetracycline resistance operon to 
effectively repress, and de-repress, transcription of genes cloned into the multiple cloning site. 
When stably integrated into the target cell line, which already contains the genomically integrated 
pcDNA6/TR, repression of the gene of interest can be alleviated with the addition of tetracycline 
(1 µg/ml 16 h).The mammalian drug resistance gene for Zeocin allows for effect selection of 
genomic integration. The ampicillin resistance gene allows for selection of E.coli containing the 
plasmid at a reasonable copy number to survive the ampicillin selection. 
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(c) pcDNA5/TO 

 

Figure 2.4. The pcDNA5/TO plasmid. 
This plasmid contains the control elements from the bacterial tetracycline resistance operon to 
effectively repress, and de-repress, transcription of genes cloned into the multiple cloning site. 
When stably integrated into the target cell line, which already contains the genomically integrated 
pcDNA6/TR, repression of the gene of interest can be alleviated with the addition of tetracycline 
(1 µg/ml 16 h). The mammalian drug resistance gene for Hygromycin allows for effect selection 
of genomic integration. The ampicillin resistance gene allows for selection of E.coli containing the 
plasmid at a reasonable copy number to survive the ampicillin selection. 
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Chapter 3. 

Characterization of TMC8 

 

3.1. Introduction 

 

3.1.1. Identification of TMC8 

In 2002 Ramoz used genome mapping techniques in combination with data from the draft 

human genome sequence to identify two genes responsible for EV. They analyzed 

genetic material from individuals afflicted with EV, all born from consanguineous 

marriages, and their immediate family members. 

 

 

Figure 3.1. TMC8 identification. 
Ramoz et. al. identified that a homozygous G to T mutation in the Tmc8 gene resulted in a premature stop 
codon that was able to cause EV disease (afflicted individuals: black symbols, X denotes mutated TMC8)  
(from Ramoz, 2002 Nature Genetics). 
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They found heterozygous mutations to Tmc6 or Tmc8 in the parents and homozygous 

mutations in their offspring suffering from EV. Interestingly, they found the production 

of cDNA derived from afflicted individuals exhibited reduced amplification efficiency 

when compared to wild type cDNA production. They suggest the difference in efficiency 

may result from mRNA decay due to the nonsense mutations. 

 

3.1.2. The role of TMC1 in disease 

Besides TMC6 and TMC8 the only other member of the TMC family of proteins with a 

known pathophysiological role (no physiological roles have been firmly established for 

any TMC protein) is TMC1. Various mutations in Tmc1 have been shown to result in 

autosomal dominant or recessive progressive hearing loss. For individuals suffering from 

these mutations, hearing loss develops from five to ten years of age and results in 

profound deafness in ten to fifteen years. Similar mutations were identified in mice that 

also lead to deafness in the mouse model of deafness known as ‘Beethoven’ (Bth) 

(Kurima et al., 2002). 

 

3.1.3. Recent work on TMC8 

The only work describing evidence of a possible functional role for TMC proteins was 

published in 2008 by Michel Favre’s group at the Pasteur Institute.  Using a yeast two-

hybrid system that utilized the TMC domain of TMC6 and TMC8 as bait, they screened 

an HaCat (a spontaneously transformed human keratinocyte cell line)  cDNA library for 

interacting proteins. The TMC domain spans between the 5th and 6th transmembrane 
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domains, has no known function, and is believed to be in a luminal or extracellular 

orientation depending on which membrane the TMC protein is found. The yeast two 

hybrid system identified ZnT-1 a zinc transporter as interacting with TMC proteins. They 

confirmed this interaction with a co-immunoprecipitation using epitope tagged over 

expression system (Figure 3.1). 

 

 

Figure 3.2. TMC6 and TMC8 co-purified with ZnT-1.  
The TMC domain of EVER1 and EVER2, also known as TMC6 and TMC8 respectively, were shown by 
Lazarczyk et. al. to interact with the zinc transporter ZnT-1 by yeast two hybrid assay. They subsequently 
showed that ZnT-1 would co-purify with both proteins in a cellular over expression system  (from 
Lazarczyk, 2008 J Virology). 
 

Based on this interaction, they hypothesized that the TMC/ZnT-1 complex could affect 

intracellular zinc concentrations. To test this they used a zinc dye and a variety of intra 

and extra cellular zinc concentrations in combination with transfections with TMC and 

ZnT-1 proteins. They only found a change in zinc concentrations in the cell line from the 

EV patient (Tmc8 -/-), which exhibited significantly higher concentration in the nucleoli. 

They also conducted a proliferation assay to test if keratinocytes from an EV patient 

(Tmc8 -/-) would proliferate at different rate than keratinocytes with wild type (Tmc8+/+). 

They found that over the course four days the cells with the mutated Tmc8 proliferated a 

at a significantly higher rate (Figure 3.2.).   
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Oddly, one conclusion they reach after identifying that the E5 protein of  HPV16  (a high 

risk genital wart virus) bound with TMC proteins is that this interaction may account for 

the host restriction of HPV5 (a Beta HPV the most common HPV to cause oncogenic 

transformation  in EV patients) because they say that it lacks an E5 protein. Upon 

examination of the HPV5 genome on the International Committee on Taxonomy of 

Viruses (ICTV) data base, it is clear that HPV5 does in fact have an E5 protein. So, it 

seems likely that this conclusion should be reassessed.   

 

 

 

 
Figure 3.3. Tmc8 -/- cells proliferate 
faster than wild type Tmc8 +/+. 
Lazarczyk et. al. demonstrated that 
keratinocytes from and EV patient with 
mutations to the Tmc8 gene proliferated at 
a higher rate that do keratinocytes with 
wild type Tmc8 (Diamonds: Tmc8 -/-, 
Squares Tmc8 +/+) (from Lazarczyk, 2008 J 
Virology). 
 
 

 

 

 

3.1.4. Gaining insight into an uncharacterized protein 

While the completion of the sequencing of the human genome resulted in biology being 

transformed from a data poor science into a data rich one (Collins, 2001), the 
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fundamental problem of understanding the role of an individual protein within an 

organism has not radically changed. Probing the nature of a protein is particularly 

difficult in part because only oblique observations are possible. The result is that the 

observation or detection of a protein is almost quantum mechanical in nature in that the 

very act of observation may affect the outcome. Similar to the uncertainty principle that 

describes that measuring the position or the momentum of an electron with precision 

makes the measurement of the other less precise, the oblique observation of a protein 

may require techniques that can affect the normal functioning of the protein in the 

process of observing it (Heisenberg, 1930). As a result, multiple techniques are typically 

employed to gain confidence about a particular aspect of a protein.  An additional 

challenge was also hinted at by the completion of the human genome project. While over 

30 thousand genes were identified, this number is considered surprisingly low for an 

organism as complex as a human (Claverie, 2001). This genetic information tends to 

support the idea that individual proteins must be capable of a variety of complex 

functions. Proteins are frequently capable of multiple activities within a given cell and are 

likely to have additional functions in various tissues and over the course of an organism’s 

development and lifetime. All of this complexity adds to the difficulty of understanding 

the role of a protein in any given situation.  

 

There are a handful of strategies that can be employed to deduce a protein’s function 

(Table 3.1.).  When a protein can be connected with a specific genetically linked disease, 

the disease’s presentation can provide clues to possible function. The primary protein 

sequence is useful for comparison to other proteins with similar structure and functional 
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motifs.  Determining in which organs a given protein is expressed can allow for 

inferences to be made about the protein based on the organ’s role within the organism. 

Identifying a protein’s intracellular localization can similarly be used to equate its 

function with the organelles that it is associated with.  The experimental program 

required to understand the function of a protein is difficult and resource intensive but 

ultimately necessary if humanity is to reap the rewards of major advances in biomedical 

research such as the human genome project. 

 

Analytic Strategy Associated Techniques 
Genetic deficiencies Disease presentation analysis, genetic mapping 
Primary sequence Primary protein sequence analysis, BLAST analysis, Motif comparison 
Tissue localization Western blotting, immunohistochemistry. 
Sub-cellular localization Immunofluorescence, confocal microscopy 
Protein-Protein interactions Affinity purification, Protein identification with Mass-Spec, Co-

immunoprecipitation, immunofluorescent co-localization 
Protein over-expression or 
knock-down  

Transiently or stably transfected system to over express a protein or siRNA 
systems designed to knock down the expression of a protein 

 

Table 3.1. Strategies and techniques used to understand protein function 
The table details a number of ways to understand the function of a protein. Because the observation of 
a protein can only be done obliquely a variety of strategies and techniques must be used to obtain data 
to understand the function of a given protein. 
 

3.1.5. Goals 

The first goal of the work presented in this chapter was to develop tools to examine the 

TMC8 protein. These tools include a novel anti-TMC8 antibody as well as inducible 

TMC protein over expression systems. The novel antibody was key in accomplishing our 

follow on goals: to define endogenous TMC8 expression, and compare expression of 

TMC8 in healthy tissue to expression in cancerous tissue.  
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3.2. Results 

 

3.2.1  Inducible cell line production 

After identifying the TMC family of proteins as the central focus of this program of 

experimentation, production of tools to study their function was initiated. First, clonal 

cell lines were generated with inducible expression of the TMC4, 6, 7, & 8 proteins that 

were tagged with the FLAG epitope. Plasmid constructs containing the desired proteins 

and the tet operon (pcDNA 5/TO) for the ability to produce the proteins inducibly were 

electroporated in the HEK293 TRex cells (Materials and Methods 2.1.2.). The cells were 

then diluted to allow for the selection of clonal populations with blasticidin. Upon 

expansion of the clonal cell lines, they were tested for protein expression with 

immunoprecipitation through their FLAG epitope tags and then were resolved and 

detected by SDS-PAGE and Western blotting (Materials and Methods 2.2.6.) 

 

Figure 3.4. TMC family cell line clones 
with tetracycline-inducible expression of 
FLAG-TMC4, 6, 7, and 8.  
Stable cell lines were clonally generated in the 
HEK293TRex cell background, by 
electroporation with the pcDNA5/TO vector 
containing the human TMC cDNAs. Clones 
treated with either vehicle or tetracycline (1 
µg/ml, 16 h at 37°C). 5x106 cells were lysed 
and immuno-precipitated using 0.5 µg anti-
FLAG. After capture, immuno-complexes 
were resolved by 10% SDS-PAGE and 
Western-blotted for the presence of anti-
FLAG-reactive proteins 
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3.2.2  Production and Validation of TMC8 antibody 

(a) Generation of an antibody to TMC8 

An antibody specific for a protein of interest is critical to examine the expression  of the 

protein and for use in biochemical characterization of the protein. Due to the fact that EV 

associated mutations of TMC8 result in the deletion of the carboxyl terminal end of 

TMC8, we focused the search for an epitope to generate an antibody in the amino 

terminal portion of the protein. To generate this reagent, analysis of the TMC8 protein 

sequence was undertaken using MacVector (Symantec).  A region with a relatively high 

index for both antigenicity and protrusion (Figure 3.8) was identified. The sequence was 

compared to the other TMC proteins to ensure specificity and to prevent cross reactivity. 

Next, the sequence of this region was compared to the same portion of murine orthologs 

of TMC8 (Rattus norvegicus and Mus musculus) to confirm conservation of amino acids 

to maximize interspecies cross reactivity (Figure 3.9). Additionally, this potential epitope 

was analyzed by Blastp to ensure no significant cross reactivity with other proteins. Next, 

a peptide corresponding to amino acid sequence 133 to 148 (LPLVWLRPPDPGPTLN) 

of human TMC8 was synthesized, verified with mass spec, and purified to greater than 

90% by HPLC. The peptide was then linked through its cysteine sulfhydyrl to KLH, that 

functioned as a carrier, and injected as an immunogen into a rabbit. An immunosorbent 

consisting of the peptide linked to agarose was used to affinity purify antibodies from the 

serum of immunized rabbits. Finally, after an enzyme linked immunosorbent assay 

(ELISA) was conducted to establish titer, the antibody was supplied for testing (Bethyl 

Labs, TX).  
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Figure 3.5. TMC8 Parker antigenicity and Protrusion antigenicity plots for epitope 
identification.  
These plots were generated using MacVector (Symantec). The Parker plot predicts the location of 
antigenic determinants by finding the area of greatest local hydrophobicity. The Protrusion index 
is an antigenic scale based on a study of proteins with known 3D structure, and shows the 
tendency of each residue to be located in a protruding region of the protein. 

 

 

Figure 3.6.  Interspecies epitope Orthologs.  
There is a high degree of similarity between the epitope from the human TMC8 protein, which was used 
as the antigen to generate our TMC8 antibody, compared to the mouse and rat portions of their ortholog 
genes. 
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Figure 3.7. Epitope Schematic.  
The peptide chosen for an epitope to generate an antibody against TMC8 is in the extracellular or luminal 
portion of the protein just outside the membrane adjacent to the first transmembrane domain (from 
Keresztes, 2003 BMC Genetics). 
 

(b) Validation of TMC8 antibody 

In order to validate and test this novel TMC8 antibody we used our inducible 

HEK293TRex-TMC8 cell line. This antibody’s ability to bind TMC8 protein was tested 

in both its native conformation, using immunoprecipitation,  and in an its SDS-denatured 

conformation, using western blot analysis. Figure 3.8. illustrates that this anti-TMC8 

antibody recognizes the FLAG-TMC8 protein in both immunoprecipitation and western 

blot. Additionally, the antibody was able to detect TMC8 in HEK cells with no TMC8 

expression vector. These data indicate that the anti-TMC8 would specifically identify 
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native TMC8 protein. The epitope used to generate the antibody was specifically selected 

to maximize the likelihood of cross reactivity with TMC8 proteins from rats and mice. To 

test this, a multiple cell line Western blot was generated, (Figure 3.11.) that contained 

lysates from cell lines derived from human, mouse, and rat. This experiment 

demonstrates TMC8 expression in various tissue types but also cross reactivity between 

species. Both rat cells (PC12 cells derived from rat adrenal cells) and mouse cells (P815 

cells derived from mouse lymphoblast cells) display TMC8 expression at the molecular 

weight previously identified for TMC8.  

 
Figure 3.8. Testing of anti-TMC8 Antibody.  
Wt-HEK293 & stable cell lines over expressing human FLAG-TMC8. 5x106 cells were lysed and immuno-
precipitated using 2.5 µg anti-FLAG or anti-TMC8. Captured immuno-complexes were resolved by 10% SDS-
PAGE and Western-blotted for the presence of anti-FLAG, or anti-TMC8,-reactive proteins. 
 

3.2.3 Endogenous TMC8 Expression 

Epidemiological evidence has shown that the general population is frequently 

seropositive to Beta papillomaviruses (Michael, 2010; Termorshuizen, 2004). However, 

the prevalence of clinically apparent lesions caused by these viruses is minimal, which 
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indicates that the pathology caused by TMC8 mutation is not a result of an increased rate 

of infection.  Rather, it appears that for those suffering from EV, the consequences of the 

infection are shifted to the right on the continuum of HPV infection (Figure 1.10.). Based 

on this conclusion it appears likely that the point of pathological malfunction is the 

inability to clear the virus post infection.  This could be due to a flaw in the innate 

immune system at the point of the infected cell (i.e. epidermal cells). On the other hand, it 

could result from a malfunction elsewhere in the immune system. To gain a better 

understanding of the molecular function of TMC8, we began by identifying its expression 

at the tissue level. 

 

3.2.4 TMC8 Expression at the Tissue Level 

We initially chose to look at the skin and thymus as likely points of TMC8 expression 

based on the presentation of EV and previous work done on mice by Keresztes et. al. that 

examined Tmc mRNA levels in various tissues. They did not look at the skin, but found 

Tmc8   mRNA to be most significantly expressed in the thymus (Figure 3.9.) 
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Figure 3.9. RT-PCR analysis of expression of TMC family members. 
Keresztes utilized RT-PCR to examine Tmc mRNA production by organ system in the mouse. Tmc8 shows 
very limited presence of mRNA in all organs tested except the thymus (skin not analyzed). GAPDH was 
used as a positive control, and Tmc6 is included as a reference to compare Tmc8 to another Tmc gene (from 
Keresztes, 2003 BMC Genetics). 
 
 
 
 
 

Figure 3.10. TMC8 is abundant in 
human skin.  
Human tissue lysates with 1 to 32µg 
(BioChain), and cell line lysates, were 
boiled in reducing sample buffer resolved 
by 10% SDS-PAGE and Western-blotted 
for the presence of anti-TMC8-reactive 
proteins. 
 

 

 

 

 

The presence of TMC8 in the thymus is intriguing. There are a variety of immune cells 

that could be important in the pathology of EV that are resident transiently in the thymus, 

such as maturing T-cells and various antigen presenting cells (APC). In order to gain a 
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more detailed data on TMC8 expression, particularly in immune tissues and cells, we 

initiated a multi-tissue Western blot. 

 

Figure 3.11. TMC8 is minimally expressed in immune tissues.   
While these blots do indicate TMC8 expression in the thymus, there is minimal to background expression in 
primary blood lymphocytes (PBL), lymph nodes, or the spleen.  Human tissue lysates 15, 20, or 30µg (BioChain), 
and cell line lysates, were boiled in reducing sample buffer resolved by 10% SDS-PAGE and Western-blotted for 
the presence of anti-TMC8-reactive proteins. 
 

Figure 3.11. shows the results from the multi tissue Western blot for TMC8 expression. 

The skin repeatedly shows the highest level of expression among the various tissues. 

There appears to be minimal to back ground staining in immune system tissues such as 

the spleen, bone, lymph nodes, and primary blood lymphocytes. While there is staining in 

other organs that could lead to future avenues of experimentation, besides the skin the 

only organ that could plausibly be involved with EV pathology is the thymus. 
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Figure 3.12. Western blot analysis of TMC8 expression.  
IGEPAL extracted lysates were prepared from 5x106 cells from the indicated cell lines. Total 
protein was harvested from these samples by acetone precipitation and protein levels were 
normalized using a Bradford assay. Samples were resolved by 10% SDS-PAGE and Western-
blotted using 2  µg/ml of the rabbit polyclonal anti-TMC8. The cell lines tested represent the 
following backgrounds: P815/RBL2H3, mast; Ramos, B-lymphocyte; Jurkat, T-lymphocyte; 
MDAMB435, epithelial fibroblast; PC12, phaeochromocytoma; CAD, neuron. 

 

 

 

The multiple cell line western demonstrates expression in various tissue types but also 

cross reactivity between species. Both rat cells (PC12 cells derived from rat adrenal cells) 

and mouse cells (P815 cells derived from mouse lymphoblast cells) display TMC8 

expression at the molecular weight previously identified for TMC8.  

 



 67 

3.2.5. TMC8 is a Component of the Stratum Basale Keratinocyte Layer in 

Human Skin  

The novel anti-TMC8 antibody was used to identify the location of the protein in normal 

human skin. Figure 3.14 is an image of a frozen human skin section that has been 

immunohistochemically stained against the TMC8 protein and laminin. The anti-laminin 

staining (purple) identifies the location of the basement membrane, while the green 

indicates the presence of TMC8 protein. The TMC8 signal is strongest in the stratum 

basale that is adjacent to the basement membrane, it is diminished in the stratum 

spinosum, and is absent in the stratum corneum. In addition, TMC8 expression was 

identified in isolated primary human keratinocytes. Primary human keratinocytes 

(Invitrogen) were acquired, cultured and their total cell lysates were probed on a western 

blot of with the anti-TMC8 antibody (Figure. 3.13). This correlative data places TMC8 in 

a cellular context for the likely location of the development of the EV pathology. The 

relatively high level of TMC8 expression in the basal layer is particularly interesting in 

part because this layer is also the key to the HPV lifecycle as described earlier. It is 

possible that the lack of a fully functioning TMC8 protein in this cellular layer could be a 

critical link in the EV pathology. 
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Figure 3.13. Anti-TMC8 Western blot. 
Keratinocyte cell lysates were prepared by 
IGEPAL extraction of cell pellets. Total 
protein was harvested by acetone 
precipitation and 30 µl or 70 µl at 1 mg/ml 
post-nuclear protein were resolved by 10% 
SDS-PAGE. Western-blotting was 
performed to test for the presence of TMC8. 
 
 
 
 
 
 
 
 
 Figure 3.14. Staining of skin section 
with anti-TMC8. 
 Frozen human skin sections (Biochain, 
CA) were soaked 10 min in 1X PBS with 
0.1%(v/v) BSA, then incubated 15mins 
with 10%(v/v) normal goat serum. 
Sections were incubated 1 hr at 37° C in 
primary antibodies, rinsed in PBS w/BSA, 
then incubated 30 min at 37° C in a 1:2000 
dilution of anti-rabbit, anti-mouse or anti-
rat ALEXA488 or 568 conjugated 
secondary antibodies. Laminin (purple) 
and TMC8 (green)(Kimberly Cochrane).  

 

3.2.6. TMC8 Expression in Cancer 

Based on the presentation of EV we hypothesized that TMC8 protein levels could be 

dysregulated in human cancer. As is the case with healthy tissue, the expression levels of 

TMC8 in cancerous tissue can also provide information that could be useful in providing 

evidence for its cellular function. Specifically, if TMC8 expression in cancer were to be 

up regulated or down regulated relative to healthy tissue it could indicate whether it 

would be more likely to be categorized as an oncogene or a tumor suppressor, 

respectively. 
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While this putative role for the TMC proteins is interesting in the context of EV it also 

has broader implications. TMC8 protein expression in cancer was examined using a 

protein dot blot array (Biochain) that contained 47 pairs of matched protein isolates from 

tumor and surrounding normal tissue from individual patients.  Western blot analysis of 

this array revealed that for those healthy tissues that expressed TMC8 protein above the 

average level for the protein array, all had decreased TMC8 expression in their 

corresponding tumor (Figure 3.15.). The results from this array showed that lung, 

ovarian, uterine, skin, stomach, thymus, and thyroid cancers had reduced TMC8 

expression. This demonstrates the possibility that TMC8 protein expression may play a 

role in the development of a variety of cancers. If a functional basis for TMC8’s role in 

cancer prevention or progression can be identified, justification could be made for 

considering TMC8 as a biomarker or therapeutic target. Also, based on this array data 

these possible roles could be useful for both virally induced cancers, such as EV, as well 

as cancers that have no known viral etiology. 

1. Lung Tumor - Adenocarcinoma - 95% 
2. Lung Tumor - Squamous Cell Carcinoma - 75% 
3. Lung Tumor - Squamous Cell Carcinoma - 95% 
4. Lung Tumor - Squamous Cell Carcinoma - 85% 
5. Ovary Tumor - Clear Cell Carcinoma - 95% 
6. Pancreatic Tumor - 90%  
7. Skin Tumor - Melanoma - 85% 
8. Stomach Tumor - Adeno-Squamous Cell - 45% 
9. Thymus Tumor - Malignant Thymoma - 70% 
10. Thymus Tumor - Thymoma (mixed) - 90% 
11. Uterus Tumor - Endometrium Adenocarcinoma - 80% 
 

Figure 3.15. Tumor blot analysis of TMC8 protein expression.  
To compare TMC8 expression in cancerous tissue against normal tissue a 
dot blot cancer protein array (Biochain) was probed with the anti-TMC8 
antibody and visualized as per the Western blot protocol. Densitrometry 
analysis identified tissues with above average TMC8 expression and the 
percentage  of the resulting down regulation of TMC8 expression in the 
cancerous tissues.    
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While it does appear that TMC8 dysregulation is correlated with transformation, there is 

currently not enough evidence to determine if this is a cause of the transformation or an 

effect. One possible explanation of this change in expression and its relevance to cancer 

is that TMC8 is involved in apoptosis. If TMC8 is nonfunctional (as in EV) or down 

regulated, cells could be less likely to appropriately undergo apoptosis to prevent 

oncogenic transformation. 

 

3.3 Discussion 

The work detailed in this chapter was designed to achieve two of this projects goals: 

develop and validate novel experimental tools for investigating TMC8  function and to 

define the tissue expression profile of TMC8 using western blotting and histological 

tools. These experiments demonstrate the successful production of an antibody to TMC8 

that is suitable for various uses: immunoprecipitation, Western blotting, 

immunofluorescent staining, immunohistological staining, as well as being cross reactive 

between species (Figure 3.12). Additional experiments detail the successful creation of 

inducible cell lines that will provide avenues for experimentation that will further 

characterize TMC8 and additional TMC family members. 

 

Also in this chapter we examined the tissue distribution of TMC8 expression. Based on 

the presentation of EV, TMC8 could likely play an important role in the tissue infected 

by HPV (the skin) or in the immune tissues and cells responsible for clearing an HPV 
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infection. The expression of TMC8, in particular at relatively high levels, could be 

inferred to indicate the importance of a protein in the proper functioning of a tissue.  

 

The expression of TMC8 in the thymus begs for further analysis. The expression of 

TMC8 in the thymus could result from the organ’s function in promoting immune 

tolerance to self antigens. There are a variety of cell types involved in this process, but a 

likely candidate for TMC8 expression is the medullary thymic epithelial cell (mTEC). 

These cells are responsible for a process known as “promiscuous gene expression” which 

is key to developing T-cell tolerance (Anderson, 2002; Derbinski, 2001). The proteins 

expressed by the mTecs are representative of the various tissues of the body. Collectively 

these proteins are known as tissue restricted antigens (TRA), and TMC8 may be among 

them. The mTECs appear to have an altered antigen presentation pathway that shows a 

preference to loading endogenous proteins into the MHC II pathway. The resulting 

presentation of the proteins allows CD4+ T-cells to have short lived interactions with 

these self proteins resulting in the promotion of tolerance (Nedjic, 2008). Another 

possible explanation for the presence of TMC8 in the thymus comes in the form of 

migratory dendritic cells (DC). These cells are believed to translocate from peripheral 

sites to the thymus where they can present self antigens acquired in the periphery. This 

process could fill any gaps in the TRA expression by the mTECs and provides another 

possible route for the presence of TMC8 in the thymus. 

 

Additionally, the data in this chapter described the expression of TMC8 in cancerous 

tissues. The comparison of TMC8 expression in cancerous tissue versus normal tissue 
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indicates that in normal tissues that expressed TMC8 at physiologically relevant levels 

TMC8 is down regulated when those tissue become cancerous.  While this is interesting 

data that helps to fill out our picture of TMC8, at this point it is not possible to identify if 

this is a cause or a result of the oncogenic process. These changes in expression could 

result from a variety of causes such as decreased transcription or a post-translational 

mechanism. Worthy of note though, is that the observation of this down regulation in 

expression is consistent with the idea that functioning TMC8 is important in preventing 

the cancer that occurs in patients with EV. 

 

The end result of this work, is that it provides data that indicate that TMC8 has a tissue 

localization (Figures 3.7, 3.9., 3.10) consistent with a direct involvement in the pathology 

that afflicts those suffering from EV. With this data, combined with previous work 

detailing TMC8’s intracellular localization, and the presentation EV disease, we are able 

to move to the next step. That is to say, to examine, with the new tools at our disposal, 

the protein-protein interactions that integrate TMC8 into cellular physiology that effect 

HPV infection and the development of squamous cell carcinoma, the cardinal symptoms 

of EV disease. 
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Chapter 4. 

TMC Interactions 

 

4.1. Introduction 

The central question in this chapter is which proteins bind to TMC8. Our approach to 

answering this is to generate a protein affinity purification using TMC8 as the “bait” 

followed by protein identification through mass spectroscopy.  This work would then be 

confirmed by co-immunoprecipitation and Western blotting of the previously identified 

proteins. In addition, we hypothesize that proteins that interact with TMC8 will interact 

with other TMC protein family members. We will test this using our inducible over-

expression systems combined with transient transfection followed by co-

immunoprecipitations. 

 

4.1.1. Goal 

The goal for the work described in this chapter was to identify proteins that interacted 

with the amino or carboxyl terminal portions of TMC8, confirm those interactions, and to 

see if the interactions would be maintained with other TMC family member proteins. 
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4.2. Results 

 

4.2.1 Affinity purification with amino and carboxyl terminal portions of 

TMC8 

The affinity purification process began with the production of plasmids that would 

produce portions of the TMC8 protein tagged with six histidine (6x His) residues to allow 

for coupling to NiCl2 beads. We selected two portions of the TMC8 protein to use as the 

solid phase bait: the amino terminal portion prior to the first transmembrane domain 

(amino acids 1-113) and the carboxyl terminal portion after the last transmembrane 

domain (amino acids 621-726). We reasoned that the terminal ends the protein would be 

the portions that would be the most likely to be properly folded without the framework of 

a phospholipid bilayer membrane where the protein is believed to be resident. In the 

context of proteins binding to NiCl2 beads which would used as the solid phase of the 

affinity purification, portions of TMC8 that span between two transmembrane domains 

would lack the membrane architecture to produce correctly folded peptides. 

 

Figure 4.1. Affinity 
purification baits. 
Amino and carboxyl 
terminal portions 
used as bait for the 
solid phase of the 
affinity purification 
process (from 
Keresztes, 2003 
BMC Genetics) . 
 
 
 
The plasmids containing the sequence to produce these proteins were transfected into 

CC -- terminalterminal   NN -- terminalterminal   
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Gold Star E. coli via 42°C heat shock. The transformed bacteria were then selectively 

grown overnight on LB agar plates with ampicillin at 37°C. A single colony was picked 

from the selection plate and used to inoculate 500mL of LB broth with ampicillin. The 

broth was incubated overnight at 37°C with shaking at 225 rpm. The  

 

Figure 4.2. Peptide fragments found that identify Peroxiredoxin 2 (PRDX2). 
The peptide fragments identified by their mass to charge ratio via proteolyses and mass spectrometry as 
Fragment 1: KEGGLGPLNIPLLADVTR and Fragment 2: QITVNDLPVGR were used to identify the 
parent protein of the peptides to be PRDX2. 
 
 

bacteria were then pelleted via centrifugation and lysed. The lysates were passed over a 

column of NiCl2 beads that selectively adsorb the 6xHis containing proteins. The proteins 
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that bound to these matrices were eluted with imidazole into ten 1mL fractions. The 

fractions were run on an SDS-PAGE and the proteins were visualized with coomassie 

blue. Fractions with the correct protein were then selected to re-couple the 6xHis tagged  

 

Figure 4.3. Peptide fragments found that identify Non-Metastatic cells 1 (NME1). 
The peptide fragments identified by their mass to charge ratio via proteolyses and mass spectrometry as 
Fragment 1: TFIAIKPDGVQR and Fragment 2: GDFCIQVGR were used to identify the parent protein of 
the peptides to be NME1. 
 
 

proteins back to the NiCl2 beads. These protein baits bound to the NiCl2 beads functioned 

as the solid phase of the affinity purification while total cellular lysates from HEK cells 
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were used as the mobile phase. The proteins that bound to these matrices were eluted 

with imidazole and analyzed at the Keck Facility (Yale University). There, the proteins 

underwent trypsin digestion to produce smaller peptides that would contain an arginine or 

a lysine. Those amino acids allow the peptides to carry a positive charge for the 

ionization portion of the mass spectrometry analysis. The peptides are measured for their 

charge to mass ratio and then compared to a data base of know proteins to identify the 

original protein that contained the fragments. Two peptide fragments were identified for 

each of two proteins that appear to be interacting with TMC8 carboxyl terminus. These 

proteins are Peroxiredoxin 2 (PRDX2) and Non-Metastatic cells 1 (NME1) (Figure 4.2, 

4.3). Control affinity purifications did not isolate these proteins and they did not appear 

as common background binding elements in more that 10 additional screens with 

unrelated protein baits. The researchers at the Keck facility find that two peptide 

fragments, such as these, are enough to confirm a proteins identity. Every time that they 

have taken the additional step of sequencing the protein with Edman degradation, the 

original result was confirmed. The heritable mutations in TMC8, associated with EV 

result in the loss of the C-terminal portion of the protein and hence the loss of any 

resulting interactions with these proteins. As such, these two proteins potentially identify 

mechanisms in the development of EV. 

 

4.2.2 Production of PRDX2 and NME1 constructs 

In order to confirm these interactions constructs to over express PRDX2 and NME1 were 

generated. Between 2 and 10 µg of plasmid was used to transiently transfect HEK293 

TRex cells with TransIT T1 lipofection reagent. Following a 48 hour incubation, the cells 
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were lysed and immunoprecipitated with anti-V5 monoclonal mouse antibody. The 

conjugate, antibody, and protein A agarose bead pellet was then washed and boiled in 

reducing sample buffer. Figures 4.4 and 4.5 show the expression of the PRDX2 and 

NME1 constructs respectively. The experiments validated our experimental tools 

allowing us to proceed to the next step of attempting to confirm the interactions between 

these proteins and TMC8. 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 4.4 Expression of V5 tagged PRDX2. 
HEK293 TRex were transiently transfected with V5-PRDX2. After 48 hour incubation 5x106 cells were lysed and 
immunoprecipitated using 2.5 µg anti-FLAG or 2.0 µg anti-V5. Captured immunocomplexes were resolved by 
10% SDS-PAGE, and Western blotted for the presence of anti-V5, reactive proteins. 
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Figure 4.5. Expression of V5 tagged NME1 protein. 
HEK293 TRex were transiently transfected with V5-NME1. After 48 hour incubation 5x106 cells were lysed and 
immunoprecipitated using 2.5 µg anti-FLAG or 2.0 µg anti-V5. Captured immunocomplexes were resolved by 
10% SDS-PAGE, and Western blotted for the presence of anti-V5, reactive bands corresponding to the predicted 
weight of  NME1. 
  

4.2.3 Co-immunoprecipitation of PRDX2 with TMC8 

We proceeded to use the same system for transfecting the PRDX2 and NME1 over 

expression constructs as was used to demonstrate protein expression in previous 

experiments. The first experiment confirmed  the interaction of PRDX2 with TMC8 by 

showing that TMC8 could be immunoprecipitated with the monoclonal anti-V5 antibody 

via the V5 epitope tag on the PRDX2 construct (Figure 4.6.).  
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Figure 4.6. Co-immunoprecipitation of PRDX2 with TMC8. 
HEK293TRex and a stabley transfected cell line over expressing human FLAG-TMC8 were transiently transfected 
with V5-PRDX2. After a 48 hour incubation and induction with 1 µg/mL 5x106 cells were lysed and 
immunoprecipitated using 2.5 µg anti-FLAG or 2.0 µg anti-V5. Captured immunocomplexes were resolved by 
10% SDS-PAGE, and Western-blotted for the presence of anti-FLAG reactive proteins. 
 

 

Unfortunately, it was initially unclear if PRDX2 was similarly being purified through the 

FLAG epitope tag on TMC8. Due to the fact PRDX2 appeared to be running at the same 

molecular weight as the light chain of the antibody used for the immunoprecipitation, it 

could not be differentiated by the horseradish peroxidase conjugated anti-mouse 

secondary antibody.  In order to to clarify this issue, an anti-V5 antibody directly 

conjugated with HRP was acquired. Upon repeating the experiment with this new 

antibody for detection, the V5 tagged PRDX2 construct did indeed appear to be purified 

through the interaction with the FLAG tagged TMC8 protein (Figure 4.7.). 

 

4.2.4 Co-immunoprecipitation of NME1 with TMC8 

Figure 4.7 shows that over expressed TMC8 interacts with the transiently transfected 

NME1 protein product. Initially, due to the similarity in weight between NME1 and the 
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mouse IGg light chain, it was uncertain whether NME1 was being purified due to the 

protein-protein interaction with TMC8. However, when the experiment was modified to 

use the HRP conjugated anti-V5 antibody for detection, the NME1 construct was 

undetectable. Perhaps by altering the lysis conditions NME1 could be purified through 

TMC8, but this may be an instance when the purification does not work bidirectionally.  

 

 

 

 

Figure 4.7. Co-immunoprecipitation of NME1 with TMC8. 
HEK293TRex and a stabley transfected cell line over expressing human FLAG-TMC8 were transiently transfected 
with V5-PRDX2 and V5-NME1. After a 48 hour incubation and induction with 1 µg/mL 5x106 cells were lysed 
and immunoprecipitated using 2.5 µg anti-FLAG or 2.0 µg anti-V5. Captured immunocomplexes were resolved by 
10% SDS-PAGE, and Western-blotted for the presence of anti-FLAG and anti-V5 reactive proteins. 
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4.2.5 Co-immunoprecipitation with Additional TMC Family members 

The data produced using the in vitro over expression system with TMC8, PRDX2, and 

NME1 prompted a new question. Will PRDX2 and NME1 interact with other members of 

the TMC family. To answer this question we planned to use the HKE293 TRex cell lines 

that we previously stably transfected with constructs that over expressed FLAG tagged 

TMC4, TMC6, and TMC7. We transfected these cell lines using the same technique and 

with the same constructs to produce V5 tagged PRDX2 and NME1 proteins for co-

immunoprecipitation.  These experiments have provided evidence that the interaction of 

PRDX2 and NME1 may be important for various TMC family members. Figure 4.8 

shows that the over expressed PRDX2 construct is capable of purifying TMC6 in a co-

immunoprecipitation experiment. Figure 4.9 provides evidence that TMC7 also interacts 

with the NME1 construct and is able to purify NME1, while figure 4.10. indicates that  

TMC7 also interacts PRDX2 with the construct. Finally, figure 4.11. demonstrates TMC4 

being purified through PRDX2 and also purifying PRDX2 as well 
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Figure 4.8. Co-immunoprecipitation of PRDX2 with TMC6.  
HEK293TRex and a stabley transfected cell line over expressing human FLAG-TMC8 and FLAG-TMC6 were 
transiently transfected with V5-PRDX2. After a 48 hour incubation and induction with 1 µg/mL 5x106 cells were 
lysed and immunoprecipitated using 2.5 µg anti-FLAG or 2.0 µg anti-V5. Captured immunocomplexes were 
resolved by 10% SDS-PAGE, and Western-blotted for the presence of anti-FLAG, reactive proteins. 
 
 
Figure 4.9. Co-
immunoprecipitation of 
NME1 with TMC7.  
HEK293TRex and a 
stabley transfected cell line 
over expressing human 
FLAG-TMC8 and FLAG-
TMC7 were transiently 
transfected with V5-
NME1. After a 48 hour 
incubation and induction 
with 1 µg/mL 5x106 cells 
were lysed and 
immunoprecipitated using 
2.5 µg anti-FLAG or 2.0 
µg anti-V5. Captured 
immunocomplexes were 
resolved by 10% SDS-
PAGE, and Western-
blotted for the presence of 
anti-FLAG and anti-V5 
reactive proteins. 
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Figure 4.10. Co-immunoprecipitation of PRDX2 with TMC7.  
HEK293TRex and a stabley transfected cell line over expressing human FLAG-TMC8 and FLAG-TMC7 were 
transiently transfected with V5-PRDX2. After a 48 hour incubation and induction with 1 µg/mL 5x106 cells were 
lysed and immunoprecipitated using 2.5 µg anti-FLAG or 2.0 µg anti-V5. Captured immunocomplexes were 
resolved by 10% SDS-PAGE, and Western-blotted for the presence of anti-FLAG, reactive proteins. 
 

Figure 4.11. Co-immunoprecipitation of PRDX2 with TMC4. 
HEK293TRex and a stabley transfected cell line over expressing human FLAG-TMC8 and FLAG-TMC4 were 
transiently transfected with V5-PRDX2. After a 48 hour incubation and induction with 1 µg/mL 5x106 cells were 
lysed and immunoprecipitated using 2.5 µg anti-FLAG or 2.0 µg anti-V5. Captured immunocomplexes were 
resolved by 10% SDS-PAGE, and Western-blotted for the presence of anti-FLAG and anti-V5 reactive proteins. 

TMC8: 726 aa 
TMC4: 706 aa 
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4.3 Discussion 

In this chapter the data demonstrate novel protein-protein interactions for TMC8. These 

data indicate that TMC8 interacts through its carboxyl terminus with PRDX2 and NME1. 

This data provides interesting implications for the role of TMC8 in cellular physiology. 

Additionally, evidence was developed that PRDX2 and NME are capable of interacting 

with other members of the TMC family of proteins. This data could indicate a 

generalized function for this family of proteins. The data specifically regarding TMC8 

will be valuable in assisting in the development of a model of TMC8 function. Surveying 

the literature on PRDX2 and NME1 function will allow for valuable additional data to be 

added to the development of the model. 
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Chapter 5. 

TMC8 mechanism of action 

 

5.1 Introduction 

At the beginning of our studies, there was a very limited amount of data concerning TMC 

protein function and EV pathology.  With the available information only a simple model 

could be derived to explain the cause of the EV pathology (Figure 1.8.) The 

determination was made that to construct a more detailed and accurate model more data 

was required. After examining endogenous TMC8 expression we began to identify 

proteins that would interact with TMC8. The initial identification of PRDX2 and NME1 

(Table 5.1.) as proteins that interact with the carboxyl tail of TMC8 by affinity 

purification was confirmed by co-immunoprecipitation and Western blotting. This 

combined evidence provided the confidence needed to begin work on the development of 

a model that could explain how TMC8 interacts with these proteins in a way that would 

prevent EV symptoms in individuals with intact Tmc8 but would result in EV when the 

homozygously mutated Tmc8 gene produce truncated proteins. Upon completion of this 

model, our goal was to develop testable hypotheses.  
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Interactor Function Other Symbols 
Peroxiredoxin2 
(PRDX2) 

Involved in redox cycling 
and, apoptosis regulation. 

peroxide reductase; TCPX1, thioredoxin-
dependent; NFEKb, natural killer 
enhancing factor b. 

Nonmetastatic 
Cells1 (NME1) 

Is a Nucleoside 
diphosphate kinase 
(NDK), acts as a tumor 
suppressor. 

NM23, Non-Metastatic protein 23; 
NDPKA, nucleoside diphosphate kinase 
A; AWD 

 

Table 5.1. Peroxiredoxin 2 and Non-Metastatic Cells 1 Summery. 
This summarizes known functions and other common names for the two proteins that were identified as 
binding to TMC8: PRDX2 and NME1. 
 

5.1.1. Goals 

The goals of the work presented in this chapter were twofold. First, to integrate 

previously published data on TMC8 and EV with the data presented in chapters three and 

four in order to develop a model of TMC8 function. Second, derive hypotheses based on 

this model and begin testing them. First we began by testing a gain of function (over 

expression of TMC8) effect on cellular proliferation. Next, TMC8 expression was 

examined in the context of several challenges generating mitochondrial derived ROS that 

could affect TMC8 activity based on our model. Finally, cellular viability was tested in 

the context of TMC8 over expression while receiving similar challenges as above. 
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5.2 Results 

"Essentially, all models are wrong, but some are useful" George E. P. Box 

5.2.1 Development of a Model of TMC8 Function 

To generate this model, key points of data were gleaned from the presentation of EV, the 

life cycle of HPV and its immune system and apoptosis counter measures, the 

proliferative effects of TMC8 mutation (Figure 3.3.), the tissue expression profile of 

TMC8 (Figures 3.6., 3.7., 3.8. and 3.9.) proteins that interact with TMC8 and their known 

roles in cellular physiology (Table 5.1.). As described previously EV presents with an 

over proliferation of HPV infected keratinocyte cells. A reasonable hypothesis could be 

made that this results from some malfunction in the apoptotic programming of patients 

suffering from EV. Mechanisms of apoptosis can be broken down into three overlapping 

pathways: extrinsic, intrinsic, and granzyme mediated (Taylor, 2007). Based on current 

literature, PRDX2 has functions that fall within the intrinsic pathway while NME1 has 

functions that are utilized by granzyme mediated apoptotic pathway (Fan, 2003). This 

information plays a key role in our prediction of the role TMC8 plays in normal and 

diseased tissue.  

 

a) Possible Contribution by PRDX2 

PRDX2 is one member of a six-member family found in humans. The broader 

Peroxiredoxin (PRDX) family is found in all cellular organisms. These thiol-specific 

antioxidant (TSA) proteins provide protection to the cells by reducing hydrogen peroxide, 

peroxynitrite, and organic hydroperoxides. The typical 2-Cys PRDX has a homodimeric 
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functional unit, which forms after the protein reacts with a peroxide. The peroxidatic 

cysteine is oxidized into a sulfenic acid that then reacts with its corresponding cysteine 

(Cys47 to Cys170) in its homodimer partner to form a disulfide bond. These 

intermolecular disulfide bonds are reduced by thioredoxin (TXN) (Rhee, 2005) (Figure 

5.1) via its Cys-X-X-Cys TXN motif. Significantly for this research, TMC8 also has a 

TXN motif in its carboxyl terminus (Figure 5.1.) that is deleted by  all of the frame shift 

the mutations that cause EV.  

 

While PRDX functions as an antioxidant enzyme, it is possible that it may regulate ROS–

mediated apoptosis caused by oxidative and immunological stress, through various 

mechanisms. PRDX couples with TXN and TXN reductase to form an electron-conveying 

system (Rhee, 2005) which begins by NADPH transferring an electron to TXN reductase 

which in turn transfers it to TXN.  TXN then reduces the disulfide bonds in the 2-Cys PRDX 

homodimer. In this manner, PRDX and TXN mutually assist in maintaining the others’ redox 

state. These interactions could be connected to the cells apoptotic machinery based on the 

redox state of  TXN. Reduced  
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Figure 5.1. The catalytic PRDX redox cycle, with putative TMC8 involvement.  
Upon reaction with reactive oxygen species (ROS) the peroxidatic cysteines of PRDX2 form an intermediate form 
of Cys-sulfenic acid (Cys-SOH). This intermediate form subsequently reacts with its homodimeric partner to form a 
disulfide bond. This bond it reduced by TXN. A putative function for TMC8 which also has a Cys-X-X-Cys TXN 
motif in its carboxyl terminus may be to play a role in the redox states and functioning of PRDX and TXN. 
 

 

TXN1 binds to and inhibits ASK1, which is a mitogen-activated protein (MAP) kinase that 

activates c-Jun N-terminal kinase (JNK), and p38 MAP kinase. In response to oxidative stress, 

TXN is oxidized and dissociates from ASK1, releasing it from inhibition causing the 

downstream signaling that results in apoptosis (Ichijo, 1997; Saitoh, 1998; Tanaka, 2002).  

 

The literature provides examples that show that alterations in expression levels of 

proteins in the ASK1 pathway is associated with human cancers, (Karihtala, 2003; Soini, 

2006; Yanagawa, 2000) allowing us to hypothesize that disruption of TMC8 in this 

signaling pathway could lead to oncogenic transformation. Based on this evidence, 

TMC8 may have a role in antioxidant activity and apoptotic signaling via PRDX-

 



 91 

mediated pathways. This activity could be the key function that is lost when cells express 

the truncated proteins that have been identified as causative in EV. This line of reasoning 

supports the hypothesis that a lack of TMC-PRDX interactions may result in an impaired 

response to HPV challenge. 

 

b) Possible Contribution by NME1 

The Non-Metastatic cells 1 (NME1) protein, also called Nm23-H1, belongs to an eight 

member human gene family (Lacombe et al., 2000).  It was first identified in 1988 as the 

first metastasis suppressor gene. Metastasis suppressor genes are typically thought of as 

having a negative effect on cellular motility and invasion resulting in a decrease in the 

number of metastases. These genes have chiefly been identified as having reduced 

expression in metastatic tumors and having the capacity to reverse a metastatic phenotype 

when transfected into a tumor cell line. Experimentally this can be demonstrated by 

transfecting cells that have metastatic potential and reduced gene of interest expression, 

with a construct designed to increase expression of the protein. These cells, when injected 

into mice would still produce similar primary tumors compared to controls, but would 

produce a significantly reduced number of metastases. Various studies have shown 

NME1 has this type of effect on cancers including breast cancer, colon cancer, 

melanoma, and sarcoma (Hartsough, 2000). However, the role of NME1 is not entirely 

clear, as its over expression resulted in increased carcinogenesis in neuroblastoma, 

Hodgkin’s lymphoma, and prostate cancer. Due to this conflicting data, making definitive 

conclusions about the role NME1 plays as a metastasis suppressor is difficult. 
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NME1 has four identified biochemical functions: it acts as a nucleotide diphosphate 

kinase (NDPK), as  phosphotransferase and histadine protein kinase, as a regulator of 

GTP binding proteins, and as a 3’-5’ exonuclease. The exonuclease activity appears to be 

the most likely function to be connected with EV. This conjecture is based on the fact 

that NME1 is activated to perform this function by the immune cells responsible for 

clearance of cells with viral infections. NME1 has been demonstrated to be a DNase that 

is activated by granzyme A (GzmA), a tryptase that is the most abundant Gzm in 

cytotoxic T lymphocytes (CTL) and natural killer cells (NK) (Fan, 2003). Upon an attack 

by a CTL, GzmA gains access to the targets cells cytoplasm through the pore forming 

perforin protein (Fig. 5.3.). GzmA then sets in motion a caspase independent form of 

apoptosis which neither caspase inhibitors or bcl-2 family expression block. Initially 

GzmA causes damage to the mitochondria by degrading NDUFS3, a complex I iron 

sulfur sub unit. The result is superoxide generation, which in turn is required for the SET 

complex to translocate from the endoplasmic reticulum (ER) to the nucleus (cells treated 

with superoxide scavengers are resistant to GzmA apoptosis) (Chowdhurry, 2006). The 

SET complex is thought to be a DNA repair complex that is modified by GzmA to cause 

irreparable DNA damage. After the SET complex translocates to the nucleus, GzmA 

cleaves the SET protein, which inhibits NME1, as well Ape1 and HMG (Fan, 2003). 

Upon release from inhibition,  
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Figure 5.2. NME1 activation via 
GzmA.  
Gzm A is released by CTL cells 
along with perforin which allows 
Gzm A access to the cytosol.  
Gzm A a tryptase protein then 
interacts with the mitochondria 
resulting in the production of 
superoxides. The SET complex 
then translocates to the nucleus 
where GzmA cleaves the SET 
protein thereby releasing NME1 
from inhibition. NME1 then 
proceeds to catalyze single 
stranded nicks in chromosomal 
DNA as part of the apoptotic 
program 
 

 

 

 

NME1 catalyzes single stranded nicks in chromosomal DNA. The TREX1 protein then 

enlarges the nick with its 3′ to 5′ exonuclease activity. This prevents the base excision 

repair machinery, which Ape1 is a part of, from quickly repairing the initial nick 

(Chowdhurry, 2006). Also of interest in regards to the putative role TMC8 may play in 

surveillance for virally infected or transformed cells, NME1 has been shown to interact 

with and be inhibited by two viral proteins that can cause oncogenic transformation: 

HPV-16 E7 protein and Epstein-Barr virus (EBV) EBNA-3C protein (Mileo, 2006; 

Subrmanian, 2001). HPV has been shown to have significant counter measures to caspase 

dependant (both intrinsic and extrinsic) apoptosis. Granzyme A mediated apoptosis (non-

caspase dependant) may be the critical viral clearance pathway that allows healthy 

individuals to clear these EV associated HPV infections. However, if Tmc8 mutation 
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results in a malfunction in this pathway, it could leave individuals with such mutations 

vulnerable to the EV pathology. 

 

In summary, this model predicts that TMC8 responds to ROS signals generated from the 

mitochondria (potentially due to GzmA activity or viral infection). The ROS either acts 

directly on TMC8 or through PRDX2 redox signaling. The cysteines that make up the 

TXN motif on the carboxyl portion of TMC8 are likely peroxidactic and upon a change 

in oxidative state (i.e. the formation of disulfide bonds) a change in protein conformation 

results. This signaling event and conformational change result in the SET complex being 

released from the ER and translocating to the nucleus to begin chromosomal degradation. 

 

5.2.2 Hypotheses Derived From This Model 

After developing this model, we turned to how we could go about using it to generate 

hypotheses and then how to test them. We chose to test the following three hypotheses:  

a) TMC8 over expression will decrease cellular proliferation, b) mitochondrial-generated 

ROS will alter TMC8 expression, c) TMC8 over expression will potentiate the apoptotic 

effects of ROS and UV. To accomplish this planned to use our TMC8 over expression 

system to examine the effects of excess TMC8 on cellular physiology and our novel anti-

TMC8 antibody to examine effects of ROS on TMC8 expression. 

 

 



 95 

a) TMC8 Over Expression Will Decrease Cellular Proliferation 

Based on this model TMC8 plays a protective role in apoptosis. As observed by 

Lazarczyk (figure 3.3.) a lack of functional TMC8 resulted in an increase in cell 

proliferation. We reason the converse may be shown to be true in a type of gain of 

function experiment where by TMC8 would be over expressed. In other words, if TMC8 

function is lost and the result is that proliferation is increased, then an increase in TMC8 

function would result in a decreased proliferation. 

 

b) Mitochondrial-Generated ROS Will Alter TMC8 Expression  

The model predicts that TMC8 acts as a signal transducer in response to ROS. If TMC8 

subsequently has a role in determining cell survival, it would be in the interest of the cell 

to be able to tightly control expression of TMC8 to ensure that the cell would correctly 

undergo apoptosis. Therefore the prediction is that TMC8 expression will be altered in 

response to ROS generated from the mitochondria. 

 

c) TMC8 Over -Expression Will Potentiate the Apoptotic Effects of ROS and UV 

Our model predicts that ROS are involved in signaling events that place TMC8 in a 

position as a mediator of apoptosis signaling. It could then follow, that over expression of 

TMC8 could enhance the apoptotic affect of ROS generated by mitochondrial disruptions 

or UV radiation.  
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5.2.3. Effect of TMC8 Over-Expression on Cellular Proliferation 

In order to test the affect of TMC8 over-expression on cellular proliferation, a time 

course experiment was set up. The first experiment began with the seeding of 2x103 

HEK293 cells stably transfected for inducible TMC8 over expression per well in six well 

plates. The cells were allowed to settle for four hours and then three wells peer plate were 

induced with 1 µg/mL of tetracycline to induce TMC8 expression.  For the following four 

days, the cells were removed from the plates with TrypLE (Gibco) and assayed for 

viability by trypan blue exclusion with a Vi-cell device (BD). The data show that there is 

no  

 

 

 

 

 

 

 

 

 

 
 
Figure 5.3. TMC8 over expression decreases cellular proliferation.  
Induction of TMC8 expression causes a significant difference in cell count over time. Day three and     
four were  determined to have P  values of  >0.05 by 2 way ANOVA analysis by the Prism graphing 
and statistics program (n=3). 
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difference over the first and second day of induction. However, on the third and fourth 

days, the difference in the viable cell count between the induced and the non-induced 

became apparent (Figure 5.3). After tetracycline  induction and incubation he cells were 

tabulated as before. Data in figure 5.4. demonstrates that the cell over expressing TMC8 

have reduced cell count. These results, that over expressed TMC8 reduces proliferation, 

seem to be in agreement with the previous work done by Lazarczyk that reveal a lack of a 

fully functional TMC8 increases proliferation. 

 

 

 

 

 

 

 

 

 

 

Figure 5.4. TMC8 over expression decreases cellular proliferation. 
Induction of TMC8 expression causes a significant difference in cell count over time. Day three and 
four were determined to have P values of  >0.001 by 2 way ANOVA analysis by the Prism graphing 
and statistics program (n=3). 
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5.2.4 Changes in TMC8 expression upon ROS treatment  

The current model of TMC8 function predicts that TMC8 receives signal either directly 

or indirectly from ROS generated from the mitochondria. In particular these ROS may be 

generated by the degradation of the complex I protein NDUFS3 by granzyme A. We 

hypothesize that if these ROS are important signaling molecules for TMC8 they may also 

affect TMC8 expression. To test this, we chose three compounds known to generate ROS 

by inhibiting separate components of the electron transport chain in the mitochondria.  

Rotenone was selected to generate ROS by impairing complex I, while Antimycin A and 

Oligomycin were selected to do the same by inhibiting complex III and F1F0 ATP 

synthase respectively. We proceeded to conduct dose response assays on HEK cells using 

increasing concentrations of these agents. The cells were incubated for 16 hours with the 

agents and then lysed. After being resolved by SDS-PAGE the expression of TMC8 was 

visualized, along with the actin loading control, with the novel TMC8 antibody on a 

Western blot. While not significant, these experiments show a trend of increasing TMC8 

expression corresponding with increasing dosages of the mitochondrial disruptors 

(Figures 5.6., 5.7., and 5.8.). 
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Figure 5.5. HEK cell TMC8 protein expression induced by rotenone. 
HEK cells were plated at 5x106 cells per 10 cm diameter tissue culture dish and incubated over night. They 
were then treated with increasing doses of rotenone, a mitochondrial complex I disruptor, for 16 hours.  
  

 

 

 

 
 
Figure 5.6. HEK cell TMC8 protein expression induced by oligomycin. 
HEK cells were plated at 5x106 cells per 10 cm diameter tissue culture dish and incubated over night. They 
were then exposed to increasing doses of oligomycin, a F1F0 ATP synthase disruptor, for 16 hours. 
 

 5 
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Figure 5.7. TMC8 protein expression in HEK cells treated with antimycin A 
HEK cells were plated at 5x106 cells per 10 cm  diameter tissue culture dish and incubated over night. They 
were then exposed to increasing doses of Antimycin A, a mitochondrial complex III disruptor, for 16 hours 
 
 

5.2.5 Does TMC8 Over-Expression Potentiate Apoptosis (as measured via cell 

viability)  

   

Based on our model and the data generated that indicates TMC8 over expression is 

detrimental to proliferation and mitochondrial ROS increase TMC8 expression, a 

hypothesis was generated that over expressing TMC8 will increase the apoptotic effect of 

UV and mitochondrial ROS. To test this the following experiments were conducted. 

 

a) Combined Effect of TMC8 Over-Expression And UV Exposure 

To test whether TMC8 potentiats apoptosis, the inducible over expression cell line was 

exposed to UV and assayed for cell viability. First we conducted a dose response 

experiment where by induced and un-induced cells were exposed to varying levels of 

UVC (240 nm) Figure 5.8. We chose 1 J/cm2 as a dose that effectively decreased cell 
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viability. The 1 J/cm2 is also similar in magnitude to the dose Godar et. al. estimated an 

American vacationing at the beach for three weeks in Southern California  would receive 

(Godar, 2001). 

 

Figure 5.8. Viable cells measured after 
increasing doses of UVC.  
HEK cells with inducible over expression of 
TMC8 were exposed to various doses of UVC 
(240 nm) and incubated for one hour prior to 
viability analysis by trypan blue exclusion with 
the  Vi-cell device. 
 

 

In order to minimize the effect that TMC8 over expression has on proliferation over a 

longer time course, shorter periods of TMC8 expression were chosen for this experiment. 

The TMC8 expressing cell line was plated in 10 cm daimeter dishes with 5x105 cells per 

plate. After four hours to adhere to the plates, the cells were induced for either 24 or 48 

hours. The cells were then exposed to 1 J/cm2 of UVC and incubated for one hour prior to 

being assayed for viability via trypan blue exclusion assay. Figure 5.9. demonstrates that 

while there was no significant difference, based on two way ANOVA, between the 

induced and un-induced cells following UVC exposure, there is a trend showing 

decreased viability in the induced cells. While it is not possible to draw conclusions from 

this current data, if the trend were shown to be significant in future experiments, it would 

support the hypothesis of TMC8 over expression potentiating apoptosis. 
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Figure 5.9. HEK cell viability 
after TMC8 over expression and 
UV exposure.  
HEK cells with inducible TMC8 
over expression were incubate with 
tetracycline for various durations to 
induce TMC8 and then exposed to 
UV radiation. After a one hour 
incubation the cells were assayed 
for viability via trypan blue 
exclusion using the Vi-cell device 
(n=3).  
 

 

 

b) Combined Effect of TMC8 Over-Expression and Rotenone Exposure 

The mitochondrial complex I disruptor was chosen to examine if TMC8 over expression 

could enhance the apoptotic affects of the chemical. Initially a dose response experiment 

was conducted to gauge an appropriate dose of rotenone (Figure 5.10.). The 

concentration of 0.1 µg/mL with and incubation of 16 hours was chosen for further 

experiments, as this was the lowest dose that showed an appreciable reduction in cell 

viability. Due to the fact that over expression of TMC8 had greater affect over a longer 

incubation a similar time course experiment was design with the inclusion of rotenone 

exposure to examine if there was a synergistic affect between the treatments. 
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Figure 5.10. Dose response of 
TMC8 over expressing cells to 
rotenone.  
HEK cells with inducible over 
expression of TMC8 were exposed 
to various doses of  rotenone, a 
mitochondrial complex I disruptor, 
and incubated for 16 hours prior to 
viability analysis by trypan blue 
exclusion with the  Vi-cell device. 
 
 

 

 

For this experiment 1x105 of the TMC8 over expressing cells were plated per well of a 

six well plate. After four hours to allow for settling and attachment three wells per plate 

were induced with 1 µg/mL of tetracycline. The plates were then incubated for 24, 48, 

and 72 hours prior to treatment with rotenone 0.1 µg/mL. After a 16 hour incubation with 

the rotenone, the cells were assayed as previously by trypan blue exclusion by the Vi-cell. 

The data is represented as a line graph in figure 5.11. to highlight that the induced cell not 

treated with rotenone have a significantly smaller cell count (P>0.01, two way ANOVA 

Bonferroni post test)  than the un-induced cells treated with rotenone at the 96 hour time 

point. The affect of the rotenone on these cells was significant (P < .05). Figure 5.12. 

shows these results as a bar graph that emphasizes the affect of induction on both  the 

rotenone treated and untreated cells, both of which were also significant (P < .05).   
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Figure 5.11. Viable cells, over-
expressing TMC8, treated with 
rotenone. 
HEK cells with inducible over 
expression of TMC8 were exposed 
to  1 µg/mL of rotenone, a 
mitochondrial complex I disruptor, 
and incubated for 16 hours prior to 
viability analysis by trypan blue 
exclusion with the  Vi-cell device.  
Note that induction of TMC8 results 
in a greater decrease in viability that 
dose rotenone treatment on day 4 
(P>0.01 two way ANOVA 
Bonferroni post test, n=3).   
 
 
 
 
 
Figure 5.12. Viable cells, over-
expressing TMC8, treated with 
rotenone.  
HEK cells with inducible over 
expression of TMC8 were exposed to  1 
µg/mL of rotenone, a mitochondrial 
complex I disruptor, and incubated for 
16 hours prior to viability analysis by 
trypan blue exclusion with the  Vi-cell 
device. Both TMC8 induction and 
rotenone treatment significantly affected 
cell viability (P>0.01 two way ANOVA 
Bonferroni post test, n=3). 
 

5.3 Discussion 

This chapter describes the production of a model that places TMC8 as a possible 

mediator of apoptosis. Specifically TMC8 may participate in the apoptotic program that 

is utilized to eliminate HPV infected cells through the production of ROS by the 

mitochondria. 
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Based on this model, a variety of hypotheses were tested.   

• Over expressing TMC8 will affect cellular viability 

• ROS will affect TMC8 expression levels 

• The apoptotic affects of mitochondrial ROS and UV radiation will be enhanced 

by over expression of TMC8 

 

The data is clear that there is an effect on cellular proliferation/viability as a result of 

TMC8 over-expression. However it is not clear how TMC8, if indeed it is the cause 

instead of the effect of a CMV promoter driving over expression, causes this affect. This 

data is also consistent with the results of Lazarczyk et. al. who showed an increase in 

proliferation in the absence of wild type TMC8. This will require further investigation. It 

also appears that there is variation in TMC8 protein expression after incubation with 

mitochondrial disrupters. TMC8 may be up regulated in of an effort to increase the 

likelihood of executing the apoptosis program. Although it may indicate that the TMC8 

protein has other roles that could be protective in the sense that it is acting to prevent 

apoptosis. The data showing the effect of UV exposure to cells over-expressing TMC8, 

while not statistically significant, demonstrate a trend towards increased cell death with 

over-expression for 24 hours, and a reduced at 48 hours of induction.  While this study 

has produced interesting data, it has also generated many new questions. These data will 

be valuable in further refining a model for future research. 
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Chapter 6. 

General Discussion 

6.1. Overview and Goals 

The over arching hypothesis for this project is as follows. Understanding the function of 

TMC8 proteins will provide understanding for the mechanisms responsible for EV 

disease. In order to develop the experimental evidence to provide understanding of the 

function of TMC8 we proposed the aims below. These aims are the basis of our 

experimental program that have expanded the current understanding of TMC proteins and 

have provided the structure for further experimentation. 

The aims of this project are as follows:  

• Develop and validate novel experimental tools for investigating TMC8 function 

• Define the tissue expression profile of TMC8 using western blotting and 

histological tools 

• Identify potential regulatory and downstream protein partners for TMC8 

• Generate a model 

• Generate testable hypotheses 

• Re-evaluate the model  

 

 

When investigating uncharacterized proteins it is to be expected that as many questions 

will be generated as answers because each point of new data will not be derived to 
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confirm preexisting data but as a starting point for further experimentation. In addition to 

the these questions, this project has generated evidence for several conclusions that 

expand the understanding of TMC8 in particular as well as TMC proteins in general. 

 

6.2. Discussion of Data 

Chapter three described the development of an antibody to TMC8 and our over 

expression system for TMC proteins. With the novel anti-TMC8 antibody, we were able 

to describe the expression profile of TMC8 at the tissue level. Data demonstrate that 

TMC8 protein was expressed at the highest concentration in the skin. Specifically TMC8 

was expressed to the greatest degree in the basal cells of the epidermis. While TMC8 was 

found to be expressed in tissues besides the skin, such as the breast and testes, it was only 

expressed in notable quantities in immune tissues and cells that could be involved in the 

presentation of EV disease in the thymus. While this TMC8 expression could be related 

to an immune system function for the protein it could also be the result of expression to 

prevent autoimmunity. Data leads us to the conclusion that the defect that results from 

mutated TMC8 produces an effect in the epidermis, likely in the basal cells that act as 

reservoirs of infected cells in the course of an HPV infection. Also described in chapter 

three, was the down regulation of TMC8 in cancerous tissues. This result is indicative of 

the role properly function TMC8 may play in the prevention of viral induced squamous 

cell carcinoma in those suffering from EV. 

 

Chapter four investigates which, if any, proteins would interact with the carboxyl or 

amino terminal portions of TMC8. We were able to initially identify protein interactors 
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by affinity purification. After initial identification of PRDX2 and NME1, plasmid 

constructs were generated to over express these proteins in cell culture. This system along 

with the previously produced TMC8 over expression system allowed us to confirm that 

these protein-protein interactions. Additionally, this chapter presented data that provide 

evidence that PRDX2 and NME1 interact with other members of the TMC family, and 

that these may be indicative of functions for this family of proteins in general. 

 

Chapter five describes the generation of a model based on the pathology of EV and the 

function of PRDX2 and NME1. The model developed places TMC8 into a ROS sensitive 

apoptosis signaling cascade. The model was then tested. Data generated on the effect of 

TMC8 over expression decreasing cellular proliferation was consistent with this model 

and previous work indicating that lack of wild type TMC8 increased the rate of 

proliferation. The data also demonstrated an increase in expression of TMC8 in response  

to mitochondrial produced ROS. Finally, while TMC8 expression, rotenone exposure, 

and UV all were shown to have significant affects on cellular viability, it is not clear from 

this data that over expression of TMC8 in conjunction with one of the additional 

treatments enhances these effects. This data indicates that TMC8 has a functional role in 

cellular response to ROS that effects cellular proliferation. 

 

6.3 Future Directions and Questions 

This study has generated a variety new questions about TMC protein function, 

which are discussed below the following five are discussed: the function of the 
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thioredoxin motif of TMC8, quantification of TMC8 expression in the context of 

EV disease, the effect of TMC8 knock down on cellular physiology, HPV effect 

on TMC8 function, the functional role of TMC8 in apoptosis. 

 

6.3.1. Thioredoxin motif of PRDX2 

It is currently understood that TXN reduces the disulfide bonds that bind the two 

component proteins of PRDX homodimers. This is accomplished through a two-cysteine 

thioredoxin motif Cys32-Gly33-Pro34-Cys35. It is therefore possible that TMC8 interacts 

with PRDX via its own peroxidatic cysteine motif Cys675-Pro676-Gly677-Cys678 in the  

carboxyl terminal domain that is deleted in patients with EV. Generation of mutations in 

these cysteines, individually and in combination, could test this putative binding domain. 

addition another proximal cysteine Cys680 that is not typically involved in the TXN 

motif will also be mutated. This region of the protein is proline rich, resulting in the 

possibility that this additional cysteine may be peroxidactic as well. These constructs will 

then be co-transfected with the PRDX2 expression construct in order to conduct co-

immunoprecipitations. These will be resolved by SDS-PAGE and visualized by Western 

blot. This data will provide evidence for the requirement of these cysteines for TMC8 

binding with PRDX2. These experiments will also provide clarification as to whether or 

not TMC8’s cysteines are involved in the redox signaling pathways that contribute to the 

TXN/PRDX role in apoptosis signaling. These experiments will provide a greater 

understanding of the mechanism responsible for TMC8’s, and potentially the larger TMC 

family’s, interaction with PRDX2. It will also elucidate TMC8 role as a part of a ROS 
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sensing pathway that could direct the initiation of apoptosis.  

 

6.3.2. Quantification of TMC8 expression in the context of EV disease 

One important aspect of EV that has not been explored in the literature is the expression 

levels and persistence of the mutated TMC proteins. There are a variety of possibilities 

that could produce variable effects on cells in these cases. One possibility is that the 

truncated proteins produced from the mutated genes would be identified as defective, due 

to mis-folding for example, and the resultant proteins would be swiftly degraded. This 

would result in the total loss of all of the TMC proteins’ functions. A second possibility is 

that the truncated proteins could be properly folded and inserted into the appropriate 

membrane, but without the carboxyl terminal portion of the protein. This would lead to 

the failure of any function that required that portion of the protein. However, if there is 

another portion of the protein that functions without the need of the carboxyl terminus, 

this function could be successfully maintained thereby limiting the damage caused by the 

mutation.  A third possibility is that, as above, the mutated protein is functional minus the 

carboxyl terminal function, but additionally the cell senses this loss of function. Due to 

the loss of function, the cell up-regulates the production of the mutated TMC protein in 

an attempt to compensate. This increase in expression could cause new deleterious affects 

on the cell as the functional portion of the over expressed TMC protein continued its 

usual role at the expense of normal cell function. Ramoz et. al. noted when they were 

identifying the mutated Tmc genes, that full length mutated cDNA were less efficiently 

amplified then the full length wild type cDNA. Possibly the mRNA was degraded by the 

nonsense mediated decay pathway due to the mutation. This could again result in the 



 111 

complete loss of TMC8 protein expression. These possibilities indicate the need for 

experimental examination of the expression profiles of afflicted individuals. These 

possibilities also illustrate the need for further experimentation to elucidate the function 

of the various portions of the TMC proteins. 

 

6.3.3. Effect of TMC8 knock down on cellular physiology 

This study was able to examine some of the effects of TMC8 over-expression. While this 

system has been, and will continue to be, a valuable experimental too, creating the 

opposite effect by down regulating TMC8 expression will be valuable as well. We 

initiated the use of short hairpin RNA (shRNA) constructs that are designed to knock 

down TMC8 expression. Preliminary results indicate that it is possible to knock down 

TMC8 expression (Figure 6.1.) This system will be valuable for re-examining some of 

our previous cell viability assays as well as an expansion into apoptosis assays among 

others. 

Figure 6.1. TMC8 knockdown with shRNA.  
HEK293 cells were transiently transfected using TransIT LT1 transfection reagent and one of three short 
hairpin RNA expressing plasmids designed to knock down TMC8 expression. Preliminary results indicate 
that we can knock down TMC8 expression with  Open Biosystem’s pLKO.1 lentiviral system for shRNA 
construct expression.  
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6.3.4. HPV effect on TMC8 function 

During the assembly of the model of TMC8 function, the life cycle, survival strategies, 

and affect on EV disease of HPV were extremely important. Unfortunately these effects 

were beyond the scope of this study. We do however hope to model HPV infection by 

expressing HPV proteins within our cellular experimental systems. We developed a 

construct designed to produce the E6 and E7 proteins of HPV5, the most common beta 

HPV to infect EV patients. Difficulties in ensuring protein expression prevented the 

experimental use of this construct during this study. However, when these difficulties are 

overcome, this tool will be useful for a variety of experiments. Some of those include 

examining potential protein-protein interactions and perturbing various other 

experimental systems such as viability and apoptosis assays. 

 

6.3.5. Examine the role of TMC8 in apoptosis 

During the course of this study a model was developed that implicated that TMC8 could 

have a role in apoptosis. This role was only examined indirectly through affects on cell 

viability. In order to gain data that would improve the current model, it would be valuable 

to look at perturbing TMC8 to examine the affects on apoptosis. Varying TMC8 

expression by knock-down or over-expression and possibly by function with TMC8 

cysteine mutants could be undertaken via an apoptosis assay utilizing flow cytometry. It 

would also be interesting to see if HPV proteins affected these systems in one direction or 
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another. Ideally, testing these systems with granzyme A to examine a non-caspase 

dependant apoptosis would be valuable as well. 

 

6.4. Conclusion 

This project has been successful in developing novel data and new lines of investigation. 

Prior to this study there is very little understanding of the function of either 

Transmembrane Channel-Like (TMC) proteins -6 or -8. This project began with the 

development of a novel anti-TMC8 antibody, a cell based TMC8 protein over-expression 

system, and affinity baits used to identify proteins that interacted with TMC8. We used 

Western blotting and immunohistochemical techniques to demonstrate that TMC8 is 

highly expressed in the skin and in particular the basal cells, which are key to HPV 

infection. We also demonstrate that TMC8 interacts with two proteins through the 

carboxyl terminus of TMC8: Non-Metastatic cell protein 1 (NME1) and Peroxiredoxin 2 

(PRDX2). This study demonstrates that TMC8 expression is affected by ROS generated 

by exposure to mitochondrial disruptors. We also tested the effect of TMC8 over 

expression on cell viability and found that it had a significant negative affect. Based on 

this data and the presentation of EV, the life cycle of HPV, and previous data, TMC8 

appears to be a ROS-sensitive mediator of apoptosis. This study has produced valuable 

new data and also important new questions regarding TMC proteins.  
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